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Non-coding RNAs as potential therapeutics and biomarkers for human diseases


NCRNAS IN HEALTH AND DISEASE
Once considered “junk DNA”, non-coding genomic regions have gained substantial attention over the past 2 decades (Pennisi, 2012). A very rich and diverse set of non-coding RNA (ncRNA) transcripts has been revealed thanks to technological advances in transcriptomics and bioinformatic annotation methods. In the current GENCODE release, 7,563 small non-coding RNA (sncRNA) genes and 35,899 long non-coding RNA genes (lncRNAs) are annotated in the human genome, exceeding the number of protein-coding genes by more than two-fold (Mudge et al., 2024).
The catalogue of sncRNA continues to expand, with families defined by their biogenesis, associated protein complexes and cellular functions (Shi et al., 2022). microRNAs (miRs) remain the most extensively characterized, regulating mRNA stability and translation, and influencing key biological processes, including proliferation, metabolism, differentiation, and organ development (Shang et al., 2023). Other sncRNA classes, like piRNAs, are central to genome stability and antiviral defense, or participate in RNA biogenesis and modification pathways (e.g., snoRNAs in rRNA biogenesis). Additional groups, such as tRNA-derived fragments, illustrate the increasing complexity of this regulatory layer.
LncRNAs have only recently begun to be characterized systematically (Mattick et al., 2023). Their capacity to form diverse ribonucleoprotein assemblies and act across multiple regulatory levels complicates efforts to classify them or predict function, although many operate as modulators of chromatin and transcription. A third major class – circular RNAs (circRNAs) – initially considered “splicing noise”, has emerged as a distinct group with covalently closed structures and regulatory functions increasingly recognized across physiological and pathological contexts. Predominantly generated by head-to-tail back-splicing events from “parental” gene transcripts, most circRNAs regulate gene expression by acting as sponges for proteins and miRs, although other functions have been reported (Yang et al., 2022).
Of relevance for pharmacology, specific ncRNAs show altered expression across diverse pathological contexts, and have been proposed as diagnostic or prognostic biomarkers, particularly in neurological diseases and cancer. Their presence in circulation–either freely or within extracellular vesicles - enhances their potential as minimally invasive disease monitors. Beyond biomarker applications, ncRNA actively modulate pathological processes, making them attractive therapeutic targets or agents. In cancer, for instance, ncRNAs influence oncogenic signaling and tumor-immune interactions, highlighting translational opportunities. The associate review by Guo et al. on ncRNA regulation of the PI3K/AKT/mTOR pathway in prostate cancer showcases this potential. Collectively, the articles assembled in this Research Topic provide a high-level view of a rapidly evolving field with direct relevance to disease monitoring and therapeutic development (Figure 1).
[image: Circular infographic illustrating the roles of circRNA, lncRNA, and miRNA in various contexts. Sections highlight tissue biomarkers, circulating biomarkers, neuroprotection, inflammation, and tumor progression. Examples include miR-34 in ovarian cancer, miR-214 in KOA, miR-223 in sepsis, and more. Illustrations of RNA structures and graphs support each section, with research citations included.]FIGURE 1 | Non-coding RNAs as Potential Therapeutics and Biomarkers for Human Diseases. Different areas of impact of ncRNAs covered in this Research Topic. AD – Alzheimer’s Disease. HNCC – head and neck carcinoma. KOA – knee osteoarthritis. LUAD – lung adenocarcinoma. NDD – neurodegenerative disorders. Created in BioRender. Gama-Carvalho, M. (2025) https://BioRender.com/vdnbyzf.MIRNAS TAKE THE LEAD
The Research Topic includes a set of original studies on miRs that illustrate their clinical and translational relevance across diverse pathological contexts. Several miRs have been proposed as biomarkers for disease severity and prognosis. A meta-analysis of tumor expression levels of the onco-suppressor miR-34 family from seven studies involving 672 women, revealed that higher expression is associated with significantly improved overall survival and progression-free survival, supporting a possible prognostic value for these miRs (Luo et al.) (Samman et al.) explore the correlation of serum levels of miR-214, a known regulator of the Wnt-signalling pathway, in patients with knee osteoarthritis (KOA), proving evidence for decreased levels compared to healthy controls. Their observations proof that this miR is functionally linked to a pathogenic signalling axis (Wnt/β-catenin) in KOA, being quantitatively associated with disease severity and structural damage, suggesting that, beyond a promising biomarker, it may be of value as a therapeutic agent too. Circulating levels of miR-223 were found to be altered in the context of sepsis (Wang et al., 2012). In a continuation of this study published as part of this Research Topic, authors now show that miR-223 participates in the regulation of autophagy in CD4+ T lymphocytes and potentially limits cytokine-driven hyperimmune responses, supporting its relevance as both biomarker and therapeutic target for sepsis (Xiang et al.). Finally, the work of Évora et al. explores the potential of miR-124-3p loaded exosomes, showing they exert neuro- and immune-protective effects across neurons, microglia, and astrocytes in a microfluidic Alzheimer’s disease triculture model characterized by neurodegeneration and glia-driven neuroinflammation.
Collectively, the miR studies featured in this Research Topic underscore the capacity of sncRNAs to link molecular regulation with clinically observable phenotypes. They exemplify how miRs can serve as accessible biomarkers, inform disease mechanisms and support the development of targeted therapeutic strategies across inflammatory and degenerative conditions.
LNCRNAS IN TUMOR PROGRESSION AND IMMUNOGENICITY
LncRNAs offer substantial opportunities in disease definition and treatment. Research in this area focuses on two main fronts: identifying novel lncRNAs within the genome and characterizing their functional mechanisms. The latter is particularly challenging, as lncRNAs can exert contrasting effects depending on cellular context and cofactors.
In this Research Topic, Curci et al. investigated lncRNA GAS5 in inflammation, showing that it influences the NF-κB pathway in a context-depending manner. GAS5 directly binds to p65, boosting NF-κB ability to bind to DNA. Notably, when glucocorticoids (GCs) are present, GAS5 reverses its role: it inhibits NF-κB DNA binding and strengthens the anti-inflammatory effects of GCs. These results identify GAS5 as an important modulator of inflammation and immune responses. as both a biomarker for GC therapy response and a potential target to improve efficacy or overcome resistance.
Another study reports original work on the use of lncRNA-based signatures in cancer prognosis and therapy. Hu et al. developed prognostic model based on glutathione (GSH) metabolism-related lncRNAs in lung adenocarcinoma. By linking GSH metabolism, lncRNA expression, and immune contexture, the model predicts patient outcomes and correlates with immune infiltration, tumour mutation burden, and drug sensitivity - supporting personalized treatment strategies.
LncRNAs have been extensively studied as regulators of cancer progression. In this Research Topic, Huang et al. reviewed the current literature on the effect of the bidirectional regulation of several lncRNAs towards the (largely) pro-oncogenic transcription factor E2F1 in different cancer types, suggesting that targeting the E2F1-lncRNA network could represent a viable therapeutic option. Liu and colleagues summarised the current literature around a novel lncRNA called LINC01123 in tumour progression, metabolism, immune escape, and resistance (Liu et al.). The function of lncRNAs in tumour immunogenicity and response to immunotherapy in hepatocellular carcinoma is the focus of another review (Zhao et al.), highlighting once again that lncRNAs do not only modulate the biology of the cancer cells their selves but also the overall tumour microenvironment, with important consequences on immune responses to tumour development and treatment outcomes.
A significant advancement in lncRNA biomarker research is their presence in extracellular vesicles (EVs), which facilitate intercellular communication. However, identifying the origin of EVs in biological fluids remains a challenge. The discovery of migrasomes - EVs formed during cell migration - helps narrow this uncertainty. Migrasomes released by cancer cells influence the tumour microenvironment, promoting migration and invasion. In hepatocellular carcinoma (HCC), researchers (Qin et al.) characterized migrasome-related lncRNAs (MRlncRNAs), revealing a new regulatory axis involving lncRNAs, migrasomes, and immune signalling. Their validated signature offers insights into tumour biology and supports MRlncRNA-targeted therapies and refined patient stratification in HCC.
Overall, studies in this Research Topic explore lncRNAs as biomarkers, prognostic tools, and therapeutic targets, emphasizing their context-dependent functions and emerging significance in extracellular vesicle-mediated communication and tumor microenvironment regulation.
THE PROMISE OF CIRCULAR RNAS
CircRNAs are one of the most recent additions to the world of regulatory ncRNAs. In this Research Topic, three reviews were published highlighting their emerging potential as disease modifiers of complex neurologic disorders (Galli et al.), as therapeutic targets and biomarkers for colorectal cancer (Nambidi et al.), and as modulators of chemoresistance in head and neck squamous cell carcinoma (Das et al.). All three papers converge on the idea that while circRNAs are promising, moving from bench to bedside requires: (i) better mechanistic understanding; (ii) robust validation in clinical samples; and (iii) scalable and safe delivery platforms.
CONCLUSION AND FUTURE DIRECTIONS
Our Research Topic contribute to building knowledge around the role of ncRNAs in human disease in the hope that with increased understanding of the biology behind these fascinating molecules we will finally increase the chances of finding a therapeutic strategy for not-yet curable diseases.
The articles assembled in this Research Topic highlight the expanding roles of ncRNAs in biomarker development and therapeutic exploration. Together, they illustrate how diverse ncRNA families act at multiple regulatory levels and how these functions can be leveraged to improve diagnosis, stratification and intervention across pathological contexts. As the field advances, several priorities are emerging, namely, improving mechanistic understanding of ncRNA regulatory networks and developing standards for clinical-grade biomarker validation. Progress in delivery technologies and chemical modification strategies is also accelerating the translation of ncRNA-based therapeutics. The recently reported success of a small clinical trial using miRNA-based therapeutics to slow progression of Huntington’s disease (Dolgin, 2025) is an encouraging prospect for the future of the field. The contributions in this Research Topic exemplify the breadth of ongoing efforts and point to a growing set of opportunities for ncRNAs to inform future diagnostics and treatments.
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Long noncoding RNAs (lncRNAs) constitute a distinctive subset of RNA molecules with limited protein-coding potential, which exert crucial impacts on various biological activities. In the context of cancer, dysregulated lncRNAs function as essential regulators that affect tumor initiation and malignant progression. These lncRNAs serve as competitive endogenous RNAs (ceRNAs) through sponging microRNAs and regulating the expression of targeted genes. Moreover, they also directly bind to RNA-binding proteins, which can be integrated into a complex mechanistic network. E2F1, an extensively studied transcription factor, mediates multiple malignant behaviors by regulating cell cycle progression, tumor metastasis, and therapeutic response. Emerging evidence suggests that lncRNAs play a pivotal role in regulating the E2F1 pathway. This review aims to elucidate the intricate gene regulatory programs between lncRNAs and E2F1 in cancer progression. We elaborate on distinct mechanistic networks involved in cancer progression, emphasizing the potential of the lncRNAs/E2F1 axes as promising targets for cancer therapy. Additionally, we provide novel perspectives on current evidence, limitations, and future directions for targeting lncRNAs in human cancers. Fully deciphering the intricate network of lncRNA/E2F1-mediated regulatory mechanisms in cancer could facilitate the translation of current findings into clinical course, such efforts ultimately significantly improve the clinical prognosis of cancer patients.
Keywords: lncRNA, E2F1, cancer progression, immune response, gene therapy

1 INTRODUCTION
Cancer is a major global health concern, posing significant life-threatening risks in both developed and developing countries (Zhou et al., 2024). Despite advancements in improving clinical prognosis in the past few decades, cancer still presents an immense clinical challenge due to its high mortality rates, posing heavy burdens for public health and global medical expenses (Torre et al., 2016; Cao et al., 2024). The crucial treatment modalities for cancer patients including surgical resection, systematic chemotherapy, radiotherapy, immunotherapy, and molecular targeted therapy, which are associated with systemic toxicity and therapeutic resistance, impeding therapeutic efficacies and their clinical application (Khan et al., 2024; Murthy and Are, 2024). Therefore, developing feasible strategies for cancer is essential, but the intricate pathological mechanisms underlying cancer progression pose a formidable challenge, underscored by multi-faceted considerations of therapeutic efficacies and adverse events (Doostmohammadi et al., 2024; Galluzzi et al., 2024).
Cancer is perceived as a malignant disease characterized by various genetic dysregulations and epigenetic irregularities, leading to elevated expression of oncogenes, which mechanistically promote carcinogenesis by multiple molecular mechanisms including activating the mRNA transcription and augmenting the downstream protein translation (Gong and Li, 2024; Ju et al., 2024). However, protein-coding genes only account for 2%, even though approximately 85% of the human genes are transcribed (Sherman and Salzberg, 2020). Emerging evidence has uncovered that these non-coding genes participate in transcribing a group of noncoding RNAs (ncRNAs) that exert an essential role in the epigenetic modulation of downstream genes (Xu et al., 2023; Yang et al., 2023). They can be classified into two groups based on size: small ncRNAs, such as microRNAs (miRNAs), which are approximately 22 nucleotides in length, and long non-coding RNAs (lncRNAs), which are longer than 200 nucleotides with limited coding potential (Thapa et al., 2024). Numerous studies have indicated a crucial role for lncRNAs in modulating gene expression at transcriptional and translational levels (Siddique et al., 2024). A growing interest in the realm of carcinogenesis has demonstrated that lncRNAs drive tumor initiation and prompt malignant progression by regulating chromatin structure, mRNA stabilization, and protein translation, and acting as competitive endogenous RNAs (ceRNAs) for influencing target gene expression (Huang P. et al., 2024; Saranya et al., 2024; Song et al., 2024; Xiang et al., 2024).
Transcription factors (TFs) are acknowledged as a collection of regulatory proteins that exert significant impacts on gene expression and protein synthesis by binding to certain DNA sequences (Bushweller, 2019; Kant et al., 2022). These changes result in a variety of outcomes such as tissue maintenance, inflammation regulation, and determining cell phenotype (Kant et al., 2022; Li et al., 2022). In the setting of malignant disease, dysregulated TFs are pivotal in the survival and proliferation of tumor cells, and are evident across numerous cancer types (Ahmad et al., 2023). Existing experimental studies have associated functional alterations and expression patterns of TFs with cancer initiation and progression, including SOX2 (Novak et al., 2020), NF-κB (Yu H. et al., 2020), c-Myc (Gao et al., 2023), Snail (Kielbik et al., 2023), signal transducer and activator of transcription (STAT) (Li YJ. et al., 2023), and E2F (Kent and Leone, 2019), which are considered essential TFs influencing cellular homeostasis.
Regarding E2Fs specifically, there have identified eight members, out of which E2F1 has been extensively studied (Fang et al., 2020a; Chun et al., 2020; Kassab et al., 2023). E2F1 significantly contributes to cell cycle regulation and apoptosis induction in human cancer cells (Meng and Ghosh, 2014). Moreover, there is ample evidence uncovering a direct regulation of E2F1 by lncRNAs, which further promotes malignant behaviors including cell proliferation, metastasis, stemness, and therapeutic response (Priyanka et al., 2022; Barczak et al., 2023; Yu et al., 2023). Notably, dysregulation of the lncRNA-E2F1 axis can be affected by certain signaling pathways, which provide novel insights into drug development for cancer therapy (Logotheti et al., 2020; Xiao et al., 2022). In this review, we emphasize current evidence of lncRNA-E2F1 interaction in the context of malignancies and highlight the feasible preclinical therapeutic modalities for targeting lncRNAs or E2F1, aiming to facilitate the translation of molecular crosstalk into clinical application, which holds immense promises for tumor eradication and ameliorating prognosis (Figure 1).
[image: Diagram illustrating the role of LncRNA-E2F1 regulation in cancer progression and strategies for targeting lncRNAs. The top section shows transcriptional regulation, cell signaling, and cancer progression. The bottom section depicts strategies like CRISPR/Cas9, siRNA, and antisense oligonucleotides.]FIGURE 1 | The concise overview of lncRNA/E2F1 crosstalk in cancer.
2 DEREGULATION OF E2F1 IN CANCER PROGRESSION
The E2F1 gene is situated within the human chromosome 20 region 11 zone 2 (20 q11.2), spanning approximately 11 kilobases in length, which encodes the E2F1 protein that plays a crucial role in various biological processes (Fouad et al., 2020). E2F1 predominantly performs its biological roles through enhancing the expression of numerous downstream genes related to cell cycle regulation, DNA damage response, cellular self-renewal, and tissue development (Ertosun et al., 2016; Denechaud et al., 2017; Manickavinayaham et al., 2020).
E2F1 is deregulated in the setting of human cancers including breast, colorectal, lung, prostate, ovarian, and bladder cancer (Chun et al., 2020; Logotheti et al., 2020; Jing et al., 2022; Priyanka et al., 2022; Yu et al., 2023). Existing evidence has indicated that E2F1 was an essential predictor of prognosis in cancer patients. E2F1 was highly expressed in esophageal squamous cell carcinoma (ESCC) cases and associated lymph node metastasis (Mega et al., 2005). Furthermore, overexpression of E2F1 significantly shortened overall survival (OS) in lung cancer patients observed over 200 months, while this trend was also noted in hepatocellular carcinoma (HCC) patients (Gao et al., 2016; Liu Y. et al., 2022). Indeed, E2F1 plays a critical role in cancer progression. For example, E2F1 expression was upregulated by non-SMC Condensin II Complex Subunit D3 (NCAPD3) in colorectal cancer (CRC) cells, which in turn promoted the transcription of pyruvate dehydrogenase kinase 1 (PDK1) and PDK3 genes, significantly enhancing Warburg effect and leading to advanced disease (Jing et al., 2022). E2F1 directly stimulated protease, serine S1 family member 22 (PRSS22) transcription, which facilitated efficient cleavage of Annexin A1 (ANXA1), producing an N-terminal peptide to activate formyl-peptide receptor-2 (FPR2)/ERK cascade, thus favoring the invasive phenotype in breast cancer (Song et al., 2022). In line with this, Zafar et al. reported that E2F1 enhanced the expression of kinesin superfamily 26A (KIF26A), abolishing p21 expression, consequently favoring cell cycle progression, resulting in tumor growth in the mouse model of breast cancer (Xu J. et al., 2020). In lung cancer, elevated E2F1 was associated with invasion and metastasis of cancer cells (Wang T. et al., 2017; Zhang and Shi, 2023). Mechanistically, E2F1 dampened Zinc finger E-box binding homeobox 2 (ZEB2) expression and promoted the epithelial-mesenchymal transformation (EMT) (Wang T. et al., 2017), which revealed the potential for suppressing distant metastasis by targeting E2F1.
In addition to influencing malignant transformation, E2F1 significantly regulates therapeutic response to cancer cells. E2F1 was reported to orchestrate ABCG2 expression and drive chemotherapeutic drug efflux by targeting ABCG2, which could be restored by inhibiting ABCG2 (Rosenfeldt et al., 2014). Moreover, E2F1/insulin-like growth factor receptor (IGF-1R) axis mediated the activation of phosphoinositide 3-kinase (PI3K)/AKT pathway, promoting BRAF inhibitor resistance in melanoma (Liu et al., 2020). These findings uncover novel pathways in multidrug resistance and reveal previously unrecognized functions of E2F1 that are pertinent to cancer therapy.
3 DEREGULATED LNCRNAS IN CANCER PROGRESSION
A myriad of well-defined lncRNAs have undergone extensive research, leading to the elucidation of their functional mechanisms. Within the nucleus, lncRNAs modulate gene transcription and mediate epigenetic alterations via interactions with chromatin and remodeling chromatin (Bridges et al., 2021). In the cytoplasm, lncRNAs contribute to signaling transduction, mRNA stabilization, and translational regulation (Bridges et al., 2021). Notably, some lncRNAs act as ceRNAs, sequestering miRNAs to modulate the activities and abundance of RNA-binding proteins, thereby influencing post-translational modifications (Yang et al., 2023). Moreover, lncRNAs serve as scaffolds to assemble intricate protein networks involved in tightly modulated signaling pathways (Schmitz et al., 2016). Through diverse mechanisms, lncRNAs exert crucial roles in numerous biological processes (Figure 2).
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An emerging focus of lncRNA research revolves around gaining deeper insights into the molecular networks of tumorigenesis (Sakurai and Ito, 2024; Thapa et al., 2024). Recognizing the pivotal control of lncRNAs on various facets of malignant transformation including cell proliferation, growth, metastasis, metabolism, and drug resistance, the interest in elucidating its modulation is significantly reasoned (Hashemi et al., 2022; Wang S. et al., 2023). Metastasis-associated lung adenocarcinoma transcript-1 (MALAT-1) is deregulated in various human cancers (Yan H. et al., 2023; Li GZ. et al., 2023). MALAT1 was found to sponge miR-1-3p, upregulating B-related factor 2 expression, which in turn promoted cell viability and growth in HCC (Li GZ. et al., 2023). In multiple myeloma (MM), MALAT1 acted as ceRNA of miR-15a and miR-16 to upregulate the expression of vascular endothelial growth factor A (VEGFA), which significantly facilitated angiogenesis and led to tumor growth in a MM mouse model (Yan H. et al., 2023). Min et al. (2024) reported that lncRNA MIR100HG exhibited elevated expression levels in lung cancer cells. Further mechanistic studies have disclosed that MIR100HG directly targeted the miRNA-5590-3p/DCBLD2 cascade, which facilitated cell proliferation, invasion, and migration (Min et al., 2024). In contrast with this, lncRNA TINCR was downregulated in pancreatic cancer tissues and dampened EMT by suppressing the Wnt/β-catenin signaling pathway (Wei and Zhu, 2024), which serves as an essential activator of tumor metastasis (Zhan et al., 2017). Moreover, Liu and colleagues reported that CCAT5 was transactivated by the Wnt/β-catenin/transcription factor 3 (TCF3) cascade in gastric cancer cells (Liu et al., 2024). Mechanistic studies have uncovered that CCAT5 directly disturbed the Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1)-mediated dephosphorylation process of STAT3, resulting in accelerating tumor growth, metastasis and resistance to oxaliplatin (Liu et al., 2024). Linc01056 has been identified as a key regulator of sorafenib resistance in HCC (Chan et al., 2024). Knockdown of linc01056 activated peroxisome proliferator-activated receptor alpha (PPARα), leading to elevated fatty acid metabolism and abrogated glycolysis, while aggravating cell resistance to sorafenib (Chan et al., 2024). These findings uncover that deregulated lncRNAs hold great potential as appealing targets for cancer therapy, which awaits further investigations (Table 1).
TABLE 1 | Deregulated lncRNAs in cancer progression.
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Emerging evidence has revealed that lncRNAs and E2F1 appear to establish a feedback loop because lncRNA could encourage E2F1 transcription, which in turn upregulates lncRNA expression. For example, lncRNA SNHG15 was upregulated in gastric cancer (GC) and E2F1 could interact with the promoter of SNHG15, leading to an increase in its expression (Duan et al., 2024). Concurrently, SNHG15 sponged miR-24-3p to upregulate the mRNA expression of E2F1, which suppressed ferroptosis and promoted cancer progression (Duan et al., 2024). These findings presented a promising therapeutic avenue for GC treatment. DANCR was another lncRNA that upregulated the expression of E2F1 (Yan et al., 2024). Mechanistically, DANCR sequestering miR-34c-5p in breast cancer cells and enhanced cell proliferation and migration (Yan et al., 2024). Additionally, E2F1 enhanced DANCR transcription by directly binding to its promoter in breast cancer cells (Yan et al., 2024). Based on these facts, blocking E2F1-lncRNA interaction may provide a potential therapeutic approach for tackling cancer.
5 LNCRNAS-E2F1 CROSSTALK IN CANCER PROGRESSION
Evidence continually emerges supporting the link between lncRNAs and E2F1 in regulating tumorigenesis in different cancers. Although previous sections have touched upon the involvement of lncRNAs in cancer progression, we will delve into current investigations demonstrating the molecular actions of these lncRNAs regulated by specifically TF, namely, E2F1 in different cancers. Additionally, evidence supporting lncRNA-mediated E2F1 modulation will also be expounded (Table 2).
TABLE 2 | The molecular mechanisms of lncRNA/E2F1 crosstalk in human cancers.
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GLOBOCAN 2023 data indicates that lung cancer contributes to the most cancer-related fatalities globally, and this trend is consistent across all ethnic groups, posing a significant public health challenge worldwide (LoPiccolo et al., 2024). Lung cancer cases are categorized into non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), out of which NSCLC accounts for approximately 85% (LoPiccolo et al., 2024). Although great advancements have been made in early diagnosis and systemic therapy, the 5-year survival rates of lung cancer patients remain dismal, emphasizing the urgent requirement for novel therapeutic modalities (LoPiccolo et al., 2024).
By overlapping the differentially expressed lncRNAs from the GENCODE database and NSCLC-related microarray, which contented 42 paired NSCLC and normal lung tissues, Zhu and his colleagues found that lncRNA MNX1-AS1 was upregulated and associated with advanced tumor stage (Zhu et al., 2022). Elevated MNX1-AS1 directly triggered the phase separation of insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1), maintaining E2F1 and c-Myc mRNA stability by binding to their untranslated regions, which remarkably increased c-Myc and E2F1 protein levels (Zhu et al., 2022). The MNX1-AS1/IGF2BP1/c-Myc/E2F1 cascade activated cell-cycle regulatory signals to facilitate cell colony formation and tumor growth both in vitro and in vivo, providing fresh perspectives on the control of c-Myc and E2F1 signaling in the malignant transformation of NSCLC, indicating that the MNX1-AS1/IGF2BP1 axis could potentially function as a promising target for NSCLC therapy (Zhu et al., 2022). In line with this, lncRNA TAZ-AS202 was identified as a TAZ-transcribed RNA molecule that supported the activation of EPH-Ephrin signaling pathways (Gobbi et al., 2023). Further investigations demonstrated that dysregulated TAZ-AS202 upregulated E2F1 expression, which accelerated NSCLC growth and metastasis by transcriptionally activating a myriad of oncogenes including Eph receptor B2 (EPHB2), a key component of EPH-Ephrin pathway (Gobbi et al., 2023). Similarly, several studies have identified that lncRNA HIT and EPEL directly targeted E2F1, prompting cell proliferation, invasion, and migration in NSCLC models (Yu et al., 2017; Park et al., 2018). LncRNA SVIL antisense RNA 1 (SVIL-AS1) was decreased in lung adenocarcinoma (LUAD) cells, abolished cell-cycle progression, and restrained cell proliferation (Hu et al., 2022). Mechanistically, SVIL-AS1 could be induced by methyltransferase-like 3 (METTL3), which facilitated E2F1 ubiquitination and proteasomal degradation, which could be reversed by E2F1 overexpression (Hu et al., 2022). GAS5 was another lncRNA that was downregulated in NSCLC and promoted cell apoptosis by interacting with E2F1 (Shi et al., 2015). In LUAD, GAS6-AS1 was downregulated and suppressed the expression of glucose transporter protein-1 (GLUT1), a pivotal regulator of glycolysis. Overexpression of GLUT1 reversed the inhibitory impact of GAS6-AS1 on the aggressive nature and the metabolic reprogramming. Subsequent explorations revealed that GAS6-AS1 directly bound to E2F1, thereby abolishing GUT1 transcription (Luo et al., 2021). Moreover, lncRNA SBF2-AS1 formed a novel gene regulatory model in the early-stage LUAD by sponging miR-338-3p and miR-362-3p to regulate E2F1 expression, which might function as a promising diagnostic marker (Chen et al., 2019).
E2F1 could act as the upstream regulator of lncRNAs by inducing their transcription. For example, lncRNA PTTG3P interacted with interleukin enhancer-binding factor 3 (ILF3) to stabilize the mRNAs of MAP2K6 and E2F1, which induced malignant transformation in the mouse model of NSCLC (Wang J. et al., 2023). Interestingly, increased E2F1 in turn transcriptionally activated PTTG3P, establishing a reciprocal regulatory loop (Wang J. et al., 2023). Moreover, E2F1-induced lncRNA SNHG3 enhanced NSCLC cell proliferation, invasion, and EMT by activating transforming growth factor-β (TGF-β) and IL-6/JAK2/STAT3 signaling pathway (Shi et al., 2020). SBF2-AS1 was associated with distant metastasis of NSCLC patients (Chen et al., 2020; Wang and Wang, 2020). E2F1 contributed to the overexpression of SBF2-AS1, which led to the upregulated expression of GRB2 through sequestering miR-362-3p, ultimately facilitating tumor metastasis (Wang and Wang, 2020). Gefitinib, the orally administered tyrosine kinase inhibitor for lung cancer patients harboring the epidermal growth factor receptor (EGFR) mutations across therapy lines (Wu and Shih, 2018). Acquired resistance to gefitinib significantly impedes its therapeutic efficiencies, with a myriad of studies exploring its potential mechanisms (Wu and Shih, 2018). Shan et al. (2022) reported that the upregulation of MCF2L-AS1 induced by E2F1 directly bound to ELAVL1, which stabilized Cyclin D1 (CCND1) mRNA, inducing cell resistance to gefitinib. Notably, ferritin heavy chain 1 pseudogene 3 (FTH1P3) was also induced by E2F1 and facilitated gefitinib resistance through recruiting lysine-specific demethylase 1 (LSD1) and epigenetically suppressing the tissue inhibitors of metalloproteinases 3 (TIMP3) (Zheng et al., 2020). These findings indicate that targeting E2F1-lncRNA interactions and their downstream molecules might be feasible strategies for overcoming gefitinib resistance, which provides fresh insights into the treatment of advanced NSCLC patients.
CeRNA is an emerging regulatory mechanism focusing on the crosstalk among lncRNA, miRNA, and target genes (Chen et al., 2020; Li H. et al., 2021). Exosomal lncRNA LINC00662 functioned as a molecular sponge for miR-320d and indirectly regulated E2F1 expression, thus accelerating cell proliferation, metastasis, and repressing cell cycle arrest of NSCLC in vitro (Lv et al., 2021). Notably, LINC00847 was transcriptionally activated by E2F1 and contributed to NSCLC progression through targeting modulating miR-147a/IFITM1 axis (Li H. et al., 2021).
As research technologies advance, there is immense potential to delve into the relationship between E2F1 and lncRNAs in lung cancer, leading to a more detailed understanding of lncRNA mechanisms. Interfering with the E2F1-lncRNA network could emerge as a pivotal approach for precise lung cancer therapy (Figure 3).
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5.2 Breast cancer
Breast cancer stands out as the most common malignancy among women, featuring highly heterogeneous and various intrinsic molecular subtypes, harboring distinct therapeutic responses (Xu X. et al., 2020). Recent studies have considered lncRNAs as key regulators in breast cancer progression. For example, overexpressed LINC00511 aggravated the sphere-formation ability and stemness of breast cancer. Mechanically, LINC00511 acted as a ceRNA for miR-185-3p, thereby recovering E2F1 expression and promoting the transcription of Nanog, an essential stemness factor (Lu et al., 2018). MALAT1 played an essential role in breast cancer development by targeting miR-124/CDK4/E2F1 signaling pathway (Feng et al., 2016). DANCR sequestered miR-34c-5p to aggravate E2F1 transcription, leading to enhanced malignant behaviors (Yan et al., 2024). Furthermore, E2F1 also activated DANCR transcription, forming an E2F1/DANCR/miR-34c-5p positive feedback loop (Yan et al., 2024), presenting novel approaches for tackling cancer progression.
Ensuring optimal therapeutic efficacy while minimizing adverse effects is essential for effective breast cancer treatment, aiming to maintain a high quality of life for patients (Xu X. et al., 2020). Drug resistance still presents a remarkable challenge for breast cancer, contributing to tumor recurrence and metastasis (Herzog and Fuqua, 2022). By using RNA-sequencing data derived from the TCGA database, Giro-Perafita, and his colleagues focused on RP11-19E11.1, a chromatin-associated lncRNA targeted by E2F1, which was essential for cell survival, cell cycle progression and associated with decreased sensitivity to enzastaurin of breast cancer cells (Giro-Perafita et al., 2020). AGPG was measured to be upregulated in endocrine-resistant breast cancer specimens and related to poor prognosis in ERα+ breast cancer patients (Yu et al., 2023). Mechanistically, AGPG physically activated E2F1 via interacting with PURα and blocking the binding of E2F1 to PURα, while AGPG inhibition significantly repressed tumor growth in the endocrine-resistant mouse model (Yu et al., 2023). Notably, nuclear lncRNA ERINA was directly transactivated by the ER binding site and aggravated cell cycle progression through interfering with the interaction between E2F1 and RB1, which remarkably promoted tamoxifen and palbociclib resistance, demonstrating that targeting lncRNAs holds great potential for combating endocrine-resistant tumors (Fang et al., 2020b) (Figure 4).
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5.3 Hepatocellular carcinoma
HCC represents a significant public health challenge globally, being the most prevalent type of primary liver cancer (Vogel et al., 2022). Studies have shown that epigenetic changes are closely associated with HCC progression (Ganesan and Kulik, 2023). In recent years, researchers have taken an interest in exploring the functional role of lncRNAs in hepatocarcinogenesis (Ganesan and Kulik, 2023). Tao et al. (2023) revealed that upregulation of lncRNA CDKN2B-AS1 was observed in HCC samples. CDKN2B-AS1 exerted a pro-oncogenic role by interacting with E2F1 and exacerbating the transcription of G protein subunit alpha Z (GNAZ), thereby aggravating cell proliferation, and growth, and repressing cell apoptosis. LINC01089 was identified as a super-enhancer lncRNA that was induced by E2F1 (Su et al., 2023). Highly expressed LINC01089 acted as a promoter of HCC cell EMT and metastasis through binding to heterogeneous nuclear ribonucleoprotein M (hnRNPM), which undermined N6-methyladenosine (m6A)-mediated DIAPH3 mRNA stability and elicited ERK/Snail signaling pathway (Su et al., 2023). LINC01004 was another SE-lncRNA transcribed by E2F1, significantly exacerbating cell growth and metastasis, providing mechanistic perspectives on hepatocarcinogenesis and the HCC treatment (Li J. et al., 2023). Elevated KDM4A-AS1 expression mediated by E2F1 significantly stabilized Aurora kinase A (AURKA) mRNA via recruiting interleukin enhancer-binding factor 3 (ILF3), which provoked PI3K/AKT pathway and augmented tumorigenicity in HCC experimental models (Shen et al., 2023).
A bioinformatics study performed by Dong and Zhan (2022) has annotated several distinct lncRNA/miRNA/E2F1 regulatory loops in the tumor formation of HCC, although lacking experimental evidence. Li S. Y et al. (2021) annotated the oncogenic role of lncRNA accelerating proliferation by upregulating E2F1 (lnc-APUE) by loss-of-function analyses. Mechanistic evidence disclosed that lnc-APUE sequestered miR-20b and ameliorated the repression of E2F1 expression, facilitating cell cycle progression and cell proliferation. However, the upregulation of lnc-APUE could be antagonized by hepatocyte nuclear factor 4 alpha (HNF4α), while its downregulation supported HCC development (Li SY. et al., 2021). Additionally, SNHG6, LINC00852, and ZEB1-AS1 worked as the sponges for miR-204-5p, miR-625, and miR-299-3p respectively, relieving the suppression of E2F1 expression, leading to exacerbated G1-S phase transition, tumor growth and metastasis (Chen et al., 2021; Mu et al., 2021; Chen, 2022). These findings identified several distinct regulatory axes and represented appealing candidates for novel drug development of HCC.
Oxaliplatin is commonly utilized as a therapeutic option for advanced HCC, but chemotherapy resistance worsens clinical prognosis and provokes tumor recurrence (Liu S. et al., 2022). Current theoretical investigations have identified a novel SP1/DUBR/E2F1-miR-520d-5p/CIP2A regulatory axis and deciphered its molecular actions, that was, SP1-transcribed lncRNA DUBR recruited E2F1 and enhanced CIP2A expression in HCC, whereas DUBR also sequestered miR-520d-5p to stabilize CIP2A protein, which in turn enhanced the stability of E2F1 mRNA and elicited Notch1 signaling pathway, thus accelerating cancer stemness and promoted HCC cell resistance to oxaliplatin (Liu S. et al., 2022), supporting a novel molecular candidate for therapeutic intervention against oxaliplatin resistance and awaiting further verifications in the clinical setting (Figure 4).
5.4 Colorectal cancer
CRC is the third most commonly diagnosed cancer and ranks second in terms of mortality globally (Jiang et al., 2024). Previous studies have reported that lncRNA H19 was involved in CRC tumorigenicity, whereas Ohtsuka et al. underscored the H19-E2F1 cascade in CRC, that was, H19 activated E2F1 signaling pathway to promote cell proliferation and tumor growth (Ohtsuka et al., 2016). In line with this, NEAT1 was found to abrogate KDM5A expression via interacting with E2F1, which suppressed the KDM5A/H3K4me3-mediated repression of Cul4A expression, resulting in activated Wnt signaling pathway and augmented tumor formation (Shen et al., 2021). Notably, the PI3K/AKT pathway could also be regulated in CRC cell proliferation and migration by lncRNA LINC01703 via the miR-205-5p/E2F1 axis (Xu et al., 2024). CRNDE was recently recognized as a key regulator in the metastasis and oxaliplatin resistance of CRC by working as a ceRNA for miR-136 and indirectly targeting E2F1 (Gao et al., 2017). Radioresistance stands as a primary contributor to the failure of cancer treatment (Xiao et al., 2022). LncRNA DLGAP1-AS2 enhanced the radiotherapy resistance of rectal cancer cells by interacting with E2F1 to increase CD151 expression through activating the AKT/mTOR/cyclinD1 signaling pathway (Xiao et al., 2022). These findings deciphered the molecular mechanisms of lncRNA-E2F1 interplay in CRC and emphasized the clinical prospects of targeting lncRNAs or E2F1 (Figure 5A).
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5.5 Gastric cancer
GC is perceived as one of the most common gastrointestinal malignancies globally and poses a high burden on public health owing to hight morbidity and lethality (Smyth et al., 2020). By global transcriptomic analyses, Sun et al. (2023) reported that E2F1 was the essential TF in GC progression by interacting with a plethora of dysregulated lncRNAs and forming specific regulatory axes. Consistent evidence has also been annotated in the case of lncRNA EGFR-AS1/TUBA1C/E2F1 (Wang H. et al., 2023). Elevated EGFR-AS1 promoted GC growth and metastasis by targeting TUBA1C, which aggravated E2F1 expression and facilitated the G1 phase to the S phase transition (Wang H. et al., 2023). Moreover, lncRNA might sponge miRNA to rescue the E2F1 inhibition, thus promoting disease development. E2F1 functioned as the downstream target of the NNT-AS1/miR-424 axis, leading to enhanced tumorigenesis (Chen et al., 2018). GAS5 was perceived as a tumor suppressor that has been dysregulated in multiple cancers, including GC. In the preclinical evidence, GAS5 could directly disturb E2F1 expression, suppressing GC cell proliferation and growth (Sun et al., 2014). The GAS5-E2F1 interaction also modulated miR-34c expression, which led to the repressed p38MAPK signaling pathway (Gupta et al., 2022), fully elaborating on the molecular crosstalk of GAS5 in GC. In another mechanistic model, the CAMP response element binding protein (CREB1) activated lncRNA PIN1P1 transcription, which upregulated YBX1 expression, resulting in enhanced E2F1 and PIN1 expression, ultimately boosting GC tumorigenicity (Wang et al., 2024).
In the realm of GC models, E2F1 mediated the transcription of HOXA11-AS, which severed as a molecular scaffold by recruiting LSD1 and EZH2 (Sun et al., 2016). Additionally, HOXA11-AS also sponged miR-1297 to antagonize its inhibitory effects on the protein translation process of EZH2, establishing a mechanistic model comprising the crosstalk between E2F1/HOXA11-AS/miR-1297/EZH2 axis and LSD1/HOXA11-AS/EZH2 complex, which supported that HOXA11-AS and E2F1 severed as engaging therapeutic targets against the aggressive growth of GC (Sun et al., 2016). Similarly, E2F1 induced lncRNA LSINCT5 and HCG18 transcriptional activity, leading to increased expression of lncRNAs, which stimulated proliferation, growth, and EMT in GC (Qi et al., 2018; Niu et al., 2020) (Figure 5B).
5.6 Urinary tract tumors
As one of the most prevalent urinary tract tumors, the role of lncRNA in bladder cancer has not been fully deciphered. Logotheti and colleagues presented the holistic evidence that lncRNA SLC16A1-AS1 interacted with E2F1 to form an RNA-protein complex, enhancing the expression of SLC16A1/MCT1 and PPARA, which accelerated aerobic glycolysis and exacerbating fatty acid β-oxidation, favoring an invasive phenotype (Logotheti et al., 2020). Through functional assays, Zhang et al. (2021) demonstrated that TMPO-AS1 fueled cell proliferation and aggressiveness of bladder cancer. Mechanistic evidence underscored the upregulation of TMPO-AS1 was attributed to the activity of E2F1. Additionally, TMPO-AS1 fueled the binding of E2F1 to OTU domain-containing ubiquitin aldehyde binding 1 (OTUB1), enhancing the deubiquitination and stability of E2F1, which unveiled a novel TMPO-AS1/E2F1/OTUB1 regulatory program (Zhang et al., 2021). In prostate cancer, GAS5 facilitated the transcription of P27Kip1 by recruiting E2F1 to its promoter, repressing cell proliferation and growth (Luo et al., 2017) (Figure 5C).
6 E2F1-RELATED LNCRNAS IN CANCER IMMUNOTHERAPY
LncRNA genes represent a diverse group of genes with heterogeneous expression patterns, particularly evident in the context of cancer (Song et al., 2024). LncRNAs, previously thought to be non-coding, may indeed have the capability to encode biological peptides that are shorter than 100 amino acids, which are involved in the modulation of multiple malignant tumor phenotypes (Wu et al., 2020; Zhang et al., 2023). Additionally, lncRNA-derived peptides have been found to regulate immune response. It is worth noting that lncRNA-derived peptides are self-antigens, which should be obliterated during the development of organisms (Reinhard et al., 2020). Intriguingly, the immunogenic peptides showed a tendency towards upregulation in normal thymocytes, indicating that these peptides may evade central tolerance mechanisms in the thymus, such as clonal negative selection, owing to their low expression patterns, and instead, they might be affected by peripheral tolerance mechanisms (Reinhard et al., 2020). Cumulative evidence has reported immunization protocols that delivered lncRNA-derived peptides as a cancer vaccine into cancer models, generating a remarkable immune response against tumor progression (Zhang et al., 2023). By RNA sequencing analysis, Wojciech et al. unveiled that protein arginine methyltransferase (PRMT) 5 and E2F1 exerted striking effects on the expression of various human lncRNA genes including MALAT1, DANCR, TTC28-AS1, LINC00963, and LNCOC1 (Barczak et al., 2023). Notably, E2F1 was highly presented at the promoters of numerous lncRNA genes encoding peptides; approximately 44% of lncRNAs seemed to be targets of E2F1 (Barczak et al., 2023). These lncRNAs produced small peptides that interacted with ribosomes and underwent translation into polypeptides, which were subsequently processed, likely resulting in the generation of peptides that bound to the MHC class I complex (Barczak et al., 2023). Then, they designed two cancer vaccines (ChAdOx1-PepLnc and MVA-PepLnc) that were delivered to the immune system in mice either by loading onto dendritic cells ex vivo or by expression from a viral vector, which elicited a robust production of interferon (IFN) γ, reflecting the activated immune response of CD8 T lymphocytes along with significantly hindered tumor growth (Barczak et al., 2023). These findings underscore that E2F1-responsive lncRNAs-derived immunogenic peptides can bind to MHC class I complex and be engineered as cancer vaccines that trigger the CD8 T cell-mediated adaptive immune response, providing remarkably therapeutic benefits.
Programmed cell death ligand 1 (PD-L1) functions as a pivotal immune checkpoint commonly expressed in multiple types of human cancers, exerting a crucial role in immune evasion by repressing activated T lymphocytes via binding to PD-1 (Yi et al., 2022). Understanding the molecular mechanisms governing PD-L1 expression significantly promotes comprehension of the functions of the tumor immunosuppressive microenvironment and augmenting antitumor immune responses (Yi et al., 2022). In the experimental investigation performed by Lin et al. (2023) lncRNA HIF-1α inhibitor at translation level (HITT) was induced by E2F1 upon IFN-γ stimulation. HITT cooperated with the regulator of G protein signaling 2 (RGS2) to bind to the promoter of PD-L1, leading to decreased PD-L1 translation, which augmented T lymphocyte-mediated cytotoxicity and significantly impeded tumor growth in mouse models, emphasizing the activation of HITT as a promising therapeutic avenue to boost cancer immunotherapy (Lin et al., 2023). In line with this, Song and his colleagues expanded the regulatory associations of lncRNA/E2F1 in the immune response to HCC. It revealed that lncRNA CASC11 regulated by YY1 recruited EIF4A3 and stabilized E2F1, activating the NF-κB and PI3K/AKT/mTOR signaling pathway, which further enhanced PD-L1 expression, emphasizing that CASC11/E2F1 might promote HCC progression via PD-L1-mediated immune evasion (Song et al., 2020). One recent pan-cancer analysis has identified a novel lncRNA ribonucleotide reductase small subunit M2 (RRM2) that was overexpressed in thirty types of human cancers. Further mechanistic investigations identified that E2F1 regulated RRM2 expression, which impacted resistance to ICIs via the PI3K/AKT pathway (Wu et al., 2022). These studies provide preclinical evidence that targeting lncRNA functions as a potent avenue to enhance the responsiveness of ICIs.
7 TARGETING LNCRNAS AS POTENT STRATEGIES FOR CANCER THERAPY
Given the prominent roles of lncRNAs in driving cancer progression and their impact on the fundamental characteristics of nearly all malignancies, as well as their involvement in the immune response to tumors, multiple therapeutic strategies have been deployed to target lncRNAs and attenuate their oncogenic functions. So far, the disruption of lncRNA networks has been undertaken through several approaches. LncRNAs possess distinct characteristics from mRNAs and proteins, which enhance their potential as therapeutic targets against cancer.
7.1 RNA interference
RNA interference (RNAi) has traditionally served as the standard method for functional screening, contributing to the identification of notable cancer-associated lncRNAs such as MALAT1, LINC00152, and DGCR5 (Wang R. et al., 2017; Nötzold et al., 2017; Li Y. et al., 2023). RNAi applications include using chemically synthesized small interfering RNAs (siRNAs) or deploying short hairpin RNAs (shRNAs) delivered by lentiviral vectors (Gagnon et al., 2014; Booth et al., 2023). Numerous siRNAs have been assessed for their efficacy in silencing lncRNAs within cancer cell lines. MALAT1, an oncogenic lncRNA implicated in cancer metastasis (Feng et al., 2016; Li GZ. et al., 2023), was silenced by a specific siRNA, resulting in reduced tumor growth and metastasis in prostate cancer (Wang R. et al., 2017). DANCR plays a crucial role in the development of multiple types of human cancers, while the invasion phenotype and growth of lung tumors were repressed by shRNA treatment (Yu J. E. et al., 2020). Despite acclimating evidence demonstrating the effective silencing of oncogenic lncRNAs, the functions of RNAi in targeting lncRNAs remain a controversial topic. Some researchers have indicated suboptimal performance, particularly for targets enriched in the nucleus, where many lncRNAs reside, may be attributed to diminished RNAi activity (Gagnon et al., 2014). Furthermore, in vivo studies of siRNAs have been challenging to conduct, likely due to the limited bioactivity of siRNAs in living organisms and difficulties in drug delivery (Dowdy, 2017).
7.2 Antisense oligonucleotides
Antisense oligonucleotides (ASOs) are short, single-stranded oligonucleotides consisting of 12–25 nucleotides, which undergo chemical modifications to degrade target RNAs through the action of ribonuclease H (RNAse H) that is an enzyme found ubiquitously to cleave RNAs (Booth et al., 2023). The subcutaneous administration of ASO targeting ITGB8-AS1 in CRC-bearing mice markedly delayed tumor growth and reduced the number of liver metastases (Lin et al., 2022). Moreover, utilizing ASO against hypoxia-induced lncRNA LUCAT1 promoted cell apoptosis and re-sensitized CRC cells to chemotherapeutic drugs, indicating a novel therapeutic target for chemotherapy-refractory hypoxic tumors (Huan et al., 2020). When deploying ASO treatments against oncogenic lncRNAs, it’s essential to consider the distinct molecular actions inherent to lncRNAs.
Optimal candidates necessitate optimization for both great therapeutic efficiencies and less untoward effects. Due to their high repetitive contents, lncRNAs could be especially susceptible to off-target toxicities, as this enhances the chances of targeting ASOs containing partial complementarity to multiple off-target lncRNAs with the same repeat sequences (Shen et al., 2019). These instances can be prevented through meticulous experimental validation employing multiple, distinct ASO sequences.
Equally daunting is the task of identifying accessible and potent ASO target sites on the desired lncRNA, which may be obscured by secondary structures or molecular binding partners (Doxtader Lacy et al., 2022). Currently, there are limited publicly available methods for ASO prediction, and the majority of studies depend on costly and time-consuming ASO optimization, which entails synthesizing and testing numerous sequences in vitro (Ramasamy et al., 2022). Consequently, ASO prediction stands out as a promising area within RNA therapeutics that is highly conducive to innovation.
7.3 CRISPR–Cas9 system
Remarkable advancements in gene editing techniques, including CRISPR–Cas9, offer an innovative therapeutic approach against lncRNAs (Xie et al., 2015). The inactivated Cas9 is paired with transcriptional inhibitors and guided RNAs, guiding this fusion protein toward the targets to trigger silencing (Xie et al., 2015). In this regard, CRISPR/Cas9-mediated silencing of LINC00511, significantly enhanced cell apoptosis by downregulating the expression of anti-apoptotic genes in breast cancer (Azadbakht et al., 2022). Under hypoxic conditions, LUCAT1 was induced by HIF1α in glioma stem-like cells. Functionally, LUCAT1 directly targeted HIF1α, facilitating tumor growth, which could be reversed by CRISPR–Cas9-mediated depletion of LUCAT1 (Huang H. et al., 2024).
It is worth noting that the artificial intelligence technique has reached a point where it can provide predictions and identifications of the single guide RNAs (sgRNAs) within the CRISPR-Cas9 platform, which may provide fresh perspectives on anti-cancer drug development and cancer therapy (Chan et al., 2022). Although CRISPR-Cas9-based gene editing exhibits high efficiency, its broad adoption in clinical studies is hindered by the unforeseen off-target effects (Kozovska et al., 2021; Vicente et al., 2021). Feasible approaches aimed at mitigating undesired editing involve the targeted delivery of the CRISPR system and chemical modification of Cas9, which partially prevent the adverse events of the clinical application (Vicente et al., 2021; Chan et al., 2022). More technological innovations are required to balance the potency and safety of this technology, such efforts ultimately effectively treating cancers.
7.4 Current clinical course on lncRNA-mediated therapy strategies
Following the approval by the FDA, the first RNA-based drug was Macugen, a siRNA medication authorized for the treatment of macular degeneration (Nagpal et al., 2007; Starita et al., 2007). Following this milestone, different ASO therapies are currently under clinical trials for conditions like cystic fibrosis (Allaire et al., 2023) and retinitis pigmentosa (Schellens et al., 2023). Another type of RNA therapy includes mRNA, which can be utilized to lower protein levels using Cas9 cleavage methods, or to correct protein mutations at the DNA level through base editing (Gillmore et al., 2021).
While several miRNA mimics and anti-miRNA-based RNA therapies are advancing through phases II or III of clinical development (Ma et al., 2023; Traber and Yu, 2023), treatments utilizing lncRNAs have not yet been integrated into clinical practice. However, promising progress in fields such as molecular biology, immunology, pharmacology, and nanotechnology suggests the potential future adoption of these therapies (Winkle et al., 2021; Entezari et al., 2022). Targeting lncRNAs and their associated RNA-binding proteins in medical treatments is a critical goal for the scientific and medical communities, requiring significant efforts to enhance prospects for patients (Yao et al., 2022). Concerns may arise regarding the importance and consequences of these interactions in comparison to protein-protein, mRNA-protein, and miRNA-protein interactions (Shaath et al., 2022).
Developing strategies to shield therapeutic molecules, allowing for immune evasion and effective uptake, could greatly enhance the efficacy and longevity of administered treatments (Sparmann and Vogel, 2023). Cutting-edge methods, such as administering anti-miRNAs through ultrasound and microbubble-targeted systems for cardiovascular conditions, offer promising opportunities for advancing efficient and feasible RNA-based therapeutics (Pham et al., 2020). The specific therapeutic benefits of lncRNAs are still being uncovered, and in-depth research using experimental and machine learning-based approaches to better understand these interactions will pave the way for the utilization of lncRNA-based treatments in the fight against cancer (Mehmandar-Oskuie et al., 2024; Nemeth et al., 2024).
8 CURRENT KNOWLEDGE FOR TARGETING E2F1 IN CANCER THERAPY
As discussed above, E2F1 impacts malignant behaviors in various types of human cancers, thus it serves as a candidate for anti-cancer treatment. Multiple peptides were deployed to hinder the DNA-binding ability of E2Fs, exhibiting efficacies in curtailing cell proliferation and tumor growth. A small peptide containing seven-amino acid that were identified by Xie et al. (2013). This peptide, when conjugated with penetratin (PEP), elicited cellular uptake and has been demonstrated to bind to the E2F1 promoter to abrogate its transcription and downregulated E2F-responsive enzymes, leading to notable cytotoxicities in cell lines of lung cancer and prostate cancer (Xie et al., 2013; Xie et al., 2014). Additionally, PEP encapsulation within PEGylated liposomes improved its stability in vivo in xenograft models, thereby effectively suppressing tumor growth (Xie et al., 2013). Subsequent studies by Shaik and his colleagues confirmed the efficacy of a functional structure, D-Arg penetratin peptide (D-Arg PEP), as a transcriptional inhibitor of E2F1 (Shaik et al., 2018). This novel compound has demonstrated comparable stability and heightened efficacy for eliminating lung cancer and prostate cancer cells, positioning it as a potent candidate for developing targeted therapy against E2F1-induced tumors (Shaik et al., 2018).
Fungi serve as a rich reservoir of pharmaceutical compounds, including those with anti-tumor properties (Han et al., 2022). Among them, the anti-tumor function of Neurospora crassa has been evaluated in breast cancer models (Han et al., 2022). The Neurospora crassa mixture markedly blocked E2F1 transcription and downregulated lncRNA HOTAIR, thus exhibiting the anti-tumor impacts on cancer invasiveness and growth in vivo, while it had less effects on normal mammary cells (Han et al., 2022). Notably, Actinidia chinensis Planch Root extracts (acRoots), bioactive components derived from Chinese medicine, have been shown to suppress cancer cell proliferation, invasion, and metastasis (Wang et al., 2020; Gan et al., 2021). In the setting of hypopharyngeal carcinoma, administration of acRoots repressed tumor growth through decreasing E2F1 expression and inhibiting lncRNA MNX1-AS1 activity (Zheng et al., 2022), which holds immense potential for medical interventions treating E2F1 dysregulated cancers, although more holistic evidence should be presented in the clinical settings.
9 CHALLENGES IN TARGETING LNCRNA IN CANCER THERAPY
Cancer stands as the primary cause of mortality worldwide, commonly diagnosed in advanced stages due to mild symptoms and lacking reliable biomarkers (Zhan et al., 2017). Among the extensively studied genes in the realm of carcinogenesis, E2F1 emerges as a crucial regulator, which functions as an oncogenic TF to provoke tumorigenesis by inducing cell cycle progression and inhibiting apoptosis through modulating target genes (Fang et al., 2020a; Chun et al., 2020).
E2F1 represents a central node interconnected with various signaling pathways implicated in human cancers (Fang et al., 2020a). Emerging evidence has demonstrated that lncRNAs contribute to E2F1 pathway regulation and play multifaceted roles in the disease progression in diverse tumor types (Song et al., 2022; Shen et al., 2023; Zhang and Shi, 2023). By influencing cellular processes like cell proliferation and metastasis in cancer, lncRNAs become integral components of the E2F1 regulatory networks. Moreover, the dysregulated lncRNAs hint at their potential applications in cancer therapy.
Despite considerable advancements in recent years, lncRNA-based gene therapy still faces several challenges (Figure 6). 1) Numerous unidentified lncRNAs remain to be discovered and characterized. Despite the establishment of several databases for predicting potential functions and investigating mechanistic modes of lncRNAs, the number of lncRNAs cataloged in these databases remains limited (Iwakiri et al., 2016; Yan J. et al., 2023). Additionally, a myriad of lncRNAs newly detected through high-throughput sequencing technology await to be annotated. Consequently, there is a pressing need to develop a high-coverage database and integrate it into emerging sequencing techniques to decipher the role of tumor-specific lncRNAs. 2) The sluggish pace of preclinical and clinical development. LncRNAs are functional molecules with limited evolutionary conservation, which presents a challenge in evaluating off-target toxicities and therapeutic efficacies in experimental models. To address the cost and time delays associated with poor-quality targets, one strategy is to anchor structural conservation for orthologue identification. While these orthologues can not share the same sequences, they demonstrate similarity in their 3D structures (Seemann et al., 2017). Additionally, advancements in human organoids, offer opportunities to boost clinical development in the realm of lncRNA research (Diermeier and Spector, 2017). 3) An effective lncRNA delivery system is required for effective cancer treatment. Researchers have explored various biological materials to facilitate the delivery of lncRNAs. Exosomes, a subset of cell-derived extracellular vesicles (EVs), have shown excellent biocompatibility for cellular uptake (Kalluri and LeBleu, 2020). Their membrane can be engineered, and their small size makes them promising carriers for delivering lncRNAs (Kalluri and LeBleu, 2020). However, the high cost associated with exosome purification and membrane engineering technologies poses challenges for mass production (Liang et al., 2021). Further research into various types of nanoparticles could significantly reduce the costs associated with lncRNA-based drug development. Lipid nanoparticles (LNPs), widely used as gene therapy carriers in clinical trials, have demonstrated success in delivering ASOs for targeting mRNAs (Kon et al., 2023). The emergence of mRNA-contained LNP vaccines during the COVID-19 pandemic underscores the potential advantages of utilizing LNPs for drug delivery (Wilson and Geetha, 2022). Considering the structural similarities between lncRNAs and mRNAs, it is conceivable that lncRNA-contained LNP drugs could become feasible and provide clinical benefits.
[image: Roadmap of challenges in targeting lncRNAs, highlighting three key points: 1) Unidentified lncRNAs with a graphic of a computer displaying genetic data. 2) Preclinical and clinical development depicted with a funnel diagram showing decreasing stages from discovery to marketing. 3) Required effective lncRNA delivery system with viral and non-viral methods illustrated, including adeno-associated virus, lentivirus, lipoplex, and polyplex.]FIGURE 6 | The roadmap of challenges in targeting lncRNAs.
While the progression of Andes-1537 into phase 1 clinical trials is promising, the clinical applications of lncRNA-based drugs are largely unexplored, akin to the tip of an iceberg. As a nascent field, lncRNAs hold promising potential in tumor research, offering novel avenues and opportunities for efficiently treating cancers and ultimately eliminating tumors.
10 CONCLUSION
Throughout this review, we have emphasized the critical role of lncRNAs and E2F1 in oncogenesis and the progression of various cancer types by regulating diverse cellular processes and signaling networks. LncRNAs, which have recently been identified as a subset of non-coding RNAs, have attracted considerable attention due to their potential to advance the development of next-generation RNA therapeutics. Their specificity, low toxicity, and ability to interact with other regulatory molecules make them advantageous for targeting complex pathways involved in diseases, particularly cancer. By delving into the interactions between E2F1 and lncRNAs, researchers may uncover the molecular mechanisms underlying malignant transformation and disease advancement, potentially leading to innovative therapeutic approaches for treating cancer. But the potential manipulation of these interactions as a therapeutic strategy for cancer awaits validation through animal models and human clinical trials.
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Introduction: Immunosuppression is the main cause of the high mortality rate in patients with sepsis. The decrease in the number and dysfunction of CD4+ T lymphocytes is crucial to the immunosuppressed state of sepsis, in turn affecting the development and prognosis of sepsis. Autophagy has been shown to play an important role in the immune imbalance exhibited during sepsis.Methods: In this study, we modulate the expression of miR-223 in CD4+ T lymphocytes, via the transfection of a mimic or an inhibitor of miR-223 to establish cell models of miR-223 overexpression and knockdown, respectively. Levels of autophagy were monitored using a double-labeled lentivirus (mRFP-GFP-LC3) and electron microscopy, and western blot analysis was used to estimate the levels of autophagy-related proteins and FOXO1 in the two cell models after co-treatment with lipopolysaccharide (LPS) and siRNA against FOXO1.Results: We found that when the expression of miR-223 increased, FOXO1 expression decreased and autophagy decreased; whereas, when FOXO1 expression was inhibited, autophagy decreased significantly in different cell models after LPS induction.Conclusion: Thus, this study proved that miR-223 participate in the regulation of LPS-induced autophagy via the regulation of FOXO1 expression in CD4+ T lymphocytes which shed a new light for the diagnosis and treatment of sepsis.Keywords: sepsis, miR-223, CD4+ T lymphocytes, autophagy, FOXO1, immunosuppression
1 INTRODUCTION
Sepsis refers to severe organ dysfunction due to an infection (Seymour et al., 2016). It has an acute onset and leads to a high mortality rate; it is a particularly difficult problem in the field of critical respiratory illnesses. In recent years, the incidence of sepsis is on the rise, and the lack of an effective treatment has become one of the leading causes of human death, as sepsis is one of the leading factors contributing to the immediate death of hospitalized patients (Stevenson et al., 2014; Walkey et al., 2015). Thus, there is an urgent need to find effective solutions for the treatment of sepsis (Hotchkiss et al., 2013b; Franks et al., 2015; Shankar-Hari et al., 2015). Previous studies have shown that an immune imbalance plays a key role in the development of sepsis. During immune dysfunction, immunosuppression, and immune paralysis, the innate and adaptive immune systems cannot eliminate pathogens and harmful substances from the body and any additional stressors can lead to aggravation of the existing condition and even death of the patient. T lymphocyte dysfunction is the most important aspect of immune dysfunction during sepsis; however, the underlying mechanism remains unknown (Stieglitz et al., 2015; Bermejo-Martin et al., 2016; Delano and Ward, 2016). Decreased numbers, reduced function, exhaustion, and apoptotic clearance of T lymphocytes are directly related to the poor prognosis of sepsis, and these findings are consistent with our previous study, wherein septic patients exhibited a lower proportion of CD4+ T lymphocytes than that in healthy patients. Thus, health of patients with sepsis may worsen, develop multiple organ dysfunction, and even die (Hotchkiss et al., 2013a; Boomer et al., 2014; Hotchkiss and Sherwood, 2015; Luan et al., 2015). CD4+ T lymphocytes act as early biomarkers of sepsis and impact the prognosis (Li J. et al., 2015). Further, autophagy of T lymphocytes leads to the expression of abnormal or aged proteins and organelles and excessive peroxide-mediated degradation of proteins. Thus, programmed cell death during immunosuppression might be the key to solving the immune imbalance exhibited during sepsis.
In patients with HIV, nearly 10 micro RNAs (miRs) were found to regulate CD4+ T lymphocyte numbers and affect the replication and infection ability of the virus. In a previous study, we used Solexa sequencing to analyze circulating microRNAs in the early stages of sepsis to determine whether there were any microRNAs that functioned as biomarkers of sepsis. Thus, we identified microRNAs differentially expressed between septic and healthy patients, and among them, miR-223, which is known to have a profound impact on the differentiation of blood cells and on granulocytes and T lymphocytes, was found to exhibit higher sensitivity and specificity in predicting the prognosis of septic patients (Wang et al., 2012; Wang et al., 2014). High expression of miR-223 has also been detected in the peripheral blood and synovial T lymphocytes of patients with rheumatoid arthritis, and miR-223 possibly impacts the development of arthritis and inflammatory bowel disease (IBD) by affecting the activity of immune cells (Fasseu et al., 2010). Although many studies have found that some miRNAs regulate autophagy levels in cells and in turn affect the prognosis in animal disease models, its role in regulating autophagy levels of immune cells in patients of sepsis is still unknown.
In our previous study, we used TargetScan and miRanda, in conjunction with the Kyoto Encyclopedia of Genes and Genomes pathway and the gene ontology enrichment analysis, and predicted the gene encoding the forkhead box protein O1 (FOXO1) as one of the target genes of miR-223, and studies have also shown that FOXO1, as a miR-223 downstream target, plays a role in cancer development (Haneklaus et al., 2013). As a member of the FOX transcription gene family, subtype O, FOXO1 is widely expressed in eukaryotes and is located on human chromosome 13q14.1. FOXO1 is also known to participate in the PI3K/AKT pathway, and its downstream targets are involved in many important cellular biological processes, such as apoptosis (Fu and Tindall, 2008), cell cycle inhibition, oxidative stress tolerance, anabolism, and catabolism (Du et al., 2020).
In this study, we modulated miR-223 expression in CD4+ T lymphocytes using chemically synthesized miRs and estimated the autophagy levels after lipopolysaccharide (LPS) treatment. We also inhibited the expression of FOXO1 using small interfering (si) RNA technology, and subsequently detected changes in the level of autophagy after LPS treatment, in order to explore the possible pathways by which miR-223 regulates the levels of autophagy during sepsis and find a potential treatment for sepsis.
2 MATERIALS AND METHODS
2.1 Reagents and materials
CD4 (L3T4) MicroBeads, LS columns with pre-separation filters (70 µm) were purchased from Miltenyi Biotec, United States. Two milliliters of CD4 (L3T4) MicroBeads were conjugated to monoclonal anti-mouse CD4 antibody (L3T4; isotype: rat IgG2b). IFN gamma Mono-clonal Antibody (XMG1.2), APC, eBioscience™ was purchased from Thermo Fisher, and Anti-IL-4 antibody [11B11] (PE) (ab93503), recombinant Anti-Annexin V/ANXA5 anti-body [EPR3980] (ab108194) purchased from Abcam. The miR-223 mimic (chemically synthesized double-stranded mature miRNA), and miR-223 inhibitor (Chemically synthesized mature miRNA complementary single-stranded) were purchased from Biomics Biotechnology Co., Ltd. The study design was approved by the appropriate ethics review board. Synthesized microRNAs were purchased from Biomics, China. siRNA-FOXO1 was purchased from Shenggong Bioengineering Co., Ltd., China. The primer sequences used in this experiment are including miR-223 (F: 5′-ACA​CTC​CAG​CTG​GGA​CCC​CAT​AAA​CTG​TTT-3′, R: 5′-TGG​TGT​CGT​GGA​GTC​G-3′), U6 (F: 5′-CTC​GCT​TCG​GCA​GCA​CA-3′, R: 5′-AAC​GCT​TCA​CGA​ATT​TGC​GT-3′), FOXO1 (F: 5′-GAG​CGT​GCC​CTA​CTT​CAA-3′, R: 5′-CCA​TCT​CCC​AGG​TCA​TCC-3′), P62(F: 5′-CAG​ATG​CCA​GAA​TCG​GAA​G-3′, R: 5′-GGT​CTG​TAG​GAG​CCT​GGT​GAG-3′), LC3B (F: 5′-CCC​CAC​CAA​GAT​CCC​AGT-3′, R: 5′- CGC​TCA​TGT​TCA​CGT​GGT-3), β-actin (F: 5′- AAG​GAG​CCC​CAC​GAG​AAA​AAT-3′, R: 5′- ACC​GAA​CTT​GCA​TTG​ATT​CCA​G-3′). The miRcute miRNA extraction and separation kit (spin column type) and the miRcute enhanced miRNA cDNA first strand synthesis kit were purchased from Tiangen Bio-chemical Technology Co., Ltd., China. Lipofectamine 2000 was purchased from Thermo Fisher, United States, and LPS was purchased from Sigma-Aldrich, United States. Double-labeled lentivirus (mRFP-GFP-LC3) was purchased from Hanbio Biotechnology Co., Ltd., China. CD3 antibody and CD28 antibody were purchased from Thermo Fisher, United States.
2.2 Mice housing and sample tissue collection
Specific pathogen-free healthy 10-weeks old C57BL/6J male or female mice SPF grade, weighing about 20 g, were purchased from the Sbefu (Beijing) Biotechnology Co., Ltd. (license number: SCXK-(jing) 2019-0010). The experiment comply with the ARRIVE guidelines and be carried out in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). We obtained ethical approval from the Research Ethics Committee of the Institute of Microbiology, Chinese Academy of Sciences, with the approval number APIMCAS2022143. The mice were euthanized by cervical dislocation, and subsequently, spleen tissues were collected for the isolation of CD4+ T lymphocytes.
2.3 Isolation of CD4+ T lymphocytes and TCR activation
Magnetic bead sorting was used to sort CD4+ T lymphocytes from the spleen of C57BL/6J mice, and flow cytometry was used to detect the proportion of CD4+ T lymphocytes and the number of viable cells. The whole process was performed under sterile conditions. The cells were put into the well plate coated with CD3e and CD28 antibody for 72 h, and CD4+ T lymphocytes were cultured at 5% CO2 and 37°C. Roswell Park Memorial Institute (RPMI) 1640 medium with 10% fetal bovine serum (FBS), density, and the number of cells were estimated using a Nikon E600POL polarized light microscope.
2.4 Transfection of CD4+ T lymphocytes
To manipulate miR-223 expression levels in CD4+ T lymphocytes, we employed synthetic miR-223 mimics and inhibitors, following the product instructions and adhering to the recommended dosage concentrations. Specifically, the experimental groups were divided into two cohorts: one subjected to the miR-223 mimic treatment, which involved the transfection of a 50 nM final concentration of miR-223-5p mimic to augment miR-223 levels; and the other to the miR-223 inhibitor treatment, characterized by the administration of a 100 nM final concentration of miR-223-5p inhibitor to attenuate miR-223 expression. Parallel control groups were established for both the miR-223 mimic and inhibitor treatments. The success of transfection was estimated using real-time polymerase chain reaction to quantify miR-223 expression in each group 48 h post-transfection. Subsequently, the cells were treated with 20 nM Bafilomycin A1 (BafA1) for 4 h, centrifuged at 1,000 rpm for 5 min at room temperature, followed by the addition of RPMI 1640, containing 10% fetal bovine serum (FBS), and incubation with 1 μg/mL LPS for 18 h.
2.5 Estimation of autophagy levels and differentiation in LPS-treated CD4+ T lymphocytes
Observation of the number of autophagosomes in different groups of cells under electron microscopy. Double-labeled lentivirus (mRFP-GFP-LC3) and Nikon ECLIPSE 80i fluorescence microscope and image acquisition and analysis system were used to estimate the changes in autophagy levels in LPS-treated CD4+ T lymphocytes. Fluorescence microscopy were used to observe the green fluorescent protein (GFP), red fluorescent protein (RFP), and estimate the fluorescence intensity at × 400. Antibodies against IFN- γ and IL-4 markers were used to detect the T helper type 1 (Th1) and T helper type 2 (Th2) per-centage in the LPS-treated cells using flow cytometry.
2.6 siRNA-FOXO1 transfection
Cells transfected with synthetic miRs and siRNA-FOXO1. After 48 h, the cells were incubated with 20 nM BafA1 for 4 h, centrifuged at 1,000 rpm for 5 min at room temperature, followed by addition of RPMI 1640 medium, containing 10% FBS, and incubation with 1 μg/mL LPS for 18 h.
2.7 Western-blotting
The western blotting technique was used to detect the differences in the protein expression levels of FOXO1, P62, IL3B between the cells in each group treated with LPS 1 ug/ml for 18 h. In brief, total protein was extracted from each group using a RIPA lysis buffer. Protein concentration was then detected using a BCA (bicinchoninic acid) protein assay kit. SDS-PAGE was conducted, and the protein was electrotransferred to a polyvinylidene fluoride (PVDF) membrane. It was blocked with 5% skim milk and incubated for 2 h at room temperature, followed by overnight incubation at 4°C with primary antibody. After washing with TBST, HRP-labeled protein bands were visualized using an ECL kit. The bands were analyzed using ImageJ software with β-actin as an internal reference.
2.8 Statistical analysis
A two-tailed Student’s t-test or a one-way analysis of variance (ANOVA) was per-formed when comparing two groups or more than two groups, respectively. The normality test was checked by the Shapiro–Wilk test and equal variance was checked by Levene’s test. Statistical analysis was performed using Microsoft Excel LTSC 2021 and Prism 9.0 (GraphPad). Data are expressed as means ± SEM. Difference was considered to be significant if p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, unless otherwise indicated).
3 RESULTS
3.1 CD4+ T lymphocytes capture
The surviving CD4+ T lymphocytes were screened from mouse spleen cell suspension by magnetic bead sorting technique (Figure 1A). Annexin revealed that 95% of CD4+ T cells, sorted using flow cytometry, were living (Figure 1B).
[image: Flow cytometry dot plots displaying cell populations. Panel A shows PBMCs with 13.97% and CD4+ T cells with 97.18% gated populations based on SSC and FITC. Panel B shows CD4+ T cells, divided into quadrants by Annexin and PI staining, indicating different cell states.]FIGURE 1 | Cell separation of the CD4+ lymphocytes by magnetic cell sorting (A) and cell viability detected by Annexin using flow cytometry (B).
3.2 miR-223 affects the health of LPS-treated CD4+ T lymphocytes
The sorted CD4+ T cells were cultured for 24 h and given different interventions respectively. The cells of different groups could be observed to present different cell states through microscopy (Figure 2). In the control group, the cell count filled the entire field of view, with cells exhibiting a plump morphology and no evidence of cell clumping. In the control group, the cell count filled the entire field of view, with cells exhibiting a plump morphology and no evidence of clumping cells. The cells in the BafA1 group showed a similar state to the control. In contrast, in the remaining groups, under LPS stimulation, cells exhibited aggregation and a significant reduction in number. However, the miR-223 mimic corrected the effects induced by LPS, with the cell state resembling that of the control group, while the miR-223 inhibitor exacerbated the damage to the cells caused by LPS.
[image: Eight-panel grid showing micrographs of samples under different conditions: A) Control, B) LPS, C) BafA1, D) Mimic + LPS, E) Mimic + BafA1 + LPS, F) LPS + BafA1, G) Inhibitor + LPS, H) Inhibitor + BafA1 + LPS. Each panel includes a scale bar of 100 micrometers.]FIGURE 2 | The survival state of CD4 + T lymphocytes after various interventions under the micro-scope. (A–H) The cell morphology was control group, LPS group, BafA1 group, mimic + LPS group, mimic + BafA1 + LPS group, LPS + BafA1 group, inhibitor + LPS group and inhibitor + BafA1 + LPS group, respectively.
3.3 miR-223 affects the autophagosome formation in LPS-treated CD4+ T lymphocytes
To investigate the regulatory role of miR-223 on autophagy activity, we employed electron microscopy to observe and assess the levels of autophagy in each group, and quantified the number of autophagosomes within individual cells. As shown in Figure 3, The typical phenotype of CD4+ T lymphocytes, characterized by a large nucleus and rare autophagosome structures, was observed in the Control group. In the LPS group, we observed abundant accumulation of autophagosomes in CD4+ T lymphocytes, confirming the activation of autophagy. This accumulation was also evident in both the BafA1 + LPS group (where BafA1 was treated first) and the LPS + BafA1 group (where LPS was treated first), regardless of the order of BafA1 treatment. Following treatment with the miR-223 mimic in mimic + LPS group, the absence of autophagosome accumulation suggested an impairment of autophagy. Conversely, the inhibitor + LPS group showed the opposite effect. Here, we document that the miR-223 mimic inhibits LPS-induced autophagosome formation in CD4+ T lymphocytes.
[image: Electron microscopy images and a bar graph. Panel A shows nine grayscale images of cells under different treatments: Control, LPS, BafA1, Mimic+LPS, Mimic+BafA1+LPS, Inhibitor+LPS, Inhibitor+BafA1+LPS, BafA1+LPS, and LPS+BafA1, with red arrows indicating features of interest. Panel B is a bar graph illustrating the number of autophagosomes across the same treatment groups, with significant differences marked by asterisks.]FIGURE 3 | miR-223 affects the autophagosome formation in LPS-treated CD4+ T lymphocytes. (A) Representative images of autophagosomes, observed under an electron microscope, in cells of each group (red arrow). Scale bars: 5 µm. (B) The quantitation data were represented with 3 replicates. *p < 0.05, ***p < 0.001, ****p < 0.0001. error bars represent mean ± SEM.
3.4 Cell transfected with the miR-223 mimic showed lower levels of autophagy
We evaluated the impact of miR-223 mimic or inhibitor on autophagy by transfecting CD4+ T lymphocytes with an mRFP-GFP-LC3 expression construct. To confirm the efficacy of transfection, we quantified the relative expression levels of miR-223 mRNA. Fluorescence microscopy was utilized to assess the fluorescence intensity of cells exhibiting mRFP-GFP-LC3 punctae across different groups. The merging of GFP and RFP fluorescence channels revealed that orange-red punctae are indicative of active autophagy within the cells (Figure 4). Upon LPS stimulation, an increased fluorescence intensity of mRFP-GFP-LC3 punctae was observed compared to the control group, suggesting that LPS triggers autophagy. Notably, the miR-223 mimic treatment significantly diminished the intensity of the orange-red fluorescence in cells with mRFP-GFP-LC3 punctae. Conversely, the inhibition of miR-223 exacerbated the effects of LPS, as evidenced by the increased accumulation of orange-red punctae. Collectively, these findings indicate that the miR-223 mimic inhibits LPS-induced autophagy in CD4+ T lymphocytes.
[image: Panel A shows fluorescence microscopy images with three rows labeled GFP+, RFP+, and Merge under different conditions: Control, LPS, mimic+LPS, and inhibitor+LPS. Green, red, and yellow fluorescence indicates various expressions. Panel B includes two bar graphs. The left graph displays relative miR-223 mRNA expression with significant differences between conditions marked by asterisks. The right graph shows yellow fluorescence intensity with similar markings to indicate significance.]FIGURE 4 | Quantitative analysis of mRFP-GFP-LC3 fluorescence monitoring autophagy process fluorescence intensity. (A) observation of mRFP-GFP-LC3 autophagy by fluorescence microscope in groups mimic + LPS, inhibitor + LPS, LPS and control. (B) Relative miR-223 mRNA expression was examined to verify whether transfection was effective, the fluorescence intensity of both GFP+ and RFP+ was measured in each group; n = 3. Scale bar represents 10 μm. *, **p < 0.05, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
3.5 miR-223 affects Th1/Th2 differentiation in LPS-treated CD4+ T lymphocytes
IFN- γ, IL-4 labeled the Th1 and Th2 ratio of cells in each group, evaluating the effect of miR-223 on the Th2/Th1 differentiation of CD4+ T cells in each group. The percentage of Th1 cells labeled with IFN-γ showed that the proportion of control group and BafA1 group was the lowest, followed by mimic + LPS group and mimic + BafA1 + LPS group, and the ratio of Th1 cells was the highest in inhibitor + BafA1 + LPS group, followed by BafA1 + LPS group and inhibitor + LPS group. The results showed that the proportion of Th2 cells in BafA1 group and control group were the highest, followed by mimic + LPS and mimic + BafA1 + LPS group, and the ratio of Th2 cells in inhibitor + BafA1 + LPS group was the lowest, followed by the group of BafA1 + LPS, inhibitor + LPS and LPS. It is considered that the increased miR-223-expression makes CD4 + T lymphocytes more likely to differentiate into Th2 cells. It is suggested that the change of miR-223 expression affects the Th2/Th1 differentiation ratio of LPS-affected CD4 + T lymphocytes (Figure 5).
[image: Flow cytometry and bar chart analysis of CD4 T cells under different conditions. Panels A and B show flow cytometry dot plots with varying markers including IFN-γ-APC and IL-4-PE against CD4-FITC for conditions like Control, LPS, BafA1, and Mimic+LPS. Panel C presents bar charts illustrating percentages of Th1, Th2, and Tfh17 cells across similar conditions with statistical significance indicated by asterisks.]FIGURE 5 | Detection of the ratio of Th2/Th1 differentiation of CD4+ T lymphocytes using flow cytometry. (A, B) observation of the ratio of Th2/Th1 differentiation of CD4+ T lymphocytes by flow cytometry in groups. (C) The ratio of Th1 cells and Th2 cells by flow cytometry in groups. Results are represented as mean ± SEM, n = 3. *, **p < 0.05, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
3.6 miR-223 affects mRNA levels of FOXO1 and P62
The mRNA expression levels of FOXO1 and p62 were assessed using real-time quantitative PCR, and the activation level of autophagy was evaluated at the mRNA level. p62 is a crucial autophagy substrate, and its expression level can directly reflect the intensity of autophagy activity. In this study, the results indicated that the expression of FOXO1 in the control and BafA1 groups was significantly lower compared to other groups, with the mimic + LPS group showing an intermediate level. Notably, the highest expression of FOXO1 was observed in the inhibitor + BafA1 + LPS group. These findings suggest that FOXO1 expression decreases as miR-223 expression increases (Figure 6A). Conversely, p62 expression was highest in the control group, with the mimic + BafA1 + LPS group exhibiting a higher level than the mimic + LPS group, and the lowest level found in the inhibitor + LPS group. This suggests that following LPS intervention, p62 mRNA expression increases with the upregulation of miR-223 (Figure 6B).
[image: Bar graphs comparing relative mRNA expression levels of FOXO1 and p62 under different conditions. Graph A shows varying FOXO1 expression, with significant differences indicated by asterisks and "ns" for non-significant. Graph B displays p62 expression with similar significance markings. Conditions include Control, LPS, BaA1, Mimic-BaA1 + LPS, Inhibitor-BaA1 + LPS, BaA1 + LPS, and LPS + BaA1.]FIGURE 6 | (A) Relative mRNA levels of FOXO1 in each group were determined using qPCR. (B) Relative mRNA levels of P62 in each group were determined using qPCR. β-actin was used as the loading control. Results are represented as mean ± SEM, n = 3. *, **p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
3.7 miR-223 regulates the expression of FOXO1 and autophagy-related proteins
To evaluate the impact of miR-223 on FOXO1-mediated autophagy in CD4+ T lymphocytes, we conducted Western blot analysis to examine the expression levels of FOXO1 and p62, as well as the conversion of LC3, which are proteins associated with autophagy (Figure 7A). The results revealed that the expression level of FOXO1 in the inhibitor + LPS group was significantly higher compared to both the mimic + LPS group and the Control group (Figure 7B). This observation suggests that miR-223 expression indeed regulates FOXO1 expression, which is consistent with previous studies identifying FOXO1 as a target gene of miR-223. In the context of autophagy induction, protein aggregate removal, and autophagy inhibition, p62 labeling serves as a highly informative method. The LC3B label enables the tracking of p62 binding and the subsequent replenishment of autophagosomes. Typically, a decrease in LC3BII and an increase in p62 expression are indicative of autophagy activation (Yoshii and Mizushima, 2017). Our results demonstrated that in the presence of BafA1, LC3-II accumulated under all conditions, including in untreated and LPS-treated cells. Furthermore, we observed that p62 expression was lowest in the inhibitor + LPS group, followed by the inhibitor + BafA1 + LPS group, with the highest levels detected in the control group and the mimic + BafA1 + LPS group (Figures 7C, D). The expression of autophagy-related proteins was influenced by the levels of miR-223, suggesting that increased miR-223 expression leads to weakened autophagy activity, while decreased miR-223 expression enhances autophagy activity.
[image: Western blot analysis and bar graphs showing protein expression levels. Panel A presents blots for FOXO1, P62, β-actin, and LC3B under different treatments: Control, LPS, Mimic, Inhibitor, and others. Panels B, C, and D display bar graphs quantifying the intensity of FOXO1, P62, and LC3B bands, respectively, under these conditions. Significant differences are noted with asterisks, indicating levels of statistical significance, while "ns" denotes non-significant results. Data highlight the impact of various treatments on protein expression.]FIGURE 7 | miR-223 affects the expression of FOXO1, autophagy-related proteins. (A) Western blot analysis of the expression of FOXO1 and autophagy-related proteins. (B) Results are reported as relative intensity values of FOXO1 in each group. (C) Results are reported as relative intensity values of p62 in each group. (D) Results are reported as relative intensity values of LC3B Ⅱ in each group. β-actin was used as the loading control. Results are represented as mean ± SEM, n = 3. *, **p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
3.8 FOXO1 regulates autophagy in CD4+ T lymphocytes
To determine whether miR-223 regulates autophagy by regulating FOXO1 in LPS-treated cells. The autophagy activity of cells in each group were detected by autophagy related proteins after blocking the expression of FOXO1. Transfection of cells with siRNA-FOXO1 lead to the death of a large number of cells and the remaining cells were collected to estimate the expression of autophagy-related proteins. Western blot analysis indicated that, in the absence of LPS and inhibitor, the expression levels of FOXO1 and LC3BII proteins were significantly elevated in transfected cells, while the expression of P62 protein was reduced, compared to untransfected cells (Figures 8A–D). The silencing of FOXO1 disrupted the formation of the autophagic flux. Following siRNA-FOXO1 transfection, the expression of P62 protein in the miR-223 mimic group was lower than that in the inhibitor group, although this difference did not reach statistical significance. These findings suggest that FOXO1 is a primary pathway through which miR-223 regulates autophagy in CD4+ T lymphocytes.
[image: Western blot analysis showing protein expressions with corresponding bar graphs. Panel A displays bands for FOXO1, P62, β-actin, and LC3B under different treatments. Panels B, C, and D present bar graphs quantifying P62, FOXO1, and LC3B expressions respectively. Significance levels are indicated with ns, *, **, ***, and ****.]FIGURE 8 | Estimation of FOXO1 and autophagy-related proteins after si-FOXO1 transfection. (A) Western blot analysis of the expression of FOXO1 and autophagy-related proteins. (B) The results are reported as the relative intensity values of p62in each group. (C) The ratios are reported as the intensity values of FOXO1 in each group. (D) The results are reported as the relative intensity values of LC3B Ⅱ in each group. β-actin was used as the loading control. Results are represented as mean ± SEM, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
4 DISCUSSION
The objective of this study was to investigate the role of miR-223 in regulating autophagy and immune function in CD4+ T lymphocytes during sepsis, and to elucidate the mechanisms through which miR-223 contributes to the pathophysiology of sepsis. Our goal was to identify potential novel strategies for the diagnosis and treatment of this condition. We discovered a significant correlation between miR-223 and FOXO1, with FOXO1 being a downstream target of miR-223. Specifically, we observed that the expression of FOXO1 decreases with an increase in miR-223 expression, and vice versa, at both the protein and mRNA levels. Further, we also demonstrate that with an increase in expression of miR-223, autophagy levels also significantly reduced in CD4+ T lymphocytes. When FOXO1 expression was inhibited in CD4+ T lymphocytes, autophagy was found to be significantly reduced, indicating that the miR-223-mediated regulation of FOXO1 expression is one of the main pathways through which miR-223 regulates autophagy of CD4+ T lymphocytes. We also report that miR-223 mediates the differentiation of CD4+ T lymphocytes treated with LPS into Th2 rather than Th1-type cells, indicating that high levels of miR-223 expression plays a role in regulating the Th1/Th2 balance and consequently reducing the incidence of cytokine-mediated hyperimmune responses associated with Th1 in sepsis. The molecular mechanisms by which miR-223 regulates FOXO1-mediated autophagy in LPS-induced sepsis in CD4+ T lymphocytes, and its effects on autophagy-related proteins, are summarized in Figure 9.
[image: Diagram illustrating miR-223’s regulation of autophagy in CD4+ T cells, focusing on pathways involving LPS-induced sepsis. The image shows miR-223 inhibitor and mimic effects, with pathways for initiation, elongation, maturation, and autophagosome formation. Key proteins and interactions such as FOXO1 and SQSTM1 are highlighted.]FIGURE 9 | Schematic representation of the study and results. The figure was created in part using BioRender.com. Model of the effect of miR-223 regulation of autophagy through direct targeting of FOXO1. This study proved that miR-223 participate in the regulation of LPS-induced autophagy via the regulation of FOXO1 expression in CD4+ T lymphocytes.
Sepsis is a life-threatening condition characterized by organ dysfunction and high mortality rates, resulting from the body’s dysregulated response to infection. An exaggerated immune reaction to bacterial pathogens can precipitate sepsis. In this context, sepsis biomarkers play an extremely crucial role in diagnostics, therapeutic monitoring, and prognostic assessment. Our previous work has showed that miR-223 can be used as an early biomarker of sepsis. However, other potential functions and roles of miR-223 in sepsis have not been fully revealed. At the same time, our preliminary literature research found that autophagy is a biological phenomenon whereby components of cells can self-degrade using autophagosomes, the regulation of autophagy defects may potentially be used to treat some diseases (Wang et al., 2023).
The miR-223 has been previously demonstrated to play a role in a variety of biological processes, including development, differentiation, hematopoiesis, and immune system regulation. Recent studies, including those by Li Y. et al., have shed new light on autophagy. They confirmed that in mice, miR-223 deficiency leads to increased ATG16L1 and LC3-II protein expression in bone marrow-derived macrophages. Conversely, ATG16L1 levels were found to decrease in BV2 cells with miR-223 overexpression but increase with antagomir treatment. This suggests that miR-223 regulates autophagy by targeting the 3′UTR of ATG16L1, and that autophagy levels can be restored to normal by overexpressing ATG16L1, even in the presence of miR-223 mimics (Li et al., 2019b). Another study suggests that miR-223-3p expression and related cytokine levels could serve as predictors of response to ECT in individuals with treatment-resistant depressive disorders. They confirm that ROC analysis of confirmed the diagnostic power of miR-223-3p demarcating ECT-responders from non-responder subjects (AUC = 0.76, p = 0.0031) (Kaurani et al., 2023). As gene therapy technology advances, the clinical value of miR-223 is expected to become increasingly apparent. Despite the absence of current clinical trials examining the clinical value of miR-223, its therapeutic potential to target inflammatory pathways is emphasized as a means to counteract excessive innate immune responses during mucosal inflammation.
Transgenic miR-223-/Y mice administrated intraperitoneal or intravenous LPS, in order to establish sepsis, exhibited a larger extent of tissue damage compared to that of the controls (Johnnidis et al., 2008). It is interesting to note that miR-223 is expressed at low levels during sepsis. The negative correlation between miR-223 expression and the incidence of sepsis suggests miR-223 downregulation is vital to the development of inflammation and infection in sepsis (Wang et al., 2010). A similar link between miR-223 expression and autophagy levels are seen in patients with atherosclerosis obliterans. As the expression of miR-223 decreases, vascular smooth muscle cells lose the ability to induce cellular autophagy and evolve into foam cells. However, the underlying mechanism of miR-223-mediated regulation of autophagy in CD4+ T lymphocytes autophagy and its impact on the prognosis of the disease remains unknown.
LPS is the main pathogenic component of gram-negative bacilli, and it often causes systemic inflammation, blood hypercoagulation, hypothermia, and other fatal complications. Intraperitoneal injection of LPS is a classical method to induce sepsis in mice (Doi et al., 2009; Dejager et al., 2011). The classic pathogenic mechanism of LPS involves the activation of innate immune cells, like macrophages, to secrete inflammatory cytokines through activation of the toll-like receptor 4 (TLR4), including TNF-α, IL-1 β, IL-6, IL-12, and IFN-γ (Li C. C. et al., 2015). Additionally, LPS has pro-inflammatory effects, triggering pulmonary inflammatory responses through nitrogen oxide-dependent redox signaling in pulmonary endothelial cells (Menden et al., 2013), perturbing airway function, and pulmonary circulation in mice (Ni et al., 2012; Lin et al., 2015). Thus, LPS is widely used to induce systemic inflammation in animal models. Of note, the effect of LPS on cell viability is double-sided. Not only proliferation inhibition from LPS is well known, but also promotion of LPS on cellular proliferation and survival was also reported. It was because that LPS could play a role in the cell pyroptosis, which has a close relationship with acute lung injury, therefore LPS is investigated as a therapy of cancer with its inhibition of cellular proliferation and apoptosis promotion through the caspase-11/NLRP3 inflammasome pathway (Li et al., 2019a). Similarly, Shigetoshi Yokoyama etc,. raised that LPS-triggered acute inflammation decreases the proliferative ability of T cells (Hsiung et al., 2020). On the other hand, a study focused on helicobacter pylori-induced human gastric mucosa diseases revealed that LPS could induce more intense cell proliferation in chronic inflection (4 weeks) than that in acute inflammation (1 week) (Massarrat et al., 2016). Overall, LPS, indeed, has the ability to induce the cellular proliferation especially for chronic infection and the cellular inhibition of LPS are easily observed in acute pathological changes. Furthermore, in our study, the CD4+ T cells were analyzed after 18 h 1 μg/mL LPS challenge, and the inhibition of cells proliferation was observed consequently, which agrees with the outcome observed in acute inflammatory models.
FOXO1, a key transcription factor in apoptosis, induces the expression of membrane-associated proteins like the FAS ligand and the TNF-related apoptosis-inducing ligand (TRAIL), which activate the death receptor and subsequently caspase 8, thereby initiating the extrinsic apoptosis pathway. Furthermore, FOXO1 can indirectly inhibit the pro-survival protein Bcl-XL, a member of the BCL-2 family, leading to increased mitochondrial permeability and the activation of the intrinsic apoptosis pathway. Notably, Beclin-1, a protein that promotes autophagy, can interact with BCL-2, thereby inhibiting Beclin-1-mediated autophagy. Additionally, FOXO1 indirectly regulates other proteins of the BCL-2 family, influencing the balance between autophagy and apoptosis (Fu and Tindall, 2008). In addition, studies have reported the regulation of cell apoptosis by the PI3K/AKT/FOXO1 pathway, thereby affecting the pathology of many diseases (Du et al., 2020).
Thus, we are the first study to report the effect of different expression levels of miR-223 on the level of autophagy in CD4+ T lymphocytes. Regulation of the autophagy in CD4+ T lymphocytes by miR-223 establishes a potential target for treating sepsis. However, our study suffers from a few limitations, including the fact that the results of this experiment are from an in vitro system and should be verified in vivo. Further, we have only suggested a linear mechanism for the miR-223-mediated regulation of CD4+ T lymphocyte function. Further investigations are required to uncover the nuances of this regulation. Therefore, we demonstrate that miR-223 affects the level of autophagy in CD4+ T lymphocytes via the regulation of FOXO1, thereby affecting the development of sepsis.
5 CONCLUSION
This study proves that miR-223 participate in the regulation of LPS-induced autophagy via the regulation of FOXO1 expression in CD4+ T lymphocytes which shed a new light for the diagnosis and treatment of sepsis.
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The long non-coding RNA GAS5 contributes to the suppression of inflammatory responses by inhibiting NF-κB activity
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Introduction: Nuclear factor kappa B (NF-κB) is a key regulator of immune and inflammatory responses. Glucocorticoid drugs (GC) act through the glucocorticoid receptor (GR) as immunosuppressant also in pediatric patients inhibiting NF-κB activity. The long non-coding RNA GAS5 interacts with the GR, influencing GC activity. No data on the role of GAS5 on GR-dependent inhibition of NF-κB activity have been published.Methods: This study investigated the impact of GAS5 on NF-κB activity in HeLa cells overexpressing GAS5, both under basal conditions and during GC treatment. The study used EMSA, RNA-immunoprecipitation (RIP), Western blotting, and bioinformatic analyses to assess NF-κB DNA binding, GAS5-p65 interaction, and NF-κB signaling pathway modulation.Results: GAS5 overexpression increased NF-κB DNA binding activity in untreated cells. RNA-IP confirmed a direct interaction between GAS5 and the NF-κB subunit p65, suggesting a potential regulatory mechanism. GAS5 overexpression led to downregulation of NF-κB target genes, TNF-α, and NR3C1. GC treatment reduced NF-κB DNA binding activity in GAS5-overexpressing cells, indicating a potential synergistic effect. Furthermore, GAS5 overexpression increased IκB levels and reduced p-p65/pan-p65 levels during GC treatment.Discussion: GAS5 appears to modulate NF-κB activity in a complex manner, influencing both basal and GC-induced signaling. The interaction between GAS5, GCs, and NF-κB is multi-faceted, and further research is needed to fully elucidate the underlying mechanisms. These findings suggest that GAS5 could be a potential target for personalized therapy, particularly in pediatric patients with inflammatory conditions.Keywords: lncRNA, Gas5, NF-κB, glucocorticoids, inflammation
1 INTRODUCTION
Nuclear factor kappa B (NF-κB) plays a central role in regulating immune and inflammatory responses. NF-κB is involved in the development and progression of health conditions associated with chronic inflammation, including type 2 diabetes, obesity, autoimmune disorders, and cancer (Capece et al., 2022). Proinflammatory signals, often conveyed via cytokines, such as tumor necrosis factor (TNF), lead to activation of NF-kB, which is typically a heterodimer of p50 and p65 subunits. In particular, upon receiving proinflammatory signals, IkappaB kinase (IKK) complex phosphorylates IkappaB (IkB), leading to its degradation. NF-κB is released from its inhibitor IkB and translocates to the nucleus, where it binds to DNA, and modulates the expression of target genes (Mulero et al., 2019). In addition, phosphorylation of the NF-κB p-65 subunit by IKK complex and other specific kinases is also essential for activation and fine-tuning of the NF-κB pathway (Christian et al., 2016; Kwon et al., 2016).
Treatment of many inflammatory and malignant diseases relies on glucocorticoid drugs (GC), which act through the glucocorticoid receptor (GR) as anti-inflammatory agents. When activated by GCs, the GR translocates from the cytoplasm into the nucleus and binds, through its DNA binding domain, the GC responsive elements in the regulatory regions of GC responsive genes. The activated GR can also suppress inflammatory signals by directly binding the NF-κB transcription factor, inhibiting its activity (Hudson et al., 2018). In addition to direct binding, the crosstalk between GR and NF-κB can manifest at various levels. This includes competing for binding to specific response element sequences within the promoters of target genes, or competition for a limited pool of coregulators, which may result in the repression of one of these transcription factors (Hudson et al., 2018; Gerber et al., 2021; Giridharan and Srinivasan, 2018).
Long non-coding RNAs (lncRNAs) have emerged as significant regulators of gene expression and hold promise as potential biomarkers for clinical applications. They possess modular domains enabling direct interaction with proteins, including transcription factors like NF-κB, thereby modulating inflammatory responses (Chew et al., 2018), immunity, cell proliferation, and survival (Ruland, 2011). The growth arrest-specific 5 (GAS5) gene encodes a lncRNA that functions as a riborepressor of the GR. Acting as a decoy, GAS5 binds to the GR, inhibiting its ability to recognize binding sites on the DNA of target genes (Kino et al., 2010), thus influencing GC activity and clinical drug response (Ruland, 2011; Gasic et al., 2018; Lucafo et al., 2015; Lucafò et al., 2016). Additionally, GAS5 has been demonstrated to interact with the NF-κB signaling pathway (Ji et al., 2022; Yang et al., 2022; Zhang et al., 2019). However, the precise mechanism of this interaction remains unclear.
Several studies have suggested that GAS5 is implicated in numerous types of cancer, such as leukemia, breast cancer, liver cancer, and lung cancer, as well as autoimmune diseases such as pediatric patients affected by inflammatory bowel disease (IBD) (Ji et al., 2022; Yang et al., 2022; Zhang et al., 2019; Lucafò et al., 2019). Indeed, this lncRNA may play a role in regulating inflammation, but the exact details of this mechanism are not yet fully understood (Lucafò et al., 2019; Xiao and Wang, 2023; Curci et al., 2024). To date, it is unknown if GAS5 has an impact on the GR-dependent repression of NF-κB activity and understanding its role in regulating the GAS5-GR-NF-κB network is of great significance. By understanding the mechanisms involved in this pathway, potential therapeutic targets can be identified and utilized in various diseases associated with inflammation.
The current study explored the influence of lncRNA GAS5 on NF-κB activity in HeLa cell line treated or not with GCs. The aim was to advance current understanding of the complex interplay between these molecular regulators and its role in inflammation.
2 MATERIALS AND METHODS
2.1 Cell line
The HeLa human cervical carcinoma (ATCC, CCL-2) cell line was grown in DMEM medium (Sigma-Aldrich, Milwaukee, WI, United States) supplemented with 10% FBS, 1% L-glutamine 200 mM, 1% penicillin 10,000 UI/mL and streptomycin 10 mg/mL. Cell culture was maintained according to standard procedures in a humidified incubator at 37 °C and with 5% CO2.
2.2 Expression studies
Total RNA was extracted from HeLa cells in TRI reagent solution (Ambion Inc., Austin, TX, United States), following the manufacturer’s instructions. The concentration and purity of RNA were measured spectrophotometrically at 260 and 280 nm. cDNA was synthesized from RNA using the RevertAid Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, United States), following the manufacturer’s instructions. GAS5 expression levels were quantified by real-time PCR (Applied Biosystems 7,900, Foster city, CA, United States) using the TaqMan gene expression assay kit (Thermo Fisher Scientific, Waltham, MA, United States). To normalize the obtained values, GAPDH gene expression was used as an internal control, using the TaqMan gene expression assay kit (Thermo Fisher Scientific, Waltham, MA, United States). The relative expression levels of GAS5 were calculated using the ΔΔCT method.
2.3 Transfection
For GAS5 plasmid transient transfection, Hela cells were seeded in 6-well plates at 3.5 × 105 per well. Twenty-four hours later, cells were transfected with the empty vector or the pcDNA3.1_GAS5 plasmid using Lipofectamine®2000 Transfection Reagent (Thermo Fisher Scientific, Waltham, MA, United States) according to the provided protocol. The amount of the plasmid DNA (pcDNA3.1_GAS5 construct and pcDNA3.1 empty) was 4 µg per well. The medium was replaced 5 h after the transfection.
2.4 Preparation of total and nuclear extracts
Total and nuclear extracts were prepared using HeLa cells transfected with the empty vector (pcDNA3.1) or the pcDNA3.1_GAS5 plasmid and treated with dexamethasone (DEXA) at the final concentration of 100 nM and 1 µM for 4 and 24 h at 37°C and 5% of CO2 on the basis of the data published by Kino T. and colleagues (Kino et al., 2010). To prepare the total lysate 100 μL of a lysis buffer with protease inhibitor cocktail 1× (Thermo Fisher Scientific, Waltham, MA, United States) was used, followed by sonication for 30 s and centrifugation at 10,000 ×g for 10 min. The supernatant contains the whole protein lysate.
To isolate nuclear proteins, cells were collected and resuspended on ice in 400 µL of cold buffer A: 10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM PMSF. Cells were left on ice for 15 min and then 25 µL of 10% NP-40 was added. Samples were vortexed and centrifuged at maximum speed for 30 s. After that, the pellet, which contained cells’ nuclei, was resuspended in 50 µL of cold buffer B (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF) and left on the shaking platform for 15 min at 4 °C.
The nuclei were collected by centrifugation at 13,000 rpm for 5 min at 4 °C. Concentration of the total and nuclear extract proteins was measured using the Bradford method (Bio-Rad Laboratories, Hercules, CA, United States), following the manufacturer’s recommendations. Nuclear protein extracts were further used for electrophoretic mobility shift assay, while total protein extracts were used for Western blot analysis.
2.5 Electrophoretic mobility shift assay (EMSA)
DNA binding activity of NF-κB was analyzed using EMSA. In this method, a radioactively labeled double-stranded probe that contained NF-κB consensus sequence was incubated with nuclear extracts from HeLa cells. After incubation, formed DNA-protein complexes were analyzed using polyacrylamide gel electrophoresis (PAGE) and then their presence was detected by autography.
In EMSA experiments, 21bp length NF-κB probe was used after hybridization of sense and antisense oligonucleotides, from which sense oligonucleotide was previously radioactively labeled. The sequences of the oligonucleotides used for preparing the NF-κB probe were as follows.
	• NF-kB_sense 5′- AGT​TGA​GGG​GAC​TTT​CCC​AGG - 3′
	• NF-kB_antisense 5’ - CCT​GGG​AAA​GTC​CCC​TCA​ACT - 3′

Ten pmol of NF-κB sense oligonucleotide was labelled at the 5′ end with 1.6 pmol of [γ-32P] dATP (32P, radioisotope phosphorus-32) using T4 polynucleotide kinase (Thermo Fisher Scientific, Waltham, MA, United States) at 37 °C for 45 min, according to the manufacturer’s instructions. Afterwards, the excess of free radioactive nucleotides was eliminated using Sephadex G-50 columns (Sigma-Aldrich, Milwaukee, WI, United States). Labelled NF-kB_sense oligonucleotide was then completely dried in the vacuum centrifuge and dissolved in 25 µL of the annealing buffer (10 mM Tris-Cl pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM DTT). Fifty pmol of the NF-kB_antisense oligonucleotide was added to the annealing mixture to ensure complete hybridization of the radioactively labelled sense oligonucleotide. Hybridization of the sense and antisense oligonucleotides was acquired after short denaturation at 90 °C for 3 min and renaturation at room temperature.
To enable DNA-protein binding, 3 µg of HeLa nuclear extract were incubated at 37°C for 30 min with 10,000 cpm of NF-κB probe in the presence of 50 ng of double-stranded nonspecific competitor Poly (dI-dC) (Sigma-Aldrich, Milwaukee, WI, United States). The binding reaction was performed in a 25 µL final volume with the 1× binding buffer (5 mM Tris-Cl pH 8.0, 25 mM NaCl, 0.5 mM DTT, 0.5 mM EDTA, 5% glycerol).
The EMSA reaction’s specificity was shown through the addition of a specific competitor (a 10-fold molar excess of cold, unlabeled NF-κB probe) or by using 2 µg of anti-p65 antibody (Santa Cruz Biotechnologies, Dallas, TX, United States).
After incubation, the binding reaction was loaded on the 4% polyacrylamide gel, and electrophoresis was run using 250 V and 65 mA at 16°C for 1 h with 0.5% TBE. After PAGE, gel was dried and DNA-protein complexes were analyzed using Cyclone Phosphor Imager (Perkin Elmer, Waltham, MA, United States) and autoradiography (X-ray-sensitive films were exposed to the dried gels in the cassettes at −80°C for 24 h). Films were scanned in high resolution using transmission scanning and intensities of the formed complexes were quantified densitometrically with ImageJ software (Schneider et al., 2012).
2.6 RNA immunoprecipitation (RNA-IP)
HeLa cells lysates were obtained using the RIP buffer, composed of 20 mM HEPES pH 7.7 (Euroclone®, Pero (Mi), Italy), 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 10% glycerol, 0.1% TritonX (Sigma-Aldrich, Milwaukee, WI, United States) with protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, United States). After an incubation of 30 min in ice, samples were centrifuged at 10,000 ×g for 20 min at 4°C to remove cell debris. The supernatant containing the whole protein lysate was incubated with Sepharose G Beads (1:1) (Sigma-Aldrich, Milwaukee, WI, United States) for 20 min at 4°C, for sample pre-clearing. After, beads were pelleted at 200 ×g for 30 min, and the supernatants were incubated overnight at 4°C in a solution with RIP buffer, 5 μg/mL heparin and the primary antibodies anti-P65 (Santa Cruz Biotechnologies, Dallas, TX, United States), and anti-IgG (Sigma-Aldrich, Milwaukee, WI, United States), as negative control. Sepharose G Beads were added to the samples and incubated for 4 h at 4 °C. At the end, samples were divided in two aliquots and then centrifuged at 1,000 rpm for 30 s. For the first aliquot, used for RNA isolation, the supernatant was removed, and beads were resuspended in 500 μL of RNA wash buffer (HGEN buffer with DOC 0.2% and urea 5 mM), incubated 10 min at 4°C with gentle rotation, then centrifuged for at 5,000 xg for 30 s, and repeated for a total of four washes. Beads were resuspended in TRIzol® reagent (Thermo Fisher Scientific, Waltham, MA, United States). Co-precipitated RNAs were isolated and quantitative reverse transcription PCR (real-time PCR) for GAS5 was performed. The second aliquot was used for Western blot to verify the immunoprecipitation of the protein of interest. Beads were washed three times in the Wash buffer (PBS 0.2% TritonX, all from Sigma-Aldrich, Milwaukee, WI, United States). Beads were then resuspended in Loading Buffer 4X (Thermo Fisher Scientific, Waltham, MA, United States) and protein (P65) was detected by Western blot analysis. The relative enrichment of one RNA-IP experiment was calculated by the ratio between IP mRNA levels and total lysate (INPUT) mRNA and normalized to negative control (anti-IgG).
2.7 Western blotting
Total cell extracts were prepared in RIPA buffer without SDS (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate) supplemented with protease inhibitor cocktail 1X (Thermo Fisher, Waltham, MA, United States). After sonication, protein concentrations were determined by BCA assay using bovine serum albumin as standard. Twenty μg of lysates were loaded on Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) 4–12% gradient gels (NUPAGE 4%–12%, Bis-Tris Plus Gels, Thermo Fisher, Waltham, MA, United States) and transferred, in wet condition, onto a nitrocellulose membrane.
Afterwards, each sample was incubated with 5% milk solution in T-TBS (10 mM Tris-HCl pH 8, 150 mM NaCl; 0.1% Tween 20) for 1 h at 4°C on a rocking platform. After blocking, incubation with the following primary antibodies was performed overnight, at 4 C: anti p65 mouse 1:500 (Santa Cruz Biotechnologies, Dallas, TX, United States), anti-phospho p65 rabbit 1:1,000 (Ser536) (Cell Signaling Technologies, Danvers, MA, United States), anti-IΚB rabbit 1:3,000 (Abcam, Cambridge, United Kingdom) anti-β-actin mouse 1:3,000 (Abcam). Anti-mouse (Cell Signaling Technologies, Danvers, MA, United States) and anti-rabbit HRP conjugated (OriGene Technologies, Rockville, MD, United States and Sigma-Aldrich, Milwaukee, WI, United States) secondary antibodies were incubated for 1 h at 4 °C. Proteins were detected by chemiluminescence using a ChemiDoc system (Bio-Rad Laboratories, Hercules, CA, United States) and the band’s density was analyzed using the ImageJ program. All data were normalized on β-actin.
2.8 Bioinformatics analysis
To investigate the potential interactions between GAS5 and RELA (p65), the NPInter database (http://bigdata.ibp.ac.cn/npinter5/) (Zheng et al., 2023), which integrates RNA-protein interactions derived from various high-throughput data sources, was used. This analysis allowed us to explore the functional interaction between GAS5 and p65, providing evidence for a direct binding interaction between these molecules.
Additionally, to explore the role of RNA-binding proteins (RBPs) in facilitating the interaction between GAS5 and RELA, the ENCORI database (https://rnasysu.com/encori/) (Li et al., 2014), which offers comprehensive data on RNA-binding protein interactions based on CLIP-seq data was used. We retrieved the RBPs interacting with GAS5 from this database. To complement this analysis, the IntAct database (https://www.ebi.ac.uk/intact/) (Del Toro et al., 2022), a repository and analysis platform for molecular interaction data was used. We specifically interrogated this database to identify proteins interacting with p65. By overlapping the sets of RBPs interacting with GAS5 and p65, we identified shared RBPs that may mediate or stabilize the GAS5-p65 interaction.
2.9 Statistical analysis
Statistical analyses were performed using Graph-Pad Prism version 4.00 (GraphPad, La Jolla, CA, United States). Wilcoxon sign rank test was used for the EMSA analysis. T-test was used to analyze Western blot assay results and gene expression. p-values <0.05 were considered statistically significant.
3 RESULTS
3.1 Effect of GAS5 on NF-κB DNA binding activity
We examined the effect of overexpressed GAS5 on NF-κB DNA binding activity in transfected HeLa cells using EMSA. The efficiency of the overexpression of the lncRNA in HeLa cells was assessed by real-time PCR after 4 and 24 h (Supplementary Figure S1). Additionally, we stimulated non-transfected HeLa cells with the proinflammatory cytokine TNF-α as a positive control for NF-κB signaling activation. EMSA showed nuclear protein:DNA complexes whose specificity was confirmed with competitive and supershift (anti-p65) assays (Supplementary Figure S2).
In HeLa cells transfected with pcDNA3.1_GAS5, we observed increased binding of NF-κB to DNA consensus probe compared to HeLa cells transfected with empty pcDNA3.1 (Figures 1A, B). A similar effect was observed in TNF-α-induced NF-κB activation in non-transfected HeLa cells. Our findings suggested GAS5 involvement in regulating the NF-κB pathway, enhancing the binding of this transcriptional factor to DNA.
[image: Panel A shows a gel with five lanes, indicating various protein bands. Panel B contains two line graphs comparing OD (optical density) NF-κB levels. The left graph compares EMPTY and GA55 after 6 days, while the right compares EMPTY and GA55 after 24 hours. Both graphs illustrate increases in OD NF-κB levels for GA55.]FIGURE 1 | (A) Representative NF-κB EMSA analyses in HeLa cells transfected with empty pcDNA3.1 (lanes 1, 3) and pcDNA3.1_GAS5 (lanes 2, 4), after 4 (lanes 1, 2) and 24 h (lanes 3, 4) from transfection or treated with TNF-α (lane 5). EMSA experiments were performed in five to six replicates. (B) The optical density (OD) of the shifted bands was measured in all samples. Wilcoxon signed rank test, GAS5 vs. EMPTY 4H p-value = 0.187; GAS5 vs. EMPTY 24H p-value = 0.031.
3.2 Analysis of GAS5 and NF-κB interaction
The potential interaction between the lncRNA GAS5 and the NF-κB subunit p65 was further investigated using an RNA immunoprecipitation (RNA-IP) experiment in HeLa cells. The specificity of the immunoprecipitation assay was confirmed by the observation that the p65 protein was successfully isolated using a specific antibody (anti-p65) (Figure 2A, lane IP) but not using an IgG control antibody (anti-IgG) (Figure 2A, lane IgG). Subsequently, the presence of GAS5/p65 interaction was tested by RNA-IP followed by Real-Time PCR targeting GAS5 or the housekeeping gene GAPDH, to confirm the specific enrichment of the assay. The result clearly showed that GAS5 was present in the protein complex with p65, indicating a potential direct physical bond (Figure 2B).
[image: Gel electrophoresis and bar graph comparison. (A) Gel shows bands for β-Actin at 42 kDa and pan-p65 at 65 kDa across INPUT, IP, and IgG. (B) Bar graph depicts relative enrichment, with GA5S showing higher enrichment compared to GAPDH.]FIGURE 2 | The protein-mRNA immune-complex with either anti-p65 or the control anti-IgG complexes were processed for immunoblotting (A) and for Real Time-PCR (B). Total lysate (INPUT) was not subjected to immunoprecipitation. GAPDH mRNA was used as a control for RNA-IP specificity. The relative enrichment for GAS5 or GAPDH mRNA, reported in the graph, was calculated by the ratio between IP anti-p65 mRNA and INPUT mRNA (ΔCt = Ct_IP - Ct_Input), and normalized to negative control (IP anti-IgG) mRNA (ΔΔCt = ΔCT_IP - ΔCt_IgG. Relative enrichment, RE = 2−ΔΔCT. Three experiments were conducted in total. WB image was from one representative experiment.
3.3 In silico analysis of GAS5-p65 interaction
To explore the interaction between GAS5 and the NF-κB subunit p65/RELA, we carried out a series of bioinformatic analyses. Utilizing the NPInter database, which compiles RNA-protein interaction data from high-throughput sequencing techniques such as CLIP-seq, we identified a significant RNA-protein interaction between GAS5 and p65. This interaction, classified as a binding event (ID: ncRI-50112523), was detected in a CLIP-seq dataset (GSE197707), suggesting that GAS5 directly binds to p65. The functional annotation of this interaction indicates that GAS5 may play a role in the positive regulation of I-kappaB kinase/NF-kappaB signaling, implying a potential regulatory influence of GAS5 on NF-κB pathways through its interaction with p65.
Given that RNA-protein interactions can be mediated or stabilized by RNA-binding proteins (RBPs), we further investigated the potential involvement of RBPs in the GAS5-p65 interaction. From the ENCORI database, we retrieved 222 RBPs that interact with GAS5. Similarly, the IntAct database provided a list of 89 RBPs that interact with RELA. Venn analysis identified 11 RBPs that are common interactors of both GAS5 and RELA, including AIFM1, DDX21, DHX9, FBL, HNRNPM, HNRNPU, NPM1, PARP1, RPS3, SFPQ, and VIM (Figure 3).
[image: Venn diagram illustrating the overlap between GAS5-Interactors and Protein-Protein p65-Interactors. GAS5-Interactors have 222 total, with 211 unique. Protein-Protein p65-Interactors have 89 total, with 78 unique. There are 11 common interactors listed: AIFM1, DDX21, DHX9, FBL, HNRNPM, HNRNPU, NPM1, PARP1, RPS3, SF3Q, VIM.]FIGURE 3 | Venn Diagram of RNA-binding proteins (RBPs) interacting with GAS5 and p65.
3.4 Effects of GAS5 on NF-κB target genes’ expression
To further test the ability of GAS5 to modulate NF-κB activity, we compared the gene expression levels of several NF-κB target genes in GAS5-overexpressed cells (Figure 4). As shown in Figure 4A, no mRNA level changes were observed after 4 h in GAS5-overexpressing cells. After 24 h of transfection, NR3C1 and TNF were significantly downregulated when GAS5 was overexpressed in HeLa cells (Figure 4B).
[image: Panel A shows bar graphs comparing gene expression levels of MMP9, NR3C1, IL1B, and TNF between EMPTY and GAS5 groups, with minimal differences. Panel B shows similar comparisons, with significant differences in NR3C1 and TNF expression levels between the groups. The EMPTY and GAS5 groups are distinguished by different bar colors.]FIGURE 4 | MMP9, NR3C1, IL1B, and TNF gene expression (-ΔCt) in HeLa cells transfected with pcDNA3.1_GAS5 (GAS5) or the empty pcDNA3.1 vector (EMPTY), after 4 (A) and 24 (B) hours. Gene expression was normalized using the expression of GAPDH gene. Unpaired t-test GAS5 vs. EMPTY at 4h and 24 h *p < 0.05, **p < 0.01. The data are reported as means ± SD of three independent experiments performed in triplicate.
3.5 Effects of GAS5 on GC-induced modulation of NF-κB DNA binding activity
Using EMSA, we evaluated the effect of overexpressed GAS5 on NF-κB DNA binding activity in transfected HeLa cells during the treatment with the GC dexamethasone (DEXA) at 100 nM and 1 µM for 4 and 24 h. We observed differences in the level of NF-κB DNA binding activity within samples measured at 4 h under control, 100 nM and 1 µM conditions in HeLa cells transfected both with empty and pcDNA3.1_GAS5 vector (p = 0.049 and p = 0.038, respectively), however, after post hoc pairwise comparisons, we found no differences between these conditions (Supplementary Figure S3). However, when observed relative to the cells transfected with the empty plasmid, in the cells transfected with pcDNA3.1_GAS5 construct, NF-κB DNA binding activity was decreased in response to DEXA treatment: statistically significant for 1 μM, but not for 100 nM DEXA treatment. The same trend was observed after both 4 and 24 h of DEXA treatment (Figure 5).
[image: Two panels (A and B) display gel electrophoresis results with lanes numbered one to six. Two bar charts (C and D) show optical density (OD) of NF-κB with different treatment concentrations. Both charts indicate significant differences, marked by an asterisk, between control (CTRL) and treatment groups (100 nM and 1 μM).]FIGURE 5 | NF-κB EMSA analyses in HeLa cells transfected with empty pcDNA3.1 (lanes 1, 3 and 5) and pcDNA3.1_GAS5 (lanes 2, 4 and 6), treated with DEXA 100 nM (lanes 3 and 4), DEXA 1 µM (lanes 5 and 6) and untreated (CTRL, lines 1 and 2) after 4 h (A) and 24 h (B). Nuclear extracts were prepared in triplicate. The EMSA produced optical densities (OD) of the shifted NF-κB bands were measured in all samples after 4 (C) and 24 h (D). OD values of pcDNA3.1_GAS5 CTRL, DEXA 100 nM and DEXA 1 µM have been normalized by the OD value of corresponding empty pcDNA3.1. Kruskal–Wallis test, 4 h p-value = 0.036; 24 h p-value = 0.041; Dunn’s Multiple Comparison Test *p < 0.05.
3.6 Effect of GAS5 on the p65 activation during GC treatment
To evaluate whether the effect of overexpressed GAS5 during GC treatment could alter p65 activation, we measured IKB levels, total p65 (pan-p65), and phospho-p65 (p-p65) levels in HeLa cells by Western blot. Levels of IKB protein increased significantly after 4 h of DEXA treatment in HeLa cells, particularly in GAS5-overexpressing cells (Figure 6A). Total p65 (pan-p65) did not change in cells after 4 h of GC incubation (Figure 6A). Furthermore, overexpression of GAS5 seems to reduce p-p65/pan-p65 ratio when compared to cells transfected with empty plasmid (Figure 6A). No significant change in protein levels after 24 h of DEXA treatment was observed for all proteins analyzed (Figure 6B).
[image: Western blot analysis and bar graphs displaying protein levels of IκBα, phospho-p65, and total p65 under different experimental conditions. Panels A and B compare EMPTY and GAS5 samples, with statistical significance noted in some comparisons. Bar graphs show mean values with standard deviations for each condition.]FIGURE 6 | Representative Western blot and quantification histogram for protein levels of IKB, pan-p65, and p-p65 in untreated cells (CTRL) after 4 panel (A) and 24 h Panel (B) of treatment with 100nM and 1 μM of dexamethasone (D100 and D1). β-actin was used as internal control. The levels of p-p65 expression were expressed as p-p65/pan-p65 ratio. Panel A, 2-way ANOVA IKB/ACT: Row Factor (Treatment condition): p = 0.002, Column Factor (Empty and GAS): p = 0.001. Sidak’s multiple comparisons test: *p < 0.05; pan-p65/ACT: Row Factor (Treatment condition): p = ns, Column Factor (Empty and GAS): p = ns, p-p65/pan-p65: Row Factor (Treatment condition): p = ns, Column Factor (Empty and GAS): p = 0.017. Panel B, 2-way ANOVA IKB/ACT: Row Factor (Treatment condition): p = ns, Column Factor (Empty and GAS): p = ns; pan-p65/ACT: Row Factor (Treatment condition): p = ns, Column Factor (Empty and GAS): p = ns, p-p65/pan-p65: Row Factor (Treatment condition): p = ns, Column Factor (Empty and GAS): p = ns. The data are reported as means ± SD of three independent experiments performed in triplicate.
4 DISCUSSION
Dysregulation of NF-κB has been implicated in various inflammatory and autoimmune diseases, as well as cancer (Mao et al., 2017). Activity of NF-κB signaling pathway is regulated by several factors including lncRNAs. For instance, NKILA and Lethe are lncRNAs known to impact NF-κB activity by inhibiting its DNA binding ability (Ghafouri-Fard et al., 2021; Liu et al., 2015). While several studies have investigated the interplay between the lncRNA GAS5 and NF-κB-related pathways, the precise regulatory mechanisms by which GAS5 affects NF-κB remain unclear. Our study, for the first time, showed increased DNA binding activity of NF-κB in HeLa cells overexpressing GAS5, confirming its involvement in regulating the NF-κB pathway. Moreover, the RNA-IP result highlighted the ability of GAS5 to bind p65 subunit and the identification of this interaction through the NPInter database, along with its classification as a binding interaction in CLIP-seq datasets, reinforces the hypothesis that GAS5 plays a regulatory role in the NF-κB signaling cascade. To gain deeper insights into the mechanisms underlying this interaction, our study also investigated the structural aspects of both GAS5 and p65. The Rel Homology Domain (RHD) of p65, known for its DNA-binding capability, may also have RNA-binding potential. The structural features of the RHD, particularly the immunoglobulin-like beta barrel subdomains, suggest a possible role in RNA recognition (Kaur et al., 2022; Lecoq et al., 2017). Although direct experimental evidence for p65’s RNA-binding domain specifically recognizing GAS5 remains to be confirmed, there is substantial evidence supporting the interaction of NF-κB and its subunits with other lncRNAs (Shin et al., 2024). Future studies focusing on mutagenesis of the RHD will be essential to map the specific regions involved in RNA binding.
Moreover, our in silico identification of 11 RBPs that interact with both GAS5 and p65 opens new avenues for understanding the potential indirect interaction mechanisms. These RBPs could act as molecular bridges, facilitating or stabilizing the GAS5-p65 complex, thereby enhancing the regulatory effects of GAS5 on NF-κB signaling. Experimental validation through RBP knockdown or pull-down assays will be critical in determining the roles these proteins play in the GAS5-p65 interaction.
GAS5 is known to have a modular structure, with distinct regions that form specific secondary structures, which may be crucial for its interaction with proteins (Frank et al., 2020). Based on the available secondary structure of GAS5, considering that the 5′ end has low secondary structure content, both the core module (which is highly structured and mediates the effects of mammalian target of rapamycin inhibition on cell growth) and the 3′ end (which contains the steroid receptor binding module) are more likely to interact with proteins other than those already described (Frank et al., 2020).To elucidate the consequence of GAS5-p65 interaction, we tested gene expression of NF-κB target genes in overexpressing GAS5 cells and found downregulation of TNF-α, and NR3C1 after 24 h. These results could be in line with previous data published by Yang and colleagues, in which overexpression of GAS5 led to a reduction in the expression level of proinflammatory genes IL1β, IL6, and IL8 (Yang et al., 2022). Moreover, previous data have also shown that GAS5 overexpression is associated with a lower expression of TNFα, IL-1, IL-6, and IL-8 (Li et al., 2018). Interestingly, in our study NR3C1 is downregulated in overexpressing GAS5 cells. Even in the absence of GC, cytosolic GR has been shown to interact with p65, p50, and IκB, and inhibit nuclear translocation of NF-κB (Widén et al., 2003). Therefore, the observed decrease in GR mRNA upon GAS5 overexpression suggests that GAS5 may influence the mutual antagonism between GR and NF-κB and may be an important basis for GC resistance. These findings highlight the need for further investigation into the mechanisms by which GAS5 affects GR and NF-kB activity and its broader implications in therapeutics (Schaaf and Cidlowski, 2002).
Although the increased DNA binding of NF-kB should theoretically promote its transcriptional activity, the complexity and lack of knowledge about the mechanism of action of GAS5 and its interaction with NF-kB, cannot exclude the possibility that several co-regulators may influence the effects observed. The NF-κB family comprises five activating and repressive subunits that form functional homo- and heterodimers. In particular, the dimers containing the C-terminal transactivation domain (TAD) are capable of recruiting transcriptional co-activators, which promote gene expression; dimers without TADs act as transcriptional repressors (de Jesús and Ramakrishnan, 2020). The interaction between GAS5 and p65 could influence the dimer composition inhibiting the NF-kB transcriptional activity and further investigation should evaluate this possibility. Analyzing total protein extracts in GAS5 overexpressed compared to control HeLa cells, we showed diminished p-p65/pan-p65 levels and increased IκB expression. It has been reported that high levels of GAS5 reduced p-p65 expression, enhanced the level of IκB, and inhibited the entry of p65 into the nucleus within the TNF-α activated NF-κB pathway in periodontal ligament stem cells (Yang et al., 2022). Specific phosphatases could reduce p-p65 levels in GAS5 overexpressed cells (Cai et al., 2002; Tsuchiya et al., 2017), although the role of GAS5 in the regulation of phosphatases such as serine/threonine phosphatase (Protein phosphatase 2A) or Protein phosphatase one is currently unknown.
Interestingly, GAS5 was found bound to IKK and was positively related to IKK and negatively related to NF-κB activity in mouse mesangial cells (Zhang et al., 2019). These results could partly explain the mechanisms underlying the increase in IκB in GAS5-overexpressing cells: the inhibition of IKK activation by the lncRNA could favour the IκB accumulation by limiting its ubiquitin-mediated proteasomal degradation. It will therefore be important to assess the IKK levels and the ability of p65 to enter into the nucleus in our experimental model. We can hypothesise that the decrease in phosphorylation of p65 and its increase in DNA binding are independent and sequential events: GAS5 may rapidly inhibit the phosphorylation of p65, thereby affecting its activation and nuclear translocation, and subsequently alter its DNA-binding capacity. Future studies should focus on determining their temporal dynamics to fully understand how GAS5 modulates NF-κB signaling.
We further analyzed the effects of GAS5 on the NF-κB activity under GC treatment. In our EMSA, DEXA treatment reduced the ability of the transcription factor NF-κB to bind DNA in HeLa cells overexpressing GAS5. Downregulation of NF-κB DNA binding activity by GCs has been described in various studies (Auphan et al., 1995; He et al., 2017; Mukaida et al., 1994; Scheinman et al., 1995). To date, it is unknown if GAS5 could impact the GR-dependent repression of NF-κB activity, but it is already known that GAS5 binds to GR at the same domain, of which GR could interact with NF-κB (De Bosscher et al., 2003). Since GAS5 acts as a regulatory repressor of the GR, one would expect diminished negative regulation of NF-κB-mediated transcription by DEXA in our model system. However, we observed a decrease in NF-κB DNA binding activity, suggesting the existence of possible alternative regulatory mechanisms. Decrease of NF-κB DNA binding activity in GAS5 overexpressed conditions during DEXA treatment could reflect displacement of NF-κB from its response elements or decreased activation of NF-κB in cytoplasm and its translocation to the nucleus. However, additional experiments should be performed to explain and confirm this mechanism.
Next, we explored whether GAS5 could modulate the protein expression of IκB and p65 during treatment with GCs. At 4 h of DEXA treatment, a significant increment of IκB protein after GC treatment in HeLa cells was found, as already reported in other studies (Auphan et al., 1995; Scheinman et al., 1995; He et al., 2020) where the increased expression of IκB has been proposed as the principal mechanism for the immunosuppressive GC effect (Newton et al., 1998). In our study, GC-related increase of IκB levels was higher in HeLa cells overexpressing GAS5 following treatment with DEXA, which implies that GAS5 may play a regulatory role in modulating the interaction between GCs and NF-κB. It is possible that GAS5 promotes the effects of GCs on IκB by reducing NF-κB activity. Additionally, the active form of p65 was lower in GAS5-overexpressing cells respect to the control. The phosphorylation of p65 subunit is necessary for cytoplasmic to nuclear localization of NF-κB/p65 and downstream target genes transcription (Christian et al., 2016). When inactive, NF-κB is bound to IκBα, which masks the nuclear localization signal of p65 reducing the rate of shuttling of NF-κB between the nucleus and cytoplasm. Interestingly, it has been shown that the exposure to GCs can increase NF-κB translocation to the nucleus, indicating that the effects of GCs on NF-κB pathway are environment-dependent and not related strictly to inhibition of NF-κB activation (Feng et al., 2019; Jong-Hun et al., 2019). In this context, the IκB and p-p65 levels during GAS5 overexpression in HeLa cells could not explain the decrease in DNA binding activity of NF-κB under GC treatment. Therefore, we hypothesize that mechanisms of GAS5 interference with the NF-κB pathway could be orchestrated independently of the GC pathway through potential direct interaction with p65, as demonstrated from the RIP experiments. However, further analysis of cells transfected with GAS5 in presence of a steroid treatment and after an inflammatory stimulation, such as TNF-α, should be performed to better understand the implication of NF-κB interaction.
In conclusion, our study showed that GAS5 presents distinct modulatory roles on the NF-κB pathway under basal and GC treatment conditions. GAS5 increases NF-κB DNA binding activity in non-treated cells, while decreasing it in GC-treated cells. The lncRNA GAS5 seems to physically interact with a member of the NF-κB family, p65, and influences the expression pattern of NF-κB-target genes. These results indicate that GAS5 could be considered a regulator of the NF-κB signaling pathway. Interaction between GAS5, GCs, and NF-κB is complex and probably involves more than one regulatory mechanism and further studies are therefore necessary. These regulatory mechanisms are most probably cell specific and should be examined in different conditions, such as models of diseases associated with dysregulated inflammatory responses, cell survival and apoptosis or poor GC therapeutic effects. These results could be useful for developing strategies to personalise therapy, particularly for pediatric patients.
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Background

Glutathione (GSH) metabolism supports tumor redox balance and drug resistance, while long non-coding RNAs (lncRNAs) influence lung adenocarcinoma (LUAD) progression. This study developed a prognostic model using GSH-related lncRNAs to predict LUAD outcomes and assess tumor immunity.





Methods

This study analyzed survival data from The Cancer Genome Atlas (TCGA) and identified GSH metabolism-related lncRNAs using Pearson correlation. A prognostic model was built with Cox and Least Absolute Shrinkage and Selection Operator (LASSO) methods and validated by Kaplan-Meier analysis, Receiver Operating Characteristic (ROC) curves, and Principal Component Analysis (PCA). Functional analysis revealed immune infiltration and drug sensitivity differences. Quantitative PCR and experimental studies confirmed the role of lnc-AL162632.3 in LUAD.





Results

Our model included a total of nine lncRNAs, namely AL162632.3, AL360270.1, LINC00707, DEPDC1-AS1, GSEC, LINC01711, AL078590.2, AC026355.2, and AL096701.4. The model effectively forecasted patient survival, and the nomogram, incorporating additional clinical risk factors, satisfied clinical needs adequately. Patient stratification based on model scores revealed significant disparities in immune cell composition, functionality, and mutations between groups. Additionally, variations were noted in the IC50 values for key lung cancer medications such as Cisplatin, Docetaxel, and Paclitaxel. In vitro cell experiment results showed that AL162632.3 was markedly upregulated, while AC026355.2 tended to be downregulated across these cell lines. Ultimately, suppressing lnc-AL162632.3 markedly reduced the growth, mobility, and invasiveness of lung cancer cells.





Conclusion

This study identified GSH metabolism-related lncRNAs as key prognostic factors in LUAD and developed a model for risk stratification. High-risk patients showed increased tumor mutation burden (TMB) and stemness, emphasizing the potential of personalized immunotherapy to improve survival outcomes.
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1 Introduction

Lung cancer is among the most prevalent and lethal cancers worldwide, accounting for a significant proportion of all cancer-related deaths (1). Non-small cell lung cancer (NSCLC) comprises the majority of lung cancer cases, with LUAD as the primary subtype, and is more frequently observed in non-smokers and women (2). Despite the numerous existing treatment options, only about 20% of lung adenocarcinoma patients benefit from them, and the majority of patients still experience poor survival outcomes (3). Conventional treatments have limited effects on advanced LUAD, and although targeted therapies and immunotherapy are effective, resistance and tumor heterogeneity still significantly impact treatment outcomes and patient survival rates (4). Recent advances in molecular biology and genomics have revealed complex mechanisms of tumor development, increasingly highlighting the importance of molecular markers in the diagnosis, prognostic assessment, and treatment decision-making (5). The lncRNA, as an emerging molecular marker, exhibits unique functions in regulating gene expression and affecting the tumor microenvironment (6). Exploring new lncRNA molecular markers and related prognostic models can facilitate early cancer screening, precise diagnosis, and the formulation of personalized treatment plans, thereby improving therapeutic effectiveness.

lncRNAs are RNA molecules exceeding 200 nucleotides in length and do not code for proteins (7). Although lncRNAs do not encode proteins, they are critical in gene expression regulation, chromatin modification, and post-transcriptional control. Recently, research on lncRNAs has greatly expanded their applications in the biomedical field, particularly in cancer research (8). For example, MALAT1 (Metastasis Associated Lung Adenocarcinoma Transcript 1) is highly expressed in lung cancer and is closely associated with poor prognosis, promoting tumor metastasis by regulating gene transcription and RNA splicing (9). In breast cancer, high HOTAIR expression promotes chromatin changes, enhancing tumor invasion and metastasis, and correlates with lower survival rates (10). Additionally, H19, a significant lncRNA, regulates multiple signaling pathways in liver and colorectal cancer, affecting tumor cell proliferation and survival (11). Importantly, lncRNAs not only regulate the onset and progression of tumors but also serve as potential therapeutic targets and prognostic markers. For instance, studies have shown that lncRNA-ATB can alter the growth characteristics of liver cancer cells by enhancing the TGF-β signal to promote their metastasis (12). Currently, the specific roles of lncRNAs in the tumor microenvironment and their potential clinical applications still require further exploration.

GSH is a crucial intracellular antioxidant composed of glutamic acid, cysteine, and glycine (13). GSH plays a significant role in maintaining cellular redox balance by reducing hydrogen peroxide and lipid peroxides, thus protecting cells from oxidative stress damage (14). In tumor cells, GSH metabolism pathways are often remodeled to cope with oxidative stress and metabolic demands brought about by rapid proliferation (15). Tumor cells resist the toxicity of chemotherapy drugs by enhancing GSH synthesis or reducing its consumption, leading to chemotherapy resistance (16). Furthermore, it has been found that inhibiting GSH synthesis can enhance the efficacy of immunotherapy, boosting the anti-tumor immune response (17). Investigating the metabolic functions of GSH in tumors aids in the creation of novel therapeutic approaches for tackling tumor resistance and immune escape, ultimately enhancing patient treatment outcomes and survival rates (18).

Through the analysis of TCGA dataset, this research has identified long lncRNAs related to GSH metabolism and has developed a new type of risk assessment model accordingly. We developed and validated a nomogram model that integrates features of GSH metabolism-related lncRNAs with clinical factors. Additionally, based on functional analysis of model differential genes, we also explored whether the model could preliminarily predict drug treatment outcomes for LUAD patients. Finally, we performed preliminary validation of the lncRNAs in the model in both normal and tumor cell lines.




2 Materials and methods



2.1 Data acquisition

By May 9, 2024, our research had retrieved 600 files from the TCGA official site (https://cancergenome.nih.gov/), encompassing RNA-seq expression matrices and clinical data for 517 LUAD patients. This study utilized Active Perl software for preprocessing the raw files, creating a consolidated table of gene and clinical information. Using the metadata gene annotation file downloaded from the official website, this study converted Ensembl IDs to common official gene names using Active Perl. Before analyzing the expression data, all data were normalized using log2 transformation. Somatic mutation information for all LUAD patients was downloaded from the TCGA official website. After excluding 10 patients with incomplete clinical information, further analysis included 507 patients. This study used the createDataPortion package to randomly split patients into training (355 individuals) and test (152 individuals) groups. Additionally, the grouped data passed clinical statistical difference testing. Based on the annotation files from the Ensembl human genome browser GRCh38, this study performed iterative processing on all genes using Active Perl, extracting the expression matrices for mRNA and lncRNA. Integrating published papers and data from the GSEA official site, this study identified 87 crucial genes. Since all data in this study came from publicly accessible databases and followed TCGA database publication guidelines, ethics committee approval was omitted. This study adhered to the 2013 revised Declaration of Helsinki.




2.2 Identification of lncRNAs related to GSH metabolism

Based on the research by Shi et al. (19) and MSigDB, we identified 78 genes associated with GSH metabolism. From the obtained gene list, we extracted expression data for GSH-related genes. The limma software package was utilized for co-expression analysis. Using filters with a Pearson correlation coefficient greater than 0.4 and a p-value below 0.001, we identified 1748 lncRNAs associated with GSH metabolism. These thresholds were chosen to balance biological relevance, statistical significance, and clinical translational feasibility. Based on the identified lncRNA gene names, we extracted the corresponding expression matrix for GSH metabolism-related lncRNAs.




2.3 Construction and validation of a prognostic model for GSH-related lncRNA characteristics

Employing the Survival software, COX univariate regression analysis was conducted on lncRNA expression and survival data for the training cohort, with a filter threshold of p < 0.001. Subsequently, feature lncRNAs in the prognostic model were selected using a combined LASSO-COX model (20). Additionally, the independent correlation of the key lncRNAs selected in the model must meet the requirements of multiple linear stepwise regression analysis. Concurrently, the minimum Akaike Information Criterion (AIC) is calculated to obtain optimal simulation effects (21). Ultimately, the prognostic model includes 9 lncRNAs, with the risk scoring formula as:

[image: Mathematical formula for risk score, expressed as the sum from i equals one to n of alpha sub i multiplied by beta sub i.]	

where α i represents the regression coefficient of the ith lncRNA obtained from the multivariate Cox regression analysis, and β i represents the expression value of each GSH metabolism-related lncRNAs.These coefficients are fixed values derived from the training dataset.The expression levels of the selected lncRNAs, which vary with each patient sample, were then multiplied by their respective coefficients to compute the individualized Risk score. Using the “survival” and “survminer” packages, KM curves for OS and PFS were plotted, with statistical differences assessed via the log-rank test. The “timeROC” package was utilized for receiver operating characteristic (ROC) analysis, computing the AUC value. The C-index value was derived through the Hmisc package in conjunction with patient survival information analysis. The “scatterplot3d” package was used for PCA principal component analysis and visualization of model-related lncRNAs, all genes, and GSH-related genes and lncRNAs.




2.4 Construction and calibration of predictive nomograms

In this study, we used the median risk score as the cutoff value for grouping, evenly distributing patients into high-risk and low-risk groups. By integrating routine clinical data with model risk assessments, this study utilizes the rms, regplot, and Survival packages to construct clinically relevant nomograms. These nomograms aim to accurately predict patients’ overall survival (OS) rates. Furthermore, we meticulously generated the corresponding calibration curves to validate the predictive accuracy.




2.5 Functional enrichment analysis

Using the limma software package, we identified differentially expressed genes between high and low risk groups of LUAD patients (log2FC>1,FDR<0.05). According to the descending order of p-values, we selected the top ten significant and meaningful results. These results were visualized using different packages like ggplot2, circlize, and ComplexHeatmap (21, 22). The GSEA software package was used for gene set enrichment analysis, comparing pathway gene sets in the KEGG database to evaluate the association of lncRNAs involved in model construction with these gene sets. Finally, we visualized the top five results using the clusterProfiler (23) and enrichplot packages.




2.6 Analysis of tumor mutational burden and tumor immune microenvironment

Through the CIBERSORT package, the immune infiltration results in tumor samples of LUAD patients were obtained. The study comprehensively assessed how model risk scores correlate with various immune cell types using multiple algorithms (24–30). The GSVA package evaluated the correlation between 13 immune function genes and LUAD transcriptome expression (31). The Maftools software package (32) is used to process and analyze the proportions of missense mutations, nonsense mutations, frameshift deletions, frameshift insertions, inframe deletions, and multiple mutations in high-frequency mutated genes and tumor-related genes.




2.7 Prediction of immunotherapy efficacy and potential chemotherapeutic drug screening

The limma package integrated the immunotherapy data with patient risk group information, and the ggpubr package generated violin plots for cohorts. Screening of potential chemotherapeutic drugs is conducted using the oncoPredict package (33). Obtain the GDSC2 training dataset (https://www.cancerrxgene.org/) containing 198 chemotherapy drugs from the oncoRespond section on the OSF site. Conduct drug sensitivity analysis using the calcPhenotype function to calculate IC50. Set the significance filtering threshold to a p-value less than 0.001.




2.8 cell line culture

HBE cells and NSCLC cell lines were acquired from the Chinese Cell Resource Center. Cells were cultured in complete medium with 10% fetal bovine serum (FBS, Gibco brand), under incubator conditions of 5% CO2, 37°C, and 95% humidity.




2.9 Cell transfection

RNAi reagents and transfection aids were supplied by genepharma, with detailed interference sequences available in Supplementary Table 1. Cells were plated a day before transfection, ensuring that cell density reached approximately 50%-60% confluency on the day of transfection. RNAi reagents were preincubated with transfection enhancers and subsequently allowed to equilibrate at room temperature for 20 minutes to optimize complex formation. During the resting period, medium exchange was conducted, and the settled transfection complex was introduced to the culture plates, with timely replenishment or replacement of the medium depending on cell growth conditions. Transfection efficiency was assessed 48 hours after the procedure.




2.10 Real-time quantitative PCR

Total RNA was extracted from cells using TRIzol reagent as per the protocol outlined in the manual (Vazyme, Cat No. R701-01). The RNA concentration and purity were then assessed using the Nanodrop 2000 spectrophotometer. By adhering to the cDNA synthesis kit’s instructions (Vazyme, Cat No. Q141-02/03), reverse-transcribed cDNA was generated through RT-PCR amplification. The quantitative results of gene expression were collected and analyzed on the StepOne Plus system. The data were analyzed using the 2^(-ΔΔCt) method. GAPDH was used as an internal reference gene to normalize the target genes.




2.11 colony formation assays

Cells in good condition 48 hours post-transfection were selected for counting. Both experimental and control plates were prefilled with serum-free medium. Based on the calculations, 500 cells were evenly seeded per well and incubated for two weeks. After culturing, cells were washed twice with PBS and fixed in 4% paraformaldehyde for 10 minutes. After a PBS wash, cells were stained with crystal violet for 10 minutes, rinsed under running water for 5 minutes, and the plates were dried and photographed.




2.12 CCK8 proliferation assays

Digest and count cells in good condition and in the logarithmic growth phase after transfection, adjusting the cell density to 5×10³ cells/ml with blank medium. Add 200 µl of the adjusted cell suspension to each well of a 96-well plate, and measure the optical density (OD) at 24, 48, 72, and 96 hours post cell adherence. Subsequently, 10 µl of CCK8 reagent was meticulously added to each well, followed by an incubation period of 2 hours. Absorbance was then precisely measured at 450 nm using a spectrophotometer.




2.13 Cell invasion assay

Prior to the experiment, evenly distribute the matrix gel at the bottom of the Transwell chambers and incubate until the gel completely solidifies. On the experiment day, select well-conditioned and logarithmically growing post-transfection cells for trypsin digestion and counting. Resuspend the cells in serum-free medium, adjusting the density to 2.5×10^5 cells/ml. Extract the Transwell chambers, aspirate excess medium or liquid from the upper compartment, and add 200 µl of adjusted cell suspension to it, along with 500 µl of complete medium to the lower compartment. Continue culturing the Transwell chambers in the incubator for 48 hours, then proceed with further processing. Remove the old medium, wash the chambers twice with PBS, and fix the cells in 4% paraformaldehyde for 10 minutes. After removing the fixative, apply 0.1% crystal violet stain for 10 minutes. Next, remove the staining solution and wash the Transwell chambers three times with deionized water to eliminate excess dye. Lastly, use a damp cotton ball to gently wipe the upper surface of the chamber, removing cells that have not penetrated the matrix gel. Allow the chambers to air dry at room temperature, then examine and photograph the results under a microscope.




2.14 Wound healing test

Prior to the experiment, each well of the culture plate is prefilled with 2 ml of blank medium. Digest and count cells in good condition and in the logarithmic phase after transfection, resuspending them in blank medium. Add 400,000 cells evenly to each well. Once cells adhere, remove them using a 200 µl pipette tip and wash once with PBS. Add blank medium and incubate for 48 hours. Remove the plate, wash with PBS, and use a microscope to photograph and document the scratch healing process.




2.15 Xenograft model

Ten genetically defined, 5-week-old female nude mice were procured from the Jiangsu Jicui official website and randomly assigned into two groups. Prior to the experiment, target cells and empty vector control cells, both in optimal condition and the logarithmic growth phase, were precultured. Cells were trypsinized, resuspended in sterile Phosphate-Buffered Saline (PBS), and the concentration was adjusted to 4×10^3 cells/µl. Each mouse received a subcutaneous injection of 200 µl of this suspension into the right axillary region. Tumor dimensions were measured every three days with calipers. After one month, the mice were euthanized, and the tumors were excised, weighed, and measured for volume. The study was approved by the Yangzhou University Animal Experiment Ethics Review Committee, adhering strictly to ethical guidelines.




2.16 Statistical analysis

Statistical analysis was conducted in R (version 4.3.0). For evaluating the differences between pairs of groups, the Wilcoxon rank-sum test was employed. In contrast, differences across multiple groups were determined using the Kruskal-Wallis test. Results were deemed statistically significant at a p-value below 0.05.





3 Results



3.1 Identification of GSH metabolism-related lncRNAs

Figure 1 showed the flowchart of this study. This study included samples from 541 cancer patients, identifying 16,876 lncRNAs from 59,427 genes in the transcripts. The GSH-related gene set used in this study included 87 genes such as ABCC1, ABCC4, ABCC5. A comprehensive analysis revealed 1,748 lncRNAs associated with GSH metabolism, characterized by a correlation coefficient exceeding 0.4 and a p-value below 0.001 (Figure 2A).

[image: Flowchart depicting the process of developing a risk prognosis model. It begins with TCGA database expression analyses of 16,876 lncRNAs and 87 GSH-related genes. Co-expression analysis leads to GSH-related lncRNAs, followed by Univariate COX analysis, narrowing to prognostic GSH-related lncRNAs. LASSO-COX refines this into a risk prognosis model. The model is utilized for ROC, Kaplan-Meier, PCA, nomogram analysis; GO, KEGG, GSEA; and in vitro and in vivo experiments. It also aids in immune infiltration analysis, tumor mutation burden, tumor stemness, TIDE analysis, and drug sensitivity analysis.]
Figure 1 | Flow diagram.

[image: Panel A shows a network visualization between GSH and lncRNA interactions with color-coded genes. Panel B is a graph displaying partial likelihood deviance against Log Lambda values. Panel C presents coefficients plotted against Log Lambda, showing various gene lines. Panel D features a heatmap showing correlations of genes and lncRNA, with colors indicating correlation strength and significance levels.]
Figure 2 | Identification and Prognostic Model Construction of GSH Metabolism-related lncRNAs. (A) The Sankey diagram shows the co-expressed GSH metabolism-related genes and lncRNAs. (B) ten-fold cross-validation. (C) LASSO coefficient curves. (D) Correlation heatmap between lncRNAs and gene sets.




3.2 Development and assessment of the prognostic GSH-based risk model

This study included 507 samples for the construction of a GSH-related lncRNA risk model. Using the createDataPartition package, we randomly assigned all samples into a training set (355 persons) and a testing set (152 persons), without statistical differences in clinical data between the two groups (Supplementary Table 2). Through LASSO-COX analysis (P<0.05), we identified 9 lncRNAs significantly associated with prognosis (Figures 2B, C; Supplementary Table 3). Risk scores for patients in both the training and testing groups were calculated using the formula, and patients were divided into high and low risk groups based on the median value (Supplementary Table 4). The correlation heatmap in Figure 2D showed the relationship between the GSH metabolism gene set and the model-building lncRNAs. The K-M analysis demonstrated that high-risk patients have significantly lower overall survival (OS) than low-risk patients in both the training and testing groups (Figures 3A–C). The PFS analysis results were consistent with the aforementioned OS results, P<0.05 (Figure 3D). The risk curves indicated a positive correlation between rising risk scores and increasing patient mortality. The correlation heatmap showed that the expression of lncRNAs such as AL162632.3, AL360270.1, LINC00707, DEPDC1-AS1, GSEC, and LINC01711 increases with rising risk scores, while the expression of AL078590.2, AC026355.2, and AL096701.4 decreases (Figures 3E–G).

[image: Multiple graphs and heatmaps depict survival analysis. Panels A, B, and C show Kaplan-Meier survival curves comparing high-risk and low-risk groups, with significant differences indicated by p-values. Panel D displays progression-free survival. Panels E, F, and G show risk scores and survival status for training, validation, and overall sets. Heatmaps at the bottom illustrate gene expression, with red and blue indicating different expression levels.]
Figure 3 | Survival analysis and validation. (A) K-M curves for OS in the training set, (B) validation set, (C) overall cohort. (D) K-M curves for PFS in the overall cohort. (E) (training set), (F) (validation set), (G) (overall set) risk score plots, survival status graphs, and heatmaps.




3.3 Validate the independence of the constructed model in LUAD

Independent prognostic evaluation consistently showed that the model yielded hazard ratios (HRs) exceeding 1, with highly significant p-values observed across univariate and multivariate Cox regression analyses (Figures 4A, B). We conducted ROC curve analyses to explore the model’s predictive capability on patient prognosis (Figure 4C). The prognostic model demonstrated the highest AUC and C-index values compared to clinical factors (e.g., age and stage) (Figures 4D, E). To investigate the model’s applicability across different cancer stages, we divided patients into early and late stages and conducted OS analysis; the results demonstrated that, in both early and late stages, the high and low-risk scores clearly distinguished between patients’ survival durations (Figures 5C, D).

[image: Panels A and B show forest plots with hazard ratios and p-values for age, gender, stage, and risk score, highlighting significance for stage and risk score. Panels C and D feature ROC curves with AUC values assessing prediction accuracy for risk and demographic factors. Panel E depicts a line graph of concordance index over ten years for risk score and other factors. Panels F to I display 3D scatter plots for principal component analysis, differentiating low and high risk groups with blue and red dots.]
Figure 4 | Independent prognostic analysis and PCA analysis. (A, B) Cox regression analysis. (C) Time-dependent ROC curves for overall survival (OS). (D) ROC curves and (E) C-index for risk scores and other clinical risk factors. (F) PCA for the whole genome, (I) GSH metabolism genes, (G) all GSH metabolism-related lncRNAs, and (H) model-related lncRNAs.

[image: Panel A displays a nomogram for predicting overall survival (OS) based on gender, age, cancer stage, and risk. Panel B shows a calibration plot comparing nomogram-predicted and observed OS at one, three, and five years. Panels C and D feature Kaplan-Meier survival curves for patients with cancer stages I-II and III-IV, respectively, indicating higher survival probability for low-risk groups, with significance marked as p<0.001.]
Figure 5 | Nomogram Development and Validation (A) Nomogram. (B) Corresponding calibration curve. (C, D) K-M analysis of OS.




3.4 PCA and nomogram

PCA presented in Figures 4F–I showed that the lncRNA model we developed could best distinguish patients. Figures 5A, B showed the clinical nomogram, where each clinical factor is scored, and the sum of all factors’ scores was the total composite score. According to the scale for the composite score, one can estimate the survival probabilities for 1 year, 3 years, and 5 years for patients. For instance, a patient with a total score of 146 exhibited survival probabilities of 0.961 at 1 year, 0.853 at 3 years, and 0.708 at 5 years, respectively.




3.5 Functional enrichment analysis

We conducted a detailed investigation into the prognostic influence of critical lncRNAs on LUAD survival by differentially analyzing high and low risk groups (logFC > 1, FDR < 0.05), identifying 447 significant genes (Supplementary Table 5). GO functional analysis indicated that the differentially expressed genes primarily cluster in immune cell infiltration (like chemotaxis induction, migration of myeloid cells), immune activation (such as antimicrobial humoral response (GO:0019730), humoral immune response (GO:0006959), and antimicrobial peptide-driven humoral immunity (GO:0061844)), extracellular matrix (ECM) remodeling (including collagen-rich ECM, cytoplasmic vesicles, lamellar bodies), and cytokine-cytokine receptor interactions (such as regulation of endopeptidase activity) (Figures 6A, B).The results of the KEGG pathway analysis, represented through bubble charts and histograms, demonstrated an enrichment of these different genes in pathways that regulate immune cells, including the ras signaling pathway, the pi3k-akt signaling pathway, and cytokine-cytokine receptor interactions (Figure 6C). GSEA analyses were conducted for each gene within the model, such as AL360270.1, which showed that most lncRNAs are linked to pathways involved in cancer, immunity, and metabolism (Figure 6D).

[image: Panel A shows a bar graph indicating the count of different ontology terms, including biological processes, cellular components, and molecular functions. Panel B presents a circular dendrogram illustrating gene ontology terms with varying ontologies. Panel C is a bubble plot of pathways ordered by gene ratio, with bubble size indicating count and color representing p-value. Panel D displays an enrichment plot with multiple pathways graphed, showing running enrichment scores across ranked datasets.]
Figure 6 | Gene function enrichment analysis. (A) Bar graphs and (B) chord diagrams displaying significant GO enrichment outcomes. (C) Bubble charts illustrating significant KEGG enrichment findings. (D) GSVA analysis for lncRNA (AL360270.1).




3.6 Evaluation of tumor-immune landscape and analysis of immune related function

Figure 7A showed the proportions of typical immune cells in LUAD patient samples from the TCGA database. Figure 7E demonstrated that while there were no significant differences in stromal cell scores, patients classified as high-risk exhibited notably lower immune cell scores within TME and overall estimation scores compared to those at low risk. We employed tools like XCELL, TIMER, QUANTISEQ, and MCPCOUNTER for correlation analysis, as depicted in the bubble chart of Figure 7B. We further explored the interactions between these immune cells. Figure 7D depicted the correlations between immune cells in the tumors of these patients. Figure 7C showed the heatmap of correlations between LUAD samples and immune functions, indicating significant differences between the high and low risk groups in classical immune functions such as Type II IFN Response, Type I IFN Response, HLA, etc.

[image: Six-panel image showing data visualizations related to risk assessment and immune cell analysis. Panel A: Bar graph indicating low to high risk across samples with color-coded immune cells. Panel B: Dot plot displaying correlation coefficients for various immune cells and software. Panel C: Heatmap with hierarchical clustering, showing expression levels influenced by risk. Panel D: Correlation heatmap of immune cell abundance across different softwares. Panel E: Violin plots comparing scores for different risk categories. Panel F: Scatter plot with regression line illustrating correlation between risk score and RNAss, annotated with statistical significance.]
Figure 7 | Immunological relevance analysis. (A) Stacked bar charts showing the composition ratios of classic immune cells in LUAD patient samples. (B) Bubble charts showing immune cell infiltration. (C) Analysis of the correlation between risk scores and immune pathways. (D) Correlation heatmap. (E) Violin plots showing the stroma, immune, and estimated scores. (F) Correlation analysis between risk scores and tumor stemness.




3.7 TMB

Tumor mutational burden analysis revealed higher mutation rates in key genes including TP53, KRAS, and COL11A1 in the high-risk group. Waterfall and violin plots demonstrated that the tumor mutational burden in the high-risk group is significantly higher than that in the low-risk group (Figures 8A–C). Kaplan-Meier analysis showed significantly longer survival in patients with high TMB compared to those with low burden (Figure 8D). Finally, we divided all patients into four groups based on risk scores and levels of tumor mutational burden to analyze differences in survival. The results showed that high TMB and low-risk groups had the longest survival time, while those in the low TMB and high-risk groups had the shortest survival time, with statistically significant differences in survival among the four groups (Figure 8E).

[image: Panel A and B depict mutation profiles in two sets of samples, highlighting alterations in genes such as TP53 and TTN, with color-coded mutation types and risk levels. Panel C shows a violin plot comparing tumor mutation burden between low-risk and high-risk groups. Panel D presents a survival probability curve based on TMB levels, indicating significant differences. Panel E shows a survival curve based on both TMB and risk levels, with significant variations. Panel F features a violin plot comparing TIDE scores between low-risk and high-risk groups.]
Figure 8 | Examination of TMB. (A, B) Waterfall plots displaying notable gene mutations. (C) Comparative analysis of TMB. (D) K-M curve analysis evaluating the effect of high and low TMB on overall survival (OS). (E) K-M curve analysis of patient overall survival (OS) according to TMB and risk scores. (F) Analysis of the relationship between risk scores and immunotherapy responses. *** p < 0.001.




3.8 Immunotherapy for risk signature and prediction of potential drugs.

Based on the discovery that risk scores were closely related to immunity, we further used existing TIDE data to predict patient drug response. The findings reveal markedly reduced TIDE scores in the high-risk cohort relative to the comparison group (Figure 8F). Furthermore, analysis of tumor stem cell indices demonstrated a positive correlation with risk scores, indicating increased tumor stemness (Figure 7F). Subsequently, we used the oncoPredict package to screen for potential sensitivity drugs. The results indicated that drugs like Cisplatin, Docetaxel, Gemcitabine, Vinorelbine, and Paclitaxel significantly differed in IC50 values (Figure 9). Detailed results were presented in the Supplementary Files.

[image: Illustration of a human torso showing lungs with cancer cells, along with icons of various cancer drugs including Cisplatin and Docetaxel. Adjacent are box plots labeled B to G, displaying sensitivity of different drugs to low and high risk scores. Green boxes represent low risk, and red boxes indicate high risk, with p-values noted above each pair.]
Figure 9 | Drug sensitivity analysis. (A–G) Currently Approved and Investigational Sensitive Drugs for Lung Cancer Based on Model Predictions.




3.9 Expression confirmed through in vitro experiments

We used qPCR to verify the expression levels of lncRNAs with independent prognostic significance to validate the importance of lncRNAs in the model. Compared to the normal cell line HBE, the expression of AL162632.3 significantly increased in the selected cancer cell lines PC9, H1299, A549, and H1975, particularly in H1299 cells. Expression of LINC01711 rose in lung cancer cell lines including PC9, H1299, and H1975 but fell in A549.GSEC showed no significant changes in expression in these cancer cell lines (Figure 10A). AC026355.2 was significantly downregulated in all four cancer cell lines. Conversely, expression of AL096701.4 declined in the PC9, H1299, and A549 cell lines, while it increased in H1975 (Figure 10B).

[image: Bar graphs A and B present relative expression levels of specific genes across different cell lines. Graph A shows AL162632.3, LINC01711, and GSEC. AL162632.3 has notably higher expression in H1299, A549, and H1975 cell lines. Graph B displays ACO26355.2 and ALO96701.4, with ACO26355.2 higher in HBE, and ALO96701.4 highest in H1975. Bar colors represent different cell lines: blue (HBE), cyan (PC9), green (H1299), red (A549), and purple (H1975). Asterisks indicate statistical significance levels.]
Figure 10 | Validation of the expression of lncRNAs in vitro cell experiments. Analysis of expression levels of lncRNAs associated with (A) risk factors and (B) protective factors in HBE, PC9, H1299, A549, and H1975. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.




3.10 Decreased lnc-AL162632.3 expression inhibited LUAD proliferation, migration and invasion

Using RNAi technology, we effectively knocked down the highly expressed lnc-AL162632.3 in H1299 and A549 lung cancer cell lines. The RNAi efficiency was validated through qPCR, identifying RNA3 as the most effective. Consequently, we selected siRNA3 for all subsequent experiments. CCK8 proliferation and colony formation assays showed that knocking down lnc-AL162632.3 significantly reduced cell growth compared to the control group. Wound healing and invasion assays further demonstrated that suppression of lnc-AL162632.3 markedly weakened the motility of the cancer cells (Figure 11). In vivo, tumors in the lnc-AL162632.3 knockdown mice were noticeably smaller and lighter than the controls (Figure 12).

[image: Graphs and images display experimental results for H1299 and A549 cells. Panels A and B show relative gene expression with significant decreases for siRNA treatments, especially siRNA3. Panels C and D depict OD values over time, showing reduced proliferation with siRNA3 compared to siNC. Panels E and F display cell colonies for siNC and siRNA3 treatments, illustrating a decrease in colony number with siRNA3, quantified in accompanying bar graphs. Statistical significance is indicated with asterisks.]
Figure 11 | Downregulation of lnc-AL162632.3 inhibits LUAD growth. (A, B) Verification of interference efficiency. (C, D) CCK8 proliferation curves. (E, F) Colony formation assay. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

[image: Panel A and B show wound healing assays for H1299 and A549 cell lines, comparing siNC and siRNA3 treatments over zero and forty-eight hours, with bar charts indicating significant differences. Panel C displays invasion assays for the same cell lines, with bar graphs illustrating invaded cell numbers under both treatments. Panel D presents tumor images treated with siNC and siRNA3 beside a ruler. Panel E contains a bar graph of tumor weights, showing siNC treatment with significantly higher weight. Panel F shows a line graph of tumor volumes over time, indicating consistent growth suppression in siRNA3 treatment.]
Figure 12 | Downregulation of lnc-AL162632.3 inhibits migration and invasion in LUAD. (A, B) Wound healing assay. (C) Invasion assay. (D-F) Xenograft tumor model in nude mice. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.





4 Discussion

Lung cancer is one of the most common malignancies worldwide and is a leading cause of cancer-related deaths (1). In China, LUAD represents the predominant subtype of non-small cell lung cancer (34). The majority of patients are diagnosed at advanced stages, at which point surgery is often no longer viable. Despite some effectiveness of targeted and immunotherapies, the issue of resistance persists, resulting in poor long-term survival rates. Hence, the investigation and detection of molecular markers are crucial for identifying patients suitable for specific therapies and monitoring resistance, thereby enhancing treatment strategies and prognoses. GSH metabolism is pivotal in the onset, progression, and immune response of tumors (35, 36). GSH regulates cell proliferation, apoptosis, and immune function (37). Novel therapeutic approaches targeting GSH metabolism could enhance treatment efficacy and address drug resistance. LncRNAs have been reported to play an irreplaceable role in many cancers, particularly in lung cancer research, with examples including MALAT1 and LINC00707 (9, 36). This study aims to investigate and validate GSH metabolism-related lncRNAs in LUAD, to assess their role in prognosis and immune response, and to enhance personalized treatment outcomes.

Initially, lncRNAs related to GSH metabolism were identified through co-expression analysis, and prognostically significant lncRNAs were selected using LASSO-Cox analysis. The criteria for lncRNA selection (Pearson correlation > 0.4, p < 0.001) were established to balance biological relevance, statistical significance, and clinical feasibility. This ensured the identification of highly relevant lncRNA features, enhancing model interpretability and predictive accuracy and avoiding unnecessary complexity. Six risk factors (AL162632.3, AL360270.1, LINC00707, DEPDC1-AS1, GSEC, and LINC01711) and three protective factors (AL078590.2, AC026355.2, and AL096701.4) were included. LINC00707 has been shown to play significant biological roles in various cancers by interacting with Smad proteins to regulate TGFβ signaling and promote cancer cell invasion (38). Its oncogenic function is further supported by studies in breast and gastric cancers, where elevated LINC00707 expression is associated with reduced patient survival (39). DEPDC1-AS1, an antisense RNA of DEPDC1, promotes proliferation and migration of human gastric cancer cells HGC-27 via the R-F11R pathway (40). LINC01711 can also promote hepatic fibrosis cell proliferation and migration by regulating XYLT1 (41). Moreover, this study is the first to report that AL162632.3, AL360270.1, GSEC, AL078590.2, AC026355.2, and AL096701.4 may be related to the prognosis of LUAD. Although not previously associated with tumor prognosis, these lncRNAs provide new insights into LUAD pathogenesis and warrant further investigation.

Samples were randomly divided into training and validation sets at a 7:3 ratio, and patients were stratified into high- and low-risk groups using the median risk score. Kaplan-Meier analysis showed significantly worse prognosis for the high-risk group, which was consistent across different cohorts, with DFS and risk curves aligning with OS results. The model outperformed clinical factors in predicting LUAD prognosis, as confirmed by ROC and C-index analyses. PCA demonstrated that the lncRNAs in the model effectively differentiated risk groups. The nomogram integrating clinical features enabled personalized prognostic stratification for post-surgical LUAD patients. High-risk individuals may benefit from additional treatments, such as immunotherapy or adjuvant chemotherapy. Enhanced follow-up strategies could further aid in early recurrence detection.

Functional analysis of differentially expressed genes revealed enrichment in immune-related pathways, including cytokine-cytokine receptor interactions and hematopoietic lineage. These findings highlight their critical role in immune regulation. CIBERSORT analysis showed increased immunosuppressive Tregs and M2 macrophages in the high-risk group, alongside reduced CD8+ T cells and M1 macrophages, indicating an immunosuppressive microenvironment conducive to tumor progression. Furthermore, the high-risk group exhibited impaired immune functions, including reduced Type II interferon responses. In contrast, the low-risk group demonstrated enhanced MHC class I expression and cytotoxic activity, underscoring the importance of immune modulation in prognosis and therapy.

Mutation analysis revealed significantly higher TMB in the high-risk group, primarily driven by mutations in key genes such as TP53, KRAS, and MUC16 (42–44). High TMB correlated with better survival rates (p=0.024), but patients in the high-risk group with low TMB had the worst outcomes, which is likely attributable to reduced immunogenicity and increased tumor aggressiveness. Conversely, patients with high TMB and low-risk scores had the best survival, suggesting a favorable response to immunotherapy. Tumor stemness analysis showed that higher RNAss correlated with increased risk scores (R = 0.22, p = 3.7e−07). This finding indicates that high-risk tumors possess stronger stemness traits linked to aggressiveness and treatment resistance. Clinically, targeting tumor stemness could improve patient outcomes. TIDE analysis revealed that low-risk tumors, despite their better prognosis, exhibited strong immune evasion features, highlighting the importance of developing personalized immunotherapy strategies. Chemotherapy sensitivity analysis showed reduced efficacy of standard agents in the high-risk group but increased sensitivity to targeted therapies like Selumetinib, Ribociclib, and Axitinib. These findings highlight the reliance of high-risk tumors on specific pathways, providing guidance for future therapeutic strategies.

Additionally, we conducted independent prognostic analyses on 9 lncRNAs involved in the model construction and identified 5 statistically significant lncRNAs: 3 risk factors (AL162632.3, LINC01711, and GSEC) and 2 protective factors (AC026355.2 and AL096701.4). ts showed close alignment with prior bioinformatics analysis. In particular, AL162632.3 was upregulated in all selected lung cancer cell lines, with the most notable expression in the H1299 cell line. The high expression of AL162632.3 may promote malignant behaviors in lung cancer cells. In contrast, AC026355.2 showed marked downregulation in the selected lung cancer cell lines, suggesting its potential anticancer activity. The downregulation of AC026355.2 may lead to a weakened response to growth-inhibiting signals in lung cancer cells, thereby aiding the progression of lung cancer. Hence, reinstating the expression of AC026355.2 could suppress lung cancer cells, providing a potential therapeutic target for lung cancer.

RT-qPCR analysis confirmed significant overexpression of lnc-AL162632.3 in lung cancer cell lines. To investigate its biological role, we transiently knocked down lnc-AL162632.3 in H1299 and A549 cells using RNAi technology. Knockdown significantly reduced cell proliferation, as shown by CCK8 and colony formation assays, and impaired migration and invasion in wound healing and invasion assays. In vivo, subcutaneous tumor models in nude mice revealed that tumors in the knockdown group were significantly smaller in volume and weight compared to controls. These findings indicate that lnc-AL162632.3 overexpression promotes lung cancer progression. To elucidate its regulatory mechanisms, future research will employ transcriptome sequencing to identify potential targets, such as GSH metabolism-related enzymes (e.g., GCLC, GSS) or signaling pathways influencing the tumor immune microenvironment. Additionally, RNA immunoprecipitation (RIP), chromatin immunoprecipitation (ChIP), and luciferase reporter assays will be used to validate these regulatory mechanisms.

This study highlights the role of GSH metabolism-related lncRNAs in LUAD while acknowledging certain limitations. The mechanisms by which lncRNAs regulate GSH metabolism remain unclear. The lack of suitable lncRNA probes has limited external validation, which we plan to address with RNA-seq in clinical samples. While LASSO-Cox was used for feature selection, future studies with larger samples should compare other methods like random forests. The nomogram predicts LUAD prognosis effectively but faces challenges such as individual variability in treatment response and lncRNA detection feasibility in clinical settings.




5 Conclusions

This study demonstrated the prognostic importance of GSH metabolism-related lncRNAs in lung adenocarcinoma and developed a risk stratification model, which was further integrated into a nomogram for enhanced clinical applicability. High-risk patients were characterized by increased TMB and stemness, suggesting a strong link between gene mutations and patient outcomes. These findings underscore the potential of the model and nomogram to guide personalized immunotherapy strategies and improve survival in lung adenocarcinoma.
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Introduction: Understanding the molecular mechanism underlying the pathogenesis of knee osteoarthritis (KOA) may be beneficial in fetching new therapeutics. Our study aims to investigate the implication of Wnt/ β-catenin pathway in development of KOA by detection of the downstream target genes and their crosstalk with miR-214 in patients with KOA and to correlate that with the clinical findings.Methods: Sixty participants were involved in the study. The levels of miR-214, β-catenin, Wnt4, matrix metalloproteinase 3 (MMP3), Bax, caspase 3, and phosphorylated glycogen synthase kinase-3 beta (pGSK3β) were determined. All participants were assessed clinically and radiologically regarding knee joint pain, stiffness, range of motion, and knee medial cartilage thickness. Besides, a correlation between Western Ontario and McMaster Universities (WOMAC) score, clinical, and radiological data, and the measured parameters was conducted.Results and discussion: Patients with KOA showed downregulated miR-214 with upregulated β-catenin, Wnt4, MMP3, Bax, caspase 3, and pGSK3β compared to healthy individuals. Statistically significant positive correlation between WOMAC score, knee joint pain regarding Visual Analogue Scale (VAS) with β-catenin, pGSK3β, Wnt4, MMP3, Bax, and caspase 3, and significant negative relationship between them and knee joint medial cartilage thickness; while there was a statistically significant negative correlation between WOMAC, and clinical findings of osteoarthritis and miR-214 and significant positive relationship between it and knee joint medial cartilage thickness. This study provides valuable insights into involvement of the Wnt/β-catenin and miR-214 in KOA pathogenesis. By targeting these molecular components, future therapeutics may modulate their activity and mitigate chondrocyte apoptosis and matrix degradation, potentially halting KOA progression.[image: Study diagram showing two knee cross-sections comparing osteoarthritis (KOA) and healthy knees. It includes details of 60 participants, with 30 having KOA and 30 as controls. Demographic data covers pain and function scores. Serum samples tested for markers like β-catenin, Wnt4, and more. The KOA knee shows bone remodeling, synovitis, and damaged cartilage, while the healthy knee has intact structures like the joint capsule and articular cartilage. The comparison highlights differences in biochemical markers.]Keywords: knee osteoarthritis, miR-214, Wnt/β-catenin, PGSK3β, WOMAC score
1 INTRODUCTION
Osteoarthritis (OA) is the most widespread form of long-lasting musculoskeletal diseases. Hip and knee OA are affecting about 300 million worldwide and they represent the 11th cause of global disability as measured by years lived with disabilities (YLDs). knee osteoarthritis (KOA) is characterized by the progressive breakdown of cartilage, which is mediated by inflammatory cytokines and other molecules (Liang et al., 2019). The stress on the knee increases as the KOA progresses because it gradually impairs the function of the knee, hurts and weakens the muscles. Also, it causes joint discomfort that develops gradually, gets worse with movement, spreads after extended periods of sitting or sleeping, and gets worse over time with stiffness, edema, restricted range of motion, and crepitus in the affected joint (Fang et al., 2021). Despite the progressive degenerative nature of the disease with aging, factors such as obesity, previous knee injuries, and regular crouching and kneeling increase the risk of early onset of knee osteoarthritis (KOA) (Blagojevic et al., 2010). Numerous studies have validated the use of ultrasonography for knee osteophytes, medial meniscal protrusion, and morphological alterations in the medial femoral condyle cartilage assessment and grading of KOA (Serban et al., 2016). When conservative treatment fails, surgical alternatives are considered as a next step in the management of KOA.
Depending on the etiology, KOA is classified as either primary or secondary. Primary KOA is caused by unidentified articular cartilage degeneration. This is frequently referred to as age-related degradation and wear and tear. Secondary KOA is caused by articular cartilage degeneration due to a known cause, such as post-traumatic reasons (Manlapaz et al., 2019). Chondrocytes and extracellular matrix (ECM) components make up articular cartilage, an avascular tissue with a restricted potential for regeneration. The sole cell type in articular cartilage is the chondrocytes which control the anabolic to catabolic ratio to preserve the healthy function of the ECM (Moo et al., 2014). Chondrocyte death throughout the OA process is linked to degradation and calcification of ECM; suggesting a role for cell death in the OA pathogenesis. It might be able to boost chondrocyte proliferation to postpone OA development and progression (Gao et al., 2014). Understanding the pathophysiology of the developmental process of OA is depending on exploring the molecular mechanisms underlying the symptoms, which include articular cartilage deterioration, formation of bone spurs, subchondral sclerosis, and synovial hyperplasia (Chen et al., 2017).
Preceding studies have linked Wnt/β-catenin signaling trajectory in the development of OA (Appleton et al., 2010; Yuasa et al., 2008). Wnt is a glycoprotein that secreted outside of the cells with ninteen Wnt genes and many Wnt receptors that govern both canonical and non-canonical-catenin-dependent signaling pathways. Various activities involving cell division, polarization, proliferation, and fate of the cells throughout embryogenesis and later stages of development, are linked to both downstream pathways (Liu S. et al., 2017); as well as the development and progression of various diseases, with growing evidence of their pathogenic involvement in OA. The attachment of Wnt proteins to their receptors inhibits the phosphorylation of β-catenin and glycogen synthase kinase 3 beta (GSK3β). Non-phosphorylated catenin accumulates in the cytoplasm and travels to the nucleus to regulate the expression of target genes, accelerate the cell cycle, and encourage proliferation of cells (Fensterle, 2006).
MicroRNAs (miRNAs) are a subclass of non-protein-coding RNA molecules, with an approximate length of 22 nucleotides. They can mediate the post-transcriptional expression of various genes for the controlling of several physiological and pathological events. However, the degree of sequence similarity between their regulatory activities and the 3′-UTR of target mRNAs varies. It has been shown that miRNA expression controls bone and cartilage growth and preserves homeostasis in the latter (Borgonio et al., 2014; Duan et al., 2020). Previous studies have examined the distinct functions of several miRNAs in KOA, concluding that the expression of miR-214 controls crucial signaling pathways throughout the development of OA, such as the Wnt/β-catenin signaling (Cao et al., 2017). In this work, we aim to explore the possible role of miR-214 in KOA pathogenesis and diagnosis and also to establish a correlation between miR-214 expression and Wnt/β-catenin, clinical and radiological findings in patients with KOA in an attempt to provide molecular basis for developing novel miRNA-based targeted treatment modalities.
2 PATIENTS AND METHODS
2.1 Patients
A case-control study was conducted at Menoufia University Hospital’s Department of, Rheumatology, Rehabilitation, and Physical Medicine with 30 KOA cases with average age of 57.57 years and 30 controls with matched sex. Patients were diagnosed using the American College of Rheumatology criteria, which included primary KOA with Kellgren-Lawrence grade (K-L grade) ≥ 1 (Mahmoudian et al., 2021).
One consultant, blind to the clinical data, performed knee ultrasonography within the same day as the clinical and radiographic, and laboratory tests. The physician used a (LOGIQ- E10) fitted with a high frequency broadband linear array transducer at 10–12 MHz. The medial cartilage thickness was assessed: When the patients were supine, their knees were in maximum flexion and the probe was put in an axial plane on the suprapatellar region then femoral cartilage was measured. The cartilage degeneration was categorized semi-quantitatively as follows: 0: normal, grade-1 (mild OA): loss of normal sharpness of cartilage interfaces and/or increased echogenicity of the cartilage, grade-2A (moderate OA): strong local thinning (less than 50%) of the cartilage, grade-2B (moderate OA): local thinning of the cartilage more than 50% but less than 100%, and grade-3 (marked OA): 100% local loss of the cartilage (Schiphof et al., 2008; Østergaard and Wiell, 2004; Boonstra et al., 2008).
The following criteria were excluded: gouty arthritis, post-traumatic arthralgia, autoimmune or connective tissue diseases, metabolic disorders, inflammatory arthritis, endocrine abnormalities, and developmental dysplasia. Healthy controls with similar age and gender were selected among hospital employees and individuals receiving routine medical examinations. Based on the medical record, no control ever experienced any clinical symptoms or signs (pain, swelling, tenderness, or restriction of movement) of OA, other arthritis, or joint illnesses at any site. No controls were related to the patients or the OA history in their family. Furthermore, they did not have any risk factors for KOA that could confound results, such as body mass index (BMI) equal to or more than 30 according to the WHO criteria, menopausal status, estrogen therapy, and type II diabetes mellitus.
Every participant’s demographic, lifestyle, and clinical information—including age, gender, BMI, and K-L grading were documented. In the case of OA, the pain was measured using the Visual Analogue Scale (VAS) with ten scale bars (0–10) on one side (Boonstra et al., 2008; Alexander, 2007). As a measure of the severity of a condition, the Western Ontario and McMaster Universities (WOMAC) Osteoarthritis Index scale was used and each patient who was enrolled completed the validated Arabic version of the WOMAC score questionnaire (Faik et al., 2008), which includes 24 items measuring 3 subscales including: the primary factors used to assess the alterations in the structure and function of the knee joint regarding: pain (5 items) with pain ranging from 0 to 20 points, stiffness (2 items) that ranged from 0 to 8 points, and physical function (17 items) ranged from 0 to 68 points. Scores can be calculated for each subscale and a total WOMAC score is calculated by adding all 3 subscale scores that ranged from 0–96 points where 0 represents the best health status and 96 the worst possible status.
All participants provided written informed consent before participation. The Ethical Committee of the Faculty of Medicine Hospital at Menoufia University, under IRB number 12/2022RAD18, accepted the research protocol. The ethical approval complied with the Declaration of Helsinki’s requirements.
2.2 Sample size calculation
Based on a review of past literature by Cao et al. (2021a) who reported that miR-214-3p expression was downregulated in inflamed chondrocytes and KOA cartilage. A minimum of sixty participants was determined to be the sample size. G Power software was used to divide them equally into two main groups, each with thirty participants at 80% power and 95% confidence intervals.
2.3 Measurements
All patients' blood was collected and put in vacuum-sealed containers for centrifugation at 4500 g for 15 min. Serum samples were placed into Eppendorf tubes and stored at −80°C for analyses. Specific commercial ELISA kits (MyBioSource, Inc.) were used to determine β-catenin, Wnt4, matrix metalloproteinase 3 (MMP3), Bax, and caspase 3 according to the manufacturer’s instructions with catalogue number MBS8291331, MBS8802754, MBS045298, MBS2701194, MBS2513810; respectively. The level of pGSK3β (Ser9) was also measured using a commercially available ELISA kit (Cat No. PEL-GSK3b-S9, RayBiotech, Inc., United States) according to the supplier’s instructions.
2.4 miRNA assay
miRNeasy serum/plasma kit (QIAGEN, Germany, Cat. No. 217184) was used to extract total RNAs, including miRNAs, from serum samples in accordance with the manufacturer’s instructions. The quantity of RNA present was quantified using a Multiskan Sky High Microplate Spectrophotometer from Thermo Fisher Scientific (United States). By using qRT-PCR, the expression of miR-214 was detected. Thermo Fisher Scientific’s TaqMan® microRNA reverse transcriptase kit (Cat. No. 4366596) and the TaqMan assays for hsa- miR-214 and RNU6B (Assay IDs: 002293 and 001093, respectively) were used to convert RNA to cDNA. miR-214 expression was compared to RNU6B, an endogenous control. The PCR reactions were carried out by using TaqMan® Universal Master Mix II (Applied Biosystems ™, United States, Cat. No. 4440043) in 20 μL total volume, including 10 μL TaqMan® Universal Master Mix II, 1 μL TaqMan® assay 20X, and 9 μL cDNA + RNase-free water. The following were the PCR settings: 1 min at 95°C, forty cycles of 95°C for 15 s, 1 min at 60°C, and 5 min at 72°C as the last extension. Real-time PCR was carried out using the StepOnePlus™ Real-Time PCR system (Thermo Fisher Scientific, United States) and the fold change and Ct were computed.
2.5 Protein-protein interaction (PPI) network analysis
This was created by using Cytoscape v3.10.2 and string online database; https://string-db.org/. Wnt protein was chosen as a central protein to create the network. String protein query was used in the setting of the software with a medium confidence score of 0.4, average local clustering coefficient equal to 0.878, PPI enrichment p-value <1.0e−16, and with no more than 5 interactions in the first and the second shells.
2.6 Statistical analysis
The mean and standard deviation (SD) for all data is displayed. Using an independent sample t-test, differences across groups were evaluated. For categorical data, the chi-square test or Fisher’s exact test was used as appropriate. The link between the measured parameters was evaluated by calculating Pearson’s correlation. A p value of less than 0.05 was used to determine statistical significance. The diagnostic cutoff points were chosen from the receiver operating characteristic (ROC) curve with the maximum accuracy. The computations were completed using IBM’s SPSS 21.0 statistical program (IBM, United States).
3 RESULTS
3.1 Demographic and clinical features
The demographic and clinical characteristics of the study participants, categorized by groups and grades, are outlined in Table 1.
TABLE 1 | Demographic and clinical features of study groups. Sixty participants were involved; 30 with KOA and 30 matched controls.
[image: Comparison table of laboratory parameters between Group 1 (KOA patients) and Group 2 (healthy controls), each with 30 participants. Metrics include age, sex, weight, height, BMI, K-L grade, medial cartilage thickness, VAS score, WOMAC score, pain score, stiffness score, and physical function score. Statistical values indicate significance levels, with marked differences for medial cartilage thickness, VAS score, WOMAC score, pain score, stiffness score, and physical function score, all showing P < 0.001.]3.2 Effect on biological markers
We looked at the expression of miR-214 in serum samples either from KOA patients or healthy donors without any joint conditions to probe the potential function of miR-214 in human KOA. Comparing with healthy donors, the expressional level of miR-214 was significantly reduced in KOA patients by 75.79% (p < 0.001) as presented in Figure 1.
[image: Box plot comparing miR-214 fold change between healthy controls and KOA patients. Healthy controls show a higher miR-214 expression with a median around 4, while KOA patients have a lower median near 1. Statistical significance is indicated with \( P < 0.001 \).]FIGURE 1 | Expression pattern of miR-214 in health donors and patients with KOA. Data are presented as mean ± SD, p < 0.001, n = 30. miR-214 was found to be downregulated in KOA patients compared to the healthy controls.
The protein levels of Wnt/β-catenin mediators were then examined in both healthy donors and KOA patients. Serum from KOA patients had significantly higher protein levels of β-catenin, Wnt4, MMP3, Bax, caspase 3, and pGSK3β than serum from healthy donors by 1.69, p = 0.0001; 1.45, p = 0.0001; 2.91, p = 0.0001; 2.88, p < 0.0001; 4.41 folds, p < 0.0001; respectively, and by 86.81%, p = 0.0001 for pGSK3β as shown in Figure 2.
[image: Six box plots compare levels of different biomarkers between healthy controls and patients with knee osteoarthritis (KOA).   (a) β-catenin levels significantly higher in KOA patients (P = .001).  (b) Wnt16 levels elevated in KOA patients (P = .001).  (c) MMP-3 increased in KOA patients (P = .001).  (d) Bix shows significant elevation in KOA patients (P < .001).  (e) Caspase-3 higher in KOA patients (P < .001).  (f) pGS395 shows significant increase in KOA patients (P = .001).   All data indicate statistically significant differences.]FIGURE 2 | Serum levels of downstream genes of Wnt/β‑catenin signaling pathway in health donors and patients with KOA. (A) β‑catenin, (B) Wnt4, (C) MMP3, (D) Bax, (E) caspase 3, and (F) pGSK3β. Data are presented as mean ± SD, P < 0.01, n = 30. Wnt4: wingless-type mmtv integration site family member 4, MMP3: matrix metalloproteinase 3, pGSK3β: phosphorylated glycogen synthase kinase 3 beta. The detected genes were found to be upregulated in KOA patients compared to the healthy controls.
3.3 Correlation study
Our results showed a statistically significant positive correlation between WOMAC scores (regarding pain, stiffness, and physical function) and β-catenin, pGSK3β, Wnt4, MMP3, Bax, and caspase 3, while there was a statistically significant negative correlation between WOMAC scores and miR-214 as shown in Figure 3. miR-214 showed a statistically significant negative correlation with β-catenin, pGSK3β, Wnt4, MMP3, Bax, and caspase 3 (r = −0.819, p < 0.001, r = −0.780, p < 0.001, r = −0.766, p < 0.001, r = − 0.791, p < 0.001, r = −0.831, p < 0.001, and r = −0.822, p < 0.001, respectively).
[image: Scatter plot grid displaying correlations between WOMAC scores and various markers: mRNA-IL7, β catenin, pSTAT3, WNT4, MMP9, Rax, and Gankyrin. Each plot shows positive correlation with varying strengths, indicated by correlation coefficients (r) ranging from 0.843 to 0.960, all with a significance level of P < 0.001. Red dots represent data points.]FIGURE 3 | Correlation study between the detected biomarkers and WOMAC score in patients with KOA. WOMAC: Western Ontario and McMaster Universities, pGSK3β: phosphorylated glycogen synthase kinase 3 beta, Wnt4: wingless-type mmtv integration site family member 4, MMP3: matrix metalloproteinase 3, Bax: Bcl2-associated X protein.
As shown in Table 2, there was a significant negative correlation between the serum concentration of miR-214 and the clinical finding of KOA regarding the grade of knee joint pain according to VAS, as its serum concentration was low among patients with high grades of knee joint pain, while β-catenin, pGSK3β, Wnt4, MMP3, Bax, and caspases3 concentration were positively correlated with the grade of knee joint pain regarding VAS. On another side there was a significant negative correlation between β-catenin, Wnt4, MMP3, Bax, Caspases3, and pGSK3β with the radiological data of KOA as regards to the medial cartilage thickness of the knee joint as their serum concentration was high among patients with advanced grades of OA (with lower cartilage thickness), while miR-214 serum concentration was low among patients with advanced grades of KOA and low cartilage thickness, as its serum concentration was positively correlated to medial cartilage thickness of the knee joint.
TABLE 2 | Correlation between clinical findings regarding visual analogue scale and radiological data regarding medial cartilage thickness and lab parameters among participants of the study groups.
[image: Table showing correlation coefficients (r) and significance (p-values) for various factors with VAS and medial cartilage thickness. Notable values include miR-214 with strong negative correlation to VAS and moderate positive to cartilage thickness. β-catenin shows strong positive correlation with VAS and negative with cartilage thickness. Definitions for terms like Wnt4, MMP3, Bax, Caspase3, and pGSK3β are provided below.]3.4 ROC curve analysis for miR-214
A ROC curve showed the best cutoff value of miR-214 among KOA patients to be less than 1.4832, with a sensitivity of 96.7% and a specificity of 93.3% (area under the curve = 0.997; Figure 4.
[image: ROC curve showing sensitivity versus 1-specificity. The curve closely follows the left and top edges, indicating high accuracy. Area Under the Curve (AUC) is 0.997 with a 95% Confidence Interval from 0.989 to 1.]FIGURE 4 | ROC curves for miR-214 in KOA patients versus healthy control. A ROC curve showed the best cutoff value of miR-214 among KOA patients to be less than 1.4832, with a sensitivity of 96.7% and a specificity of 93.3%.
3.5 Protein-Protein interaction network analysis
The network created by Cytoscape revealed 17 molecular target protein that are crossly connected with Wnt/β-catenin. These protein can be further investigated in KOA to establish novel diagnostic and therapeutic avenues (Figure 5).
[image: Network diagram illustrating interactions between genes and proteins. Nodes represent genes or proteins, color-coded by function, with edges showing interactions. Legend indicates node color, interaction type, and confidence level.]FIGURE 5 | Protein-protein interaction (PPI) network analysis. The network was created by using Cytoscape v3.10.2 and string online database; https://string-db.org/. Wnt protein was chosen as a central protein to create the network. String protein query was used in the setting of the software with a medium confidence score of 0.4, average local clustering coefficient equal to 0.878, PPI enrichment p-value <1.0e−16, and with no more than 5 interactions in the first and the second shells. ANKRD6: Ankyrin Repeat Domain 6, RNF43: Ring Finger Protein 43, RSPO: R-spondin, LGR: Leucine-rich repeat-containing G-protein coupled receptor, ZNRF3: Zinc And Ring Finger 3, PORCN: porcupine O-acyltransferase, FZD: Frizzled Class Receptor.
4 DISCUSSION
KOA is the most prevalent joint condition in the world and a chief contributor to disability. KOA can have a detrimental effect on a person’s physical and mental health because it is characterized by articular cartilage loss, juxta-articular inflammation, and alterations in periarticular and subchondral bone (Stampella et al., 2017). KOA patients frequently exhibit signs of knee joint swelling, discomfort, and restriction of mobility. Hence, their quality of life is negatively impacted, and cellular inflammatory factors contribute significantly to the development of KOA (He et al., 2021). However, there are currently no efficient strategies for cartilage healing; therefore, patients with severe KOA typically require joint replacement. Understanding the pathophysiology of KOA may lead to transformative therapeutics (Wu et al., 2022). Our study is the first to establish the relationship between the expression of miR-214 and the Wnt/β-catenin signaling-related proteins and also with the clinical findings in patients with KOA; the issue which could help in better knowledge of the pathophysiology of the disease and developing novel miRNA-based treatment avenues.
In the present study and in KOA patients, we noticed a decline in miR-214 and an increase of β-catenin. This finding suggests that low miR-214 and high β-catenin levels may be linked to the pathophysiology of cartilage degeneration. Additionally, we observed a notable inverse correlation between the concentration of miR-214 in the bloodstream and the WOMAC scores, which assess pain, stiffness, and physical function in patients with KOA. Furthermore, we found that the serum concentration of miR-214 was lower in patients with higher grades of knee joint pain, as indicated by the VAS, and conversely, higher in patients with lower levels of knee joint pain. Moreover, there was a positive relationship between miR-214 concentration and the thickness of the medial knee cartilage, as determined by musculoskeletal ultrasound. Specifically, patients in advanced stages of OA with low cartilage thickness exhibited reduced levels of miR-214 in their serum, while those with higher cartilage thickness displayed elevated miR-214 levels. These findings contradict those of He et al. (2021) who suggested that miR-214 may contribute to cartilage and subchondral bone degradation, and contribute to the progression of KOA.
We could explain the controversy between the results of a study conducted by He et al. (2021) and our findings; as the study performed by He et al. (2021) was performed on patients with KOA with no healthy volunteers. It also aimed to study the effect of etoricoxib on miR-214 and inflammatory responses in those patients. This former study showed that etoricoxib has a lowering effect on miR-214 and on the synthesis of prostaglandins, with a subsequent reduction in the level of serum inflammatory biomarkers, and inhibition of some enzymes involved in the deterioration of the cartilages. They also concluded that etoricoxib has a satisfactory therapeutic effect on patients with KOA, and can notably reduce the expression of serum miR-214, which is worthy of clinical application.
On the other hand, Yuan et al. (2019) demonstrated that miR-214 prevented KOA in rats and exerted chondroprotective effects by stimulating the mitogen-activated protein kinase (MAPK) signaling pathway and as its high levels was associated with high cartilage thickness. Furthermore, Cao et al. (2021a) found that reduced miR-214 stimulates nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway and aggravates osteoarthritis progression through targeting inhibitory kappa B kinase subunit beta (IKKβ) with subsequent progression of clinical signs and symptoms of OA regarding joint pain, swelling, limited range of motion. These outcomes suggested that targeting miR-214 could be a promising new treatment approach for treating KOA patients. However, the specific functions of miR-214 in osteoarthritis and the molecular mechanisms driving its effects remain to be fully understood.
Lai et al. (2023) also, shown in their research that exosomes produced from synovial fluid that target the miR-214 anti-inflammatory pathway may inhibit the release of inflammatory cytokines that are implicated in the development of osteoarthritis, with subsequent improvement of its clinical manifestations regarding pain, swelling and limited range of motion. Also, they documented that treatment with miR-214 significantly alleviated the loss of proteoglycans, surface irregularities, synovial joint inflammation, and suppressed cartilage tissue degeneration in OA mice. It can also significantly prevent the degeneration of cartilage tissue. It was established that mice with deteriorated cartilage had lower levels of miR-214 expression in their articular cartilage, and that mice with high levels of miR-214 expression in their articular cartilage had a chondroprotective effect against the development of OA (Cao et al., 2022).
It is also noteworthy to discuss the controversial protective effect of miR-214 for the cartilage but inhibitory effect on the bone. In OA, miR-214-3p has been identified as a protective agent against cartilage degeneration. Studies indicated that miR-214-3p expression is reduced in OA chondrocytes (Fioravanti et al., 2021). Overexpression of miR-214-3p counteracts interleukin-1β (IL-1β)-induced apoptosis and matrix degradation in chondrocytes (Fioravanti et al., 2021; Cao et al., 2021b). In vivo studies showed that administering miR-214-3p agomir via intra-articular injection in OA mice reduced cartilage degeneration and synovial inflammation (Cao et al., 2021b). These results indicate that miR-214-3p has a protective function in cartilage metabolism and may halts the progression of OA. Conversely, miR-214 acts as an inhibitor of bone formation. Research shows that miR-214 inhibits osteoblast activity and deposition of the minerals in the bone matrix by targeting activating transcription factor 4 (ATF4) (Wang et al., 2013).In mouse models, upregulation of miR-214 led to reduced rates of bone formation; revealing its role in defeating osteoblast activity. Additionally, osteoclast-derived exosomal miR-214-3p has been found to inhibit osteoblastic bone formation (Li et al., 2016). Former studies suggested that miR-214-3p transfers from osteoclasts to osteoblasts, resulting in decreased bone development (Li et al., 2016; Liu J. et al., 2017). These contrasting roles of miR-214 highlight its tissue-specific functions, offering insights into potential therapeutic targets for conditions like osteoarthritis and osteoporosis.
Turning to the value of miR-214 as a diagnostic tool in KOA, the optimal cutoff value for miR-214 in the ROC curve analysis was determined to be below 1.4832, showing an impressive sensitivity of 96.7%, specificity of 93.3%, and an AUC of 0.997. Although research regarding the role of miR-214 in KOA is limited, our findings are in harmony with previous studies investigated the diagnostic potential of plasma levels of miR-200c-3p, miR-100-5p, and miR-1826 in osteoarthritis. The plasma miR-200c-3p had an AUC of 0.755, with sensitivity and specificity both at 82.00%. For miR-100-5p, the AUC was 0.845, sensitivity was 82.00%, and specificity was 86.00%. Likewise, plasma level of miR-1826 showed an AUC of 0.749, with sensitivity at 82.00% and specificity at 86.00% (Lai and Cao, 2019; Ghafouri-Fard et al., 2021).
Generally, the Wnt/β-catenin trajectory controls chondrocyte differentiation and development, and aberrant expression of components of this pathway is significantly associated to KOA (Shi et al., 2021), which suggests that Wnt signaling plays a key role in the disease pathogenesis. Consequently, the Wnt signaling is thought to be a possible target to regulate KOA (Stampella et al., 2017). It has been found that miRNAs have a role in regulating Wnt/β-catenin signaling (Cao et al., 2017). The canonical Wnt pathway starts its signaling within cells by adjusting the intracellular concentration and subcellular location of β-catenin (Chen et al., 2017). Moreover, miR-214 has been shown to regulate β-catenin (Čermák et al., 2021). Furthermore β-catenin gene was confirmed to be a direct target of miR-214 (Cao et al., 2017). In humans, at least 10 frizzled (Fzd) receptors and 19 Wnt proteins have been found. Among these, Wnt4 is expressed in growing joints and contributes to the synovial joint’s interzone growth (Corr, 2008). Wnt4 is a canonical Wnt ligand, and it has been considered to be an activator of the canonical Wnt signaling pathway (Zhu et al., 2009). Wnt ligands bind to their trans-membrane receptor Fzd and co-receptors low-density lipoprotein receptor-related protein (LRP)-5/6, which inhibit GSK3β. This boosts the amount of β-catenin, which then translocates into the nucleus to interact with the transcription factor family T-cell factor/lymphoid enhancer-binding factor (TCF/LEF), which in turn promotes the expression of particular genes (Stampella et al., 2017; Liu et al., 2019; Lietman et al., 2018). Consistent with the previous studies, our study, found that the expression of Wnt4 and β-catenin was obviously higher in KOA patients than normal ones; also, their levels were higher among patients with high WOMAC scores (regarding pain, stiffness, and physical function), high grades of pain regarding VAS, and among those with low cartilage thickness regarding ultrasonography (as their serum concentration was positively correlated to WOMAC scores, clinical finding as regards to pain, and negatively correlated to radiological findings as regard to medial cartilage thickness). These results indicated that Wnt/β-catenin signaling pathway might be activated. Besides, correlation between miR-214 and Wnt4 as well as β-catenin was analyzed; the expression of Wnt4 and β-catenin in KOA patients was shown to be adversely correlated with the expression of miR-214. This is consistent with that miR-214 inhibits human mesenchymal stem cells differentiation into osteoblasts through targeting β-catenin (Li et al., 2017). Also, miR-214 negatively regulates Wnt/β-catenin signaling in breast cancer (Yi et al., 2016).
A former study documented that throughout the process of osteogenesis, miR-214 prevented the differentiation of mesenchymal stem cells into osteoblasts through targeting β-catenin (Li et al., 2017). Buchtova et al. suggested that the Wnt/β-catenin cascade could regulate the differentiation of chondrocytes. Moreover, overactivated Wnt/β-catenin pathway causes OA-similar alterations in chondrocytes, which are principally revealed by upregulation of MMP-13 and high apoptotic rate of chondrocytes (Cao et al., 2017). Consequently, the miR-214 may have a protective effect for the cartilage via targeting β-catenin.
GSK3 plays a vital role in the Wnt/β-catenin signaling pathway. Under normal conditions without Wnt signaling, GSK3β has the ability to phosphorylate β-catenin. Subsequently, the phosphorylated β-catenin can be realized through E3 ubiquitin ligase, resulting in β-catenin destruction by the proteasome. As a result, the β-catenin transcriptional targets are not activated (Chen et al., 2014). Nevertheless, GSK3β′s activity is decreased by phosphorylation following Wnt signal activation, which decreases its capacity to degrade β-catenin (Gu et al., 2019). In our study, we observed an increase in the level of pGSK3β in KOA patients following the inhibition of miR-214, as compared to the control group. Moreover, the serum concentration of pGSK3β showed a positive correlation with WOMAC scores and clinical findings related to pain in KOA, while exhibiting a negative correlation with radiological findings concerning the thickness of the medial cartilage.
The Wnt/β-catenin signaling pathway was also discovered to play an important role in exacerbating KOA by overproduction of MMPs, which resulted in proteoglycan matrix breakdown. It has been demonstrated that β-catenin overexpression in mature chondrocytes can exacerbate cartilage degradation, promote chondrocyte hypertrophy, and upregulate the production of MMPs (Xu et al., 2016). MMP-3, MMP-13, MMP-7, and MMP-9 genes are among the downstream target genes for transcription that are activated when β-catenin is carried to the nucleus and attaches to TCF/LEF. All of these genes are abnormally activated in KOA and play a role in the onset and progression of the disease (Zhu et al., 2009). MMP-3 is the most important MMP family member implicated in cartilage breakdown, and it was assumed to have wide substrate specificity, allowing it to be active against collagen types II, III, and IV, as well as proteoglycans and fibronectin. Furthermore, MMP-3 can activate MMP-1, MMP-2, MMP-9, and MMP-13 (Tong et al., 2017). Therefore, one of the most important ways to prevent the development of MMP-3 and prevent chondrocyte destruction is through the efficient control of the Wnt/β-catenin signaling pathway. In this study, with the decrease of miR-214, the expression of MMP-3 was increased in KOA patients, and its serum concentration was higher among patients with higher grades of pain regarding VAS, higher WOMAC scores, and among those with lower cartilage thickness.
Chondrocytes are the sole cellular type seen in articular cartilage, and their death has been considered a potential pathological etiology. Apoptosis was more prevalent in KOA cartilage than in normal cartilage (Miao et al., 2019). Bax is a pro-apoptotic protein of Bcl-2 family that plays a critical role in the execution of the apoptotic cascade (Uren et al., 2017). Caspase-3 was thought to be involved in several types of chondrocyte apoptosis by initiating and carrying out cell death (Xia et al., 2020). In the current work, miR-214 diminished while Bax increased, resulting in caspase-3 protein activation and, eventually, chondrocyte apoptosis. The serum concentrations of Bax, and caspase-3 protein were positively correlated to WOMAC scores, clinical findings of KOA as regards to pain and negatively correlated to radiological findings as regards to medial cartilage thickness. These findings in consistent with previous study that revealed the necessity of miR-214 for the homeostasis of chondrocytes and the ECM. miR-214 overexpression was associated with lower expression of apoptosis-promoting genes such as Bax and caspase-3.
To highlight the importance of our study, this work focuses on the molecular mechanism of KOA. miR-214 was identified as a downregulated molecule, clearing up its role in the disease progression and its restoration may counteract the dysregulated Wnt/β-catenin pathway, which contributes to chondrocyte apoptosis and cartilage damage. This illustrates a crosstalk between the miR-214 and Wnt/β-catenin trajectory and explaining how molecular imbalances drive cellular and articular changes in KOA. Consequently, the current study supports developing miRNA-based treatment strategies particularly for upregulation of miR-214.
5 LIMITATIONS OF THE STUDY
The small sample size of the present study and the recruitment of OA patients from a single medical center could be the two main limitations of this study. These limitations can also be attributed to the high cost of laboratory tests used in the study. However, we recommend conducting similar research with a larger number of patients from different medical centers. Moreover, conducting further advanced molecular techniques will be an added value to the work.
6 CONCLUSION
This research contributes to understanding the complex molecular networks involved in KOA pathogenesis. Identification of miR-214 as a downregulated molecule in KOA patients suggests its potential as a promising therapeutic target for the development of novel treatment strategies. Restoring or increasing miR-214 expression may assist to overcome abnormal Wnt/-catenin pathway activation, thereby mitigating chondrocyte apoptosis and matrix degradation. Wnt/β-Catenin- related proteins were also significant in the development of KOA as summarized in Figure 6.
[image: Diagram comparing a knee with osteoarthritis to a healthy knee. The osteoarthritic knee shows bone remodeling, synovitis, damaged cartilage, and cartilage loss, with increased markers such as miR-214 and Caspase-3. The healthy knee illustrates intact joint capsule, synovial membrane, synovial fluid, and articular cartilage, with decreased markers.]FIGURE 6 | Illustration of the summary of the study. The downregulation of miR-214 is involved in the deterioration of cartilage and subchondral bone in the advancement of KOA by activating the Wnt/β-catenin signaling pathway. Individuals diagnosed with KOA experienced symptoms such as pain and stiffness in the joints, along with a reduction in the thickness of their cartilage. Conversely, elevated levels of miR-214 expression have a protective effect on cartilage and help prevent the onset of KOA.
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Exosomes enriched with miR-124-3p show therapeutic potential in a new microfluidic triculture model that recapitulates neuron–glia crosstalk in Alzheimer’s disease
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Background: Alzheimer’s disease (AD), a complex neurodegenerative disease associated with ageing, is the leading cause of dementia. Few people with early AD are eligible for the novel Food and Drug Administration (FDA)-approved drug treatments. Accordingly, new tools and early diagnosis markers are required to predict subtypes, individual stages, and the most suitable personalized treatment. We previously demonstrated that the regulation of microRNA (miR)-124 is crucial for proper neuronal function and microglia reshaping in human AD cell models.Objective: The aim of this study was to develop an efficient miR-124-3p-loaded exosome strategy and validate its therapeutic potential in using a multi-compartment microfluidic device of neuron–glia that recapitulates age-AD pathological features.Methods and results: Using cortical microglia from mouse pups, separated from glial mixed cultures and maintained for 2 days in vitro (stressed microglia), we tested the effects of SH-SY5Y-derived exosomes loaded with miR-124-3p mimic either by their direct transfection with Exo-Fect™ (ET124) or by their isolation from the secretome of miR-124 transfected cells (CT124). ET124 revealed better delivery effciency and higher potent effects in improving the stressed microglia status than CT124. Tricultures of human SH-SY5Y neuroblastoma cells (SH-WT) were established in the presence of the human microglia cell line (HMC3) and immortalized human astrocytes (IM-HA) in tricompartmentalized microfluidic devices. Replacement of SH-WT cells with those transfected with APP695 (SH-SWE) in the tricultures and addition of low doses of hydrogen peroxide were used to simulate late-onset AD. The system mimicked AD-associated neurodegeneration and neuroinflammation processes. Notably, ET124 exhibited neuroprotective properties across the three cell types in the AD model by preventing neuronal apoptosis and neurite deficits, redirecting microglial profiles towards a steady state, and attenuating the inflammatory and miRNA fingerprints associated with astrocyte reactivity.Conclusion: To the best of our knowledge, this is the first study supporting the neuro- and immunoprotective properties of miR-124-engineered exosomes in a microfluidic triculture platform, recapitulating age-related susceptibility to AD. Our system offers potential to develop personalized medicines in AD patient subtypes.[image: Diagram illustrating the neuroprotective roles of microglia and astrocytes, showing interactions with neurons. Microglia uptake exosomes, featuring markers like miR-124. Astrocytes display markers such as NF-κB and GFAP. Neurons (SH-SY5Y) show viability and outgrowth, influenced by miR-124 and signaling molecules like S100β. Central panel represents a connection of these processes with red and blue pathways involving hydrogen peroxide (H₂O₂) signaling. Green dots represent exosome distribution, with ET124 labeled at the top as a potential element in this interaction network.]Keywords: Alzheimer’s disease modelling, human neural tricultures, microfluidic system, miRNA-engineered exosomes, miR-124-3p mimic, neuron-glia communication, SH-SY5Y cells transfected with APP695
1 INTRODUCTION
Alzheimer’s disease (AD) is one of the biggest healthcare challenges of the 21st century, standing as the leading cause of dementia. The neuropathological progression typically begins in the temporal lobe and hippocampus, leading to cognitive decline and behavioural disabilities (Kumar et al., 2023). Amyloid plaques (aggregated amyloid beta-peptides, Aβ) and neurofibrillary tangles (NFTs) are the most common AD molecular hallmarks, but neuroinflammation, oxidative stress, and pre- and post-synaptic alterations, among other disturbed mechanisms, are equally associated risk factors (Tzioras et al., 2023). Limited therapeutic strategies, successive failed trials, and inaccurate translational AD models indicate that there is an unmet need for disruptive research and that stratification towards selection of patient subtypes is key to identifying and developing innovative and more effective treatments.
Small extracellular vesicles, also known as exosomes, are released from cells and are emerging as promising tools for both diagnostic and therapeutic purposes (Loch-Neckel et al., 2022). These lipid bilayer-bound exosomes, ranging from 30 to 150 nm, play a crucial role in synaptic plasticity and can permeate the blood–brain barrier (BBB), enabling bidirectional communication between the brain and the peripheral system (Yamashita et al., 2018). Exosomes, particularly those isolated from patients with neurodegenerative disorders, may also serve in early diagnosis once they revealed carrying specific biomarkers (Jia et al., 2021). Lately, the potential of exosomes as drug and miRNA mimic/inhibitor delivery systems has been explored for treating neurodegenerative diseases (Cano et al., 2023; Rehman et al., 2023), capitalizing on their low immunogenicity and cytotoxicity, high selectivity, and protection of the encapsulated compound (Kimiz-Gebologlu and Oncel, 2022). Finally, exosomes can be delivered through several administration routes, such as intravenous, subcutaneous, intrathecal, intranasal, intraperitoneal, retro-orbital, intravitreal, and oral routes (Peng et al., 2020; Dong et al., 2021).
Among the several mediators involved in neuro-immune homoeostasis, microRNAs (miRNAs) are a class of non-coding RNAs that can induce post-transcriptional gene silencing (Ponomarev et al., 2013; Brites, 2020). They have been described as key players in dysregulated neuroinflammation associated with the development and progression of neurodegenerative diseases, such as AD (Parisi et al., 2013; Wang et al., 2019). One of the most predominant miRNAs in the CNS (mainly in neurons), with critical nervous and immune functions, is miRNA (miR)-124 (Soreq and Wolf, 2011; Wang et al., 2014). There are conflicting reports regarding miR-124 dysregulation in AD, with some studies on AD patients and models indicating increased levels (Wang et al., 2018; Brites, 2020; Garcia et al., 2021) and others showing decreased levels (Lukiw, 2007; An et al., 2017). We demonstrated that amongst hit inflammatory miRNAs, miR-124-3p is prominent as one of the most involved in the regulation of neuron–microglia paracrine signalling (Brites and Fernandes, 2015; Fernandes et al., 2018; Garcia et al., 2022). Using SH-SY5Y human neuroblastoma cells transfected with the amyloid precursor protein (APP)695 with the Swedish mutation (SH-SWE) and induced pluripotent stem cell (iPSC)-derived neurons obtained from presenilin1 (PSEN1) familial AD patients, similar to in vitro models, we showed that miR-124-3p mimic had preventive effects (e.g., inhibition of APP overexpression, of toxic amyloid accumulation, and of phosphorylated tau), while its inhibitor promoted harmful effects (e.g., reduction of dendritic spine density, enhanced APP processing, miR-146a upregulation, and tau phosphorylation) (Garcia et al., 2021). Data corroborate the association of miR-124 with neuroprotective mechanisms (Fang et al., 2012; An et al., 2017; Zhang F. et al., 2022). We also evidenced that neuronal-derived exosomes having miR-124 directly regulate microglia homoeostasis (Fernandes et al., 2018; Garcia et al., 2022), as previously stated for the effects of peripheral administration of miR-124 on the autoimmune encephalomyelitis activated microglia (Ponomarev et al., 2011). miR-124-loaded exosomes were tested in mouse models of several neuropathological disorders (Yang et al., 2017; Esteves et al., 2022; Mavroudis et al., 2023) but still not in AD.
Triculture systems using neurons, astrocytes, and microglia in microfluidic platforms, or in mixed cultures, have been used as models to assess neuron–glia signalling mechanisms as a basis for drug discovery in AD (Park et al., 2018; Guttikonda et al., 2021). However, the therapeutic application of exosomes loaded with miR-124 was never tested in such models.
In the present study, we developed an efficient miR-124-3p-engineered exosome delivery strategy and an improved human neuron–microglia–astrocyte model, allowing autocrine and paracrine signalling. For this, we used a microfabricated multi-compartment device with a fluid-independent circuit (De Vitis et al., 2021). Then, we established an in vitro age-AD model by using SH-SWE neuroblastoma cells in the presence of human microglia and astrocyte cell lines, under the stress of a low dose of hydrogen peroxide (H2O2). Finally, we tested exosomes loaded with miR-124 mimic for their ability in preserving AD-associated oxidative damage and ageing, as well as inflammation and neurodegeneration, by sustaining neuron–glial homoeostasis.
2 MATERIALS AND METHODS
2.1 Animals and ethics statement
For primary cortical microglia, we used mice with the strain B6SJLF1/J purchased from The Jackson Laboratory (Bar Harbor, ME, United States). Maintenance and handling were carried out at the Instituto de Medicina Molecular João Lobo Antunes (IMM) animal house facilities of the Faculty of Medicine, University of Lisbon, Portugal, where the colony was used for breeding. Animals were housed at 4–5 animals/cage, under 12 h light/12 h dark cycle, with room temperature (RT) at 22°C–24°C and 55% humidity, and received food and water ad libitum. Experiments were conducted in microglia isolated from the brain cortex of both male and female mouse pups.
All the procedures were carried out in compliance with Portuguese Legislation on Animal Care (Decreto-Lei 129/92, Portaria 1005/92, Portaria 466/95, Decreto-Lei 197/96, Portaria 1131/97) and in agreement with the European Community guidelines (Directives 86/609/EU and 2010/63/EU, Recommendation 2007/526/CE). The protocol was approved by the Institutional animal welfare body, ORBEA-iMM-FFUL, and the National competent autority, the DGAV (Direção Geral de Alimentação Veterinária). Every attempt was made to reduce the number of animals utilized and their suffering in accordance with the 3R principle.
2.2 Cortical microglia primary culture
Mixed glial cultures were obtained from the brain cortex of mouse pups, as previously described (Caldeira et al., 2014). In brief, animals were sacrificed at 7–8 days old; their brains were removed from the skull and placed in a Petri dish. The meninges, blood vessels, white matter, and cerebellum were removed under sterile conditions. After tissue homogenization, cells were sequentially passed through 230-μm and 104-μm filters, centrifuged, plated (4 × 105 cells/cm2) on uncoated 12-well plates, and maintained with culture medium DMEM-Ham’s F-12 medium (DMEM-F12) supplemented with 2 mM L-glutamine (1%), 1 mM sodium pyruvate (1%), 1× non-essential amino acids (NEAA) (1%), foetal bovine serum (FBS, 10%), and the Antibiotic-Antimycotic (AB/AM) solution (2%) at 37°C, 5% CO2 in a Heracell 150 incubator (Thermo Fisher Scientific, Waltham, Massachusetts, United States). Every 7 days, the medium was changed. After 21 days in vitro (DIV), microglia were isolated from the astrocyte–microglia mixed culture by gently detaching the top layer of astrocytes with mild trypsinization. Microglia were then maintained until 2DIV, which correspond to a reactive/stressed microglia state, as we previously described (Caldeira et al., 2014). Next, we incubated the microglia with the exosome formulations for 24 h and assessed the delivery efficiency of exosomal miR-124 into the cells, as well as microglia phenotypic markers by RT-qPCR (Nos2, Arg1, and Trem2) and immunocytochemistry (Iba1 and P2RY12) assays.
2.3 Culture of human cell lines
Wild-type human SH-SY5Y (SH-WT) cells and SH-SY5Y expressing the APP Swedish variant (SH-SWE) cells used in this study were a gift from Professor Anthony Turner (Belyaev et al., 2010). Cells were cultured in DMEM, supplemented with 10% FBS and 2% AB/AM in T75 flasks under a humidified atmosphere with 5% CO2, at 37°C in a HERA cell 150 incubator (Thermo Fisher Scientific, Waltham, Massachusetts, United States), as performed in our laboratory (Garcia et al., 2021). For differentiation, cells were treated with 10 μM retinoic acid (RA) daily until 7DIV. The human microglial clone 3 cell line (HMC3) was kindly provided by Professor Marc Tardieu (Janabi et al., 1995). HMC3 microglial cells were cultured in DMEM, supplemented with 10% FBS, 2% AB/AM, and 1% L-glutamine in T75 flasks, under a humidified atmosphere with 5% CO2 at 37°C, according to the established methods in our laboratory (Fernandes et al., 2018). Immortalized human astrocytes (IM-HA) were purchased from Innoprot (Ref: P10251-IM, Derio, Spain). Cells were cultured in DMEM, supplemented with 2% FBS, 2% AB/AM, and 1% N2 in T75 flasks under a humidified atmosphere with 5% CO2 at 37°C. Media from every cell type were changed every other day until reaching 90% confluency. Then, cells were detached by trypsinization under a humidified atmosphere with 5% CO2 and pelleted by centrifugation using a Hettich ROTOFIX 32 A centrifuge (Hettich, Tuttlingen, Germany). Pelleted cells were resuspended in the respective media described above and sub-cultured in new T75 culture flasks.
2.4 Tricultures in an organ-on-chip microfluidic system
Tricultures were established in tricompartment organ-on-chip (OoC) microfluidic devices, designed and described previously (De Vitis et al., 2021), with minor changes. In brief, the microfluidic device features three perfusable compartments, each measuring 500 μm in width, 250 μm in height, and 6 mm in length, with separate inlets and outlets (diameter of 6 mm). The compartments are connected by a series of tiny, parallel microgrooves, measuring 5 μm in width and 2.5 μm in height, which facilitate the separation of soma and neurites and simultaneously target neurite elongation while allowing direct and paracrine communication between compartments.
The microfluidic device was manufactured using conventional lithography techniques, specifically through a two-step photolithography process and subsequent soft lithography. Initially, silicon substrates measuring 2.5 × 2.5 cm were cleaned with acetone and isopropanol (Sigma-Aldrich, Milan, Italy) and utilized in the first lithography step to create the microgrooves. A uniform layer of photoresist (SU-8 2002, Kayaku Advanced Materials, Westborough, MA, United States) was spin-coated to obtain a resist thickness of 2.5 µm, soft-baked, and then exposed to UV radiation (λ = 365 nm) using a standard mask aligner (MA6, SUSS MicroTec, Garching, Germany). After post-baking, the photoresist was developed in a SU-8 developer solution (Kayaku Advanced Materials) and hard-baked. In the second lithography step, SU-8 2075 (Kayaku Advanced Materials) was spin-coated onto the substrate to achieve a resist thickness of 250 µm. After drying and soft-baking, the substrate was exposed to UV radiation, with a precise alignment of markers included in both the first-level pattern (on the substrate) and the second pattern (on the photomask) using the mask aligner. The substrate was then post-baked, developed, and finally hard-baked. Polydimethylsiloxane (PDMS) replicas were subsequently created by soft lithography using a prepolymer-to-curing agent ratio (Sylgard 184, Dow, Midland, MI, United States) of 10:1. Once polymerized, the cured PDMS layer was punctured with a 6-mm biopsy punch at the inlets and outlets. To assemble the final devices, the microstructured PDMS layer and a clean glass coverslip were treated in oxygen plasma apparatus (PICO low-pressure plasma system, Diener electronic, Ebhausen, Germany) at 100 W, 200 sccm, for 6 s, and heat-treated at 75°C for 4 h to irreversibly bond the two pieces.
SH-WT and/or SH-SWE neuroblastoma cells, HMC3 microglia, and IM-HA cells were individually seeded into their respective compartments of the microfluidic system, each pre-coated with poly-D-lysine (100 μg/mL) and laminin (4 μg/mL) to promote cell adhesion, after testing other coating formulations (Supplementary Figure S1). The SH-WT/SH-SWE neuroblastoma cells were plated in the central compartment at a final density of 1 × 10⁶ cells/mL, making up 50% of the total cell population in the triculture setup. These cells were cultured in neural triculture media (NTM), composed of DMEM supplemented with 1% FBS, 2% AB/AM, and 1% N2 supplement. To induce neuronal differentiation, the NTM was further supplemented with 10 μM retinoic acid (RA), and the medium was refreshed daily until 3DIV. On the third day, HMC3 microglia and IM-HA cells were introduced into their respective lateral compartments of the microfluidic device. HMC3 cells were seeded at a final concentration of 4 × 10⁵ cells/mL, constituting 20% of the triculture, while IM-HA astrocytes were seeded at 6 × 10⁵ cells/mL, making up the remaining 30%. This cell ratio of 50% neurons, 30% astrocytes, and 20% microglia showed to be the best tested option (Supplementary Figure S2). After seeding microglia and astrocytes, RA was removed from the NTM media to ensure that all cell types were incubated under the same conditions for an additional 24 h, facilitating cell-to-cell interactions within the triculture system.
At 4DIV, triculture systems were simultaneously exposed to 10 µM H2O2, to induce oxidative stress and simulate neuronal cell ageing (Chadwick et al., 2010; Ismail et al., 2016). Such a minimal H2O2 concentration was previously described to not significantly affect the cell viability (Ustyantseva et al., 2022). Concurrently, exosomes transfected with miR-124-3p mimic (referred as ET124) were equally distributed in each cell compartment from the microfluidic system. At 5DIV, after 24 h of treatment, all cells were either fixed using 4% paraformaldehyde (PFA) for subsequent immunofluorescence analysis or separately harvested from each compartment for further molecular analysis via RT-qPCR, providing an enriched sample of each cell type.
2.5 Exosome isolation, NTA, and labelling
For neuroblastoma-derived exosome collection, SH-WT cells were cultured in media with 1% of FBS (previously depleted in exosomes to prevent contamination). Exosomes were collected from the secretome of cultured SH-WT cells at confluency, via differential ultracentrifugation, as optimized in our laboratory (Pinto et al., 2017; Garcia et al., 2022). In brief, equal volumes of cell media were promptly centrifuged at 1000 g for 10 min to pellet cell debris. The supernatants were then centrifuged for 1 h at 16,000 g and filtered through a 0.22-μm pore size membrane, followed by centrifugation at 100,000 g for 2 h in an Ultra L-XP100 centrifuge (Beckman Coulter, Brea, CA, United States). The pellet was resuspended/washed in phosphate-buffered saline (PBS) and (re)centrifuged at 100,000 g for 2 h. The separated exosomes were quantified by nanoparticle tracking analysis (NTA) using the NanoSight instrument (model NS300, Malvern Instruments, Malvern, United Kingdom). Samples were injected into the system under controlled flow using a NanoSight syringe pump and an integrated scripting control system. At least three different videos up to 60-s long were produced, and particle movement was analysed by NTA-software (version 3.1). To track exosome cell internalization upon treatment, exosomes were stained with the PKH67 lipophilic dye. For this, exosomes were resuspended in Dulbecco's phosphate-buffered saline (DPBS) (1:1000) and mixed with an equal volume of PKH67 probe solution for 5 min at RT, using the PKH67 Green Fluorescent Membrane Labelling Kit (Sigma-Aldrich, St. Louis, MO, United States). Labelled exosomes were washed to remove the unbound dye before their addition to the cell cultures (Pinto et al., 2017).
2.6 Exosome transfection with Exo-Fect™ for miR-124-exosome loading
Before transfection, each exosome batch was individually characterized in terms of particle concentration and total exosomal protein content using NTA and Bradford assay, respectively. This characterization allowed for a precise quantification, estimating approximately 2.20 ± 1.54 × 10⁷ exosomes per μg of exosome protein to be used in each experimental setup. This was particularly relevant since the same number of exosomes not always corresponded to the same protein content. Therefore, we normalized for both the number and protein content.
To load neuroblastoma cell-derived exosomes with the miR-124-3p mimic (Ambion, Austin, TX, United States), we utilized the Exo-Fect™ Exosome Transfection Kit (Systems Bioscience, Palo Alto, CA, United States), according to manufacturer instructions, with minor changes. Transfection started by mixing 2 nmol of miR-124-3p mimic with 10 μL of the Exo-Fect reagent in a transfection tube, creating a total reaction volume of 30 μL. This mixture was gently vortexed and incubated at room temperature for 10 min to allow for optimal formation of the miRNA–reagent complex. Subsequently, 120 μL of freshly isolated exosomes from neuroblastoma cells, previously quantified and characterized, were added to the reaction mixture, increasing the total volume to 150 μL. The mixture was then incubated at 37°C for 10 min to facilitate the incorporation of miR-124-3p into the exosomes. During this incubation, the tube was manually agitated every 2 min to enhance the efficiency of the transfection process. To stop the transfection, 30 µL of the ExoQuick-TC reagent was added to the tube, which was then placed in ice for 30 min. To isolate exosomes, the tube sample was centrifuged at 14,000 rpm for 3 min. The supernatant was carefully removed, and the pellet containing the miR-124-3p-loaded exosomes (referred to as ET124) was then resuspended in 100 µL of sterile PBS. Successful loading of miR-124-3p into the exosomes was verified by RT-qPCR, utilizing specific predesigned primers for miR-124-3p (Supplementary Table S1). ET124 were immediately labelled with the PKH67 dye, as abovementioned (see the Exosome isolation, NTA and labelling section), and used as soon as possible to ensure highest fluorescence intensity for exosome tracking and their cell internalization in the different assays.
2.7 Evaluation of the neural cell viability by the nexin assay
To determine the viability of SH-WT/SH-SWE neuroblastoma cells, microglia, and IM-HA astrocytes in the triculture microfluidic system, in the absence or presence of H2O2, and before or after exosome treatment, the cells were detached by trypsinization and spun down at 500 g for 5 min. Pellets were resuspended in 1% bovine serum albumin (BSA) in PBS and stained with phycoerythrin-conjugated annexin V (V-PE) and 7-amino-actinomycin D (7-AAD), using the Guava Nexin Reagent® (Merck Millipore, Burlington, MA, United States). Stained cells were analysed using a flow cytometer (Guava easyCyte 5 HT, Merck-Millipore), operated by Guava Nexin software. Three cellular populations were distinguished in the nexin assay: viable cells (annexin V-PE and 7-AAD double-negative), early apoptotic cells (annexin V-PE positive and 7-AAD negative), and late apoptotic/necrotic cells (annexin V-PE and 7-AAD double-positive).
2.8 RT-qPCR assay
Primary cortical microglia were washed once with PBS and collected in TRIzol™ (Thermo Fisher Scientific, Waltham, Massachusetts, United States) for RNA extraction.
In the microfluidic triculture system, samples were collected by consecutively streaming TRIzol™ into each cell compartment, in a separate way for each cell type. This allowed us to collect neuronal, microglial, and astrocyte samples from the same microfluidic system, with a minimal cross-contamination of the cellular content.
Total RNA was extracted, according to the manufacturer’s instructions, and quantified, as performed in our laboratory (Garcia et al., 2022). The NanoDrop ND100 Spectrophotometer (NanoDrop Technologies, Wilmington, United States) was used for RNA quantification.
For miRNA assessment, 5 ng/μL of total RNA was converted into cDNA using the miRCURY LNA™ RT Kit (QIAGEN) under controlled conditions: 60 min at 42°C, followed by heat inactivation of reverse transcriptase for 5 min at 95°C and subsequent cooling to 4°C for 24 h. RT-qPCR was performed on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, Life Technologies), using Power SYBR™ Green PCR Master Mix with the pre-designed primers listed in the Supplementary Table S1. RT-qPCR was done in 384-well plates with each sample measured in duplicate and non-template controls (NTCs) included for each amplification product. U6 and SNORD110, two reference genes, were used to normalize miRNA expression. The RT-qPCR conditions were as follows: polymerase activation/denaturation at 95°C for 10 min, followed by 50 amplification cycles at 95°C for 10 s and 60°C for 1 min (a ramp rate of 1.6°/s). Specificity of the amplified products was confirmed by melting curve analysis.
Regarding gene expression, 1000 ng/μL of total RNA was converted into cDNA using the Xpert cDNA Synthesis Supermix Kit (GRiSP, Porto, Portugal), according to the manufacturer’s instructions at optimized conditions: 37°C for 15 min, 60°C for 10 min, and 95°C for 3 min. Subsequently, template cDNA was amplified by quantitative RT-qPCR using the Xpert Fast SYBR Mastermix BLUE Kit (GRiSP, Porto, Portugal), using the primer sequences indicated in Supplementary Table S2. RT-qPCR was performed in 384-well plates with each sample measured in duplicate and NTCs included for each amplification product. β-actin was used as an endogenous control to normalize gene expression levels. Running conditions for the RT-qPCR were as follows: 50°C for 2 min followed by 95°C for 2 min and 40 cycles at 95°C for 5 s and 62°C for 30 s. After amplification, the specificity of the amplified products was verified by melting curve analysis. Both miRNA and mRNA RT-qPCRs were run on the QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, Massachusetts, United States).
Relative mRNA/miRNA expression levels were measured using the ΔΔCT method relative to the respective endogenous control, as previously published (Garcia et al., 2022). Normalized results were expressed as Log2 (2−ΔΔCT) vs. the respective control sample.
2.9 Exosome protein quantification using the Micro BCA™ Protein Assay Kit
Total protein was extracted from concentrated exosome samples using a modified version of RIPA buffer [2% sodium deoxycholate; 20 mM HEPES buffer; 200 mM KCl; 1 mM EDTA pH 8.0; 0.2% sodium dodecyl sulphate (SDS); 20% glycerol and H2O MilliQ]. Samples were diluted at least 20 times to prevent the buffer from interfering with the Micro-BCA™ Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, United States), following the manufacturer’s recommendations. Protein concentration was measured using a Varioskan LUX multimode plate reader (Thermo Fisher Scientific™, Waltham, MA, United States). Absorbance was read at 562 nm.
2.10 Immunocytochemistry assay
For immunocytochemistry, primary microglia and neuroblastoma cells (referred to as neurons hereafter) were cultured in 12-well plates containing HCl-washed coverslips, while the microfluidic devices with neurons + microglia + astrocytes were directly used as the assay platform. In brief, primary cortical microglial cells and tricultures were fixed with 4% (w/v) paraformaldehyde in PBS for 20 min. Then, cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min and further blocked with 3% BSA in PBS for 30 min. Afterwards, the cells were incubated with primary antibodies (Supplementary Table S3) at 4°C and overnight, as usual in our laboratory (Vaz et al., 2021). All antibodies were diluted in PBS (1% BSA). In the following day, cells were incubated with species-specific secondary antibodies (Supplementary Table S3) for 2 h. Coverslips were mounted into a glass in Fluoromount-G to be visualized by confocal microscopy. An extra washing step was performed by the addition of DPBS in the microfluidic device, followed by the application of a 40 µL drop of Fluoromount-G (Merck-Millipore) in each cell compartment.
2.11 Confocal microscopy analysis
Confocal fluorescence z-stack images of primary microglia and microfluidic cell triculture chips were acquired (under the navigator mode) using a Leica TCS SP8 inverted microscope (Leica Microsystems, Wetzlar, Germany), both with ×10 and ×40 (oil immersion) objectives, sequential laser excitation at 405/488/552/638 nm, and spectral detection adjusted for the emissions of AlexaFluor 405/488/594/647 dyes, respectively. The equipment was controlled by Leica LAS X software (Leica Microsystems).
2.12 Post-acquisition image treatment and analysis
Image treatment, including concatenation, and z-stack analysis (maximum fluorescence intensity) were performed using Fiji software (Schindelin et al., 2012). Pixel-integrated single-cell multiparametric analysis was done in AIVIA software v.12.0.0 (Leica Microsystems), using the following 2D recipes: neurite outgrowth; cell analysis, and particle count. Settings were adjusted for the identification of single cells, accordingly with each measurement requirements. In the images of the microfluidic cell triculture system, different regions of interest (ROIs) were created to perform a personalized analysis adjusted to the cell type of each compartment.
2.13 Statistical analysis
Statistical analyses were performed with GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, United States). All statistical comparisons were performed using one-way ANOVA when each dataset met the required assumptions for ANOVA, including homogeneity of variances and normality. Tukey’s post hoc test was applied to determine statistical significance between experimental groups. Only p < 0.05 was considered statistically significant. Results from a minimum of three independent experiments (n = 3) are expressed as mean ± SEM. Individual replicates were visually represented in each graph, allowing for easy verification of the sample sizes and distribution in each condition. In the triculture experiments, statistical analyses were carried out separately for neurons, microglia, and astrocytes. Whenever found, outliers were removed from the datasets to ensure the accuracy and robustness of the statistical analyses. For correlation analyses, RT-qPCR data were analysed using SRplot (Tang et al., 2023), including the basic correlation plot package (https://www.bioinformatics.com.cn/plot_basic_corrplot_corrlation_plot_082_en). Bivariate Pearson’s correlation coefficients were calculated, and their significance was considered whenever p < 0.05. Raw data correlation matrix, Pearson correlation coefficients (R2), and p-values are provided in Supplementary Datasheet S1.
3 RESULTS
3.1 Exo-Fect™ exosomal transfection with miR-124-3p mimic reveals high efficiency and steers a neuroprotective phenotype on stressed microglia
Emerging studies have suggested that dysregulation of miR-124 is related to the pathogenesis of neurodegenerative diseases, such as AD (Han et al., 2019). Therefore, regulation of miR-124 expression may represent a promising therapeutic approach in patients where its downregulation is associated with the onset and progression of the disease. Indeed, we have previously showed that miR-124-3p regulation with its mimic counteracted AD neuronal impairments and restored microglial homoeostasis (Garcia et al., 2021; Garcia et al., 2022). Considering that exosomes are the main natural carriers of miRNAs (Loch-Neckel et al., 2022), we anticipated that delivery of exosomes loaded with miR-124 mimic could represent a promising strategy to recover homoeostatic neuron–glia balance in AD patients with defective neuronal values of miR-124.
Based on such background, we used two different loading strategies of miR-124 in neuronal exosomes, as schematized in Figure 1A, and as follows: one was the transfection of SH-WT cells with the miR-124-3p mimic and subsequent isolation of the released miR-124 enriched exosomes (CT124); and the other was the direct transfection of the miR-124-3p mimic in exosomes previously isolated from SH-WT cell secretome using the Exo-Fect™ kit (ET124). Then, CT124 and ET124 were first compared relatively to size distribution and particle count using the NTA assay, as described in the methods section (Figure 1B). No differences were found between CT124 and ET124 for the number and size, although ET124 revealed an enlarged variation in the exosome diameter size (from 100 to 200 nm). Next, we assessed CT124 and ET124 delivery efficiencies in the 2DIV cortical WT mouse microglia, by determining the microglial content in miR-124 vs. non-exosomal treated cells (untreated), mock-transfected (mock), and negative controls (NCs) (Figure 1C). Both approaches (CT124 and ET124) significantly upregulated microglial miR-124-3p vs. mock-transfected exosomes (p < 0.001) and vs. negative control-transfected exosomes (p < 0.001). Nevertheless, ET124 had a more efficient delivery (20-fold, p < 0.001), when compared to CT124.
[image: A series of figures illustrates experimental data. Panel A shows schematic diagrams of experimental protocols for NPs-OA treatment and controls. Panel B presents size distribution histograms of particles for CT124 and ET124. Panel C displays a bar graph of mRNA expression levels of Nos2 across different treatments. Panel D shows gene expression levels of Nos2, Arg1, and Tmem2 in a bar graph. Panel E provides fluorescent microscopy images under various treatments (Untreated, Mock, CT124, ET124) highlighting PHH3, Iba1, and DAPI. Panels F, G, and H present bar graphs indicating expression levels of specific markers across treatments.]FIGURE 1 | Comparative transfection processes, exosome delivery, and microglial targeting efficiencies of miR-124-engineered exosomes upon cell- and exosomal-enriched miR-124 strategies. CT124, obtained by transfecting SH-WT cells with the miR-124 mimic, followed by secretome collection and exosome isolation. ET124, obtained by separating exosomes from the secretome of SH-WT cells, followed by direct Exo-Fect transfection with the miR-124 mimic. (A) Schematic representation of the tested strategies for miR-124-3p exosome enrichment and delivery on cortical 2DIV stressed microglia. (B) Representative histograms of the size and concentration of CT124 and ET124 exosomes. (C) miR-124-3p expression levels in microglia treated with ET124 and CT124. (D) Expression levels of microglial Nos2, Arg1, and Trem2 in each tested condition after exosome delivery. Both miRNA and gene expressions were determined by RT-qPCR. (E) Fluorescent images of microglia immunostained for Iba1 and P2RYy12, after incubation with PKH67-labelled CT124 and ET124. Internalization of PKH-67 labelled exosomes by microglia (F), Iba1 (G) and P2ry12 (H) mean immunofluorescence intensities (MFI, arbitrary units), in each tested condition. Data are mean ± SEM, from at least n = 3 independent experiments. ***p < 0.001, **p < 0.01, and *p < 0.05 vs. untreated condition; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. mock; §§§p < 0.001, §§p < 0.01, and §p < 0.05 vs. CT124 cells; one-way ANOVA with Tukey's post hoc test. Microglia (human CHME3 cell line); Neuroblastoma SH-WT, SH-SY5Y wild-type cells; Arg1, arginase 1; Iba1, ionized calcium binding adaptor molecule 1; Nos2, inducible nitric oxide synthase-coding gene; P2ry12, purinergic receptor p2y12; Trem2, triggering receptor expressed on myeloid cell 2 coding gene.
Importantly, the neuroblastoma-derived exosomes used as mock and negative controls revealed to be natural miR-124-3p carriers, as we have previously demonstrated (Garcia et al., 2022). Based on the similar results of mock and negative controls, in the subsequent experiments, we used only the mock control.
To further evaluate how far CT124 and ET124 were able to regulate the originally stressed 2DIV microglia, we assessed core activity state biomarkers, namely, the genes encoding the nitric oxide synthase (Nos2), arginase 1 (Arg1), and the triggering receptor expressed on myeloid cells (Trem2). We also noted that exosomes, as we previously demonstrated (Pinto et al., 2017), can per se also promote microglial activation. This was the case for the increased Nos2 (p < 0.01) and the decreased Trem2 (p < 0.05) in mock samples relatively to non-exosomal treated cells (untreated), as shown in Figure 1D. Addition of CT124 was not able to significantly decrease Nos2 or revert Arg1 (despite the slight elevation) levels but significantly enhanced Trem2 expression values, suggesting a “calming” effect and recovery of microglial metabolic fitness. More prominent effects were obtained for ET124 in mitigating Nos2 overexpression relatively to both CT124 and mock samples (Figure 1D, p < 0.05, for both), as well as on upregulating Arg1 and Trem2, as compared with both untreated and mock controls (p < 0.001, for both). Importantly, the ability to enhance the microglial phagocytosis rate was mainly sensed for ET124 and barely for CT124, when considering the Trem2 overexpression (p < 0.05) and the trend towards Arg1 upregulation (p = 0.06).
Given these promising results, we investigated whether such effects were caused by an increased exosome uptake of ET124 vs. CT124 by microglia. Correspondingly, we labelled exosomes (mock control, CT124, and ET124) with the PKH67 lipophilic dye to monitor and compare exosome internalization by the microglial cells. Although all exosomal formulations were successfully internalized by the 2DIV stressed cortical microglia, the uptake of ET124 was markedly higher (p < 0.001) than that of CT124 and mock control, as shown in Figures 1E, F.
Iba1 and the purinergic receptor P2Y12 (P2RY12) are considered specific and complementary microglia markers once they are not individually expressed by all microglia. Some subsets express Iba1, and some others lose P2RY12, as observed for the microglia around Aβ plaques (Kenkhuis et al., 2022). This means that they should be evaluated in combination, probably reflecting diverse functional phenotypes. Therefore, we assessed both markers in the microglia treated with CT124 and ET124 (Figures 1G, H) by immunocytochemistry. Our results suggest that the subtype induced by CT124 is considerably different from that triggered by ET124. Iba1 was sustained by CT124, with higher levels than mock (p < 0.01) or ET124 (p < 0.001), which showed lower levels than the untreated microglia (p < 0.001). On the contrary, untreated, mock, and ET124 experiments revealed between 60% and 70% of microglial positive cells for P2ry12 but only 40% in the case of the cells treated with CT124. The loss of Iba1 immunostaining seems to not be due to ET124, once it was also observed for the mock control. However, the loss of P2ry12 was determined only by CT124.
Together, such findings attest the higher efficiency of the exosomal direct transfection of miR-124-3p with Exo-Fect™ and suggest that ET124 redirects microglia into a more neuroprotective phenotype than CT124. Hereafter, the experiments were conducted only with ET124.
To later explore the potential neuroprotective properties of ET124 in a model recapitulating the homoeostatic imbalance associated with AD pathology, we developed a system with dynamic microglia–neuron–astrocyte tricultures in a microfluidic device, allowing paracrine signalling, and investigated the cell type-specific distribution of ET124 using the SH-SWE cells and H2O2 in the presence of human astrocytes and microglial cell lines. In this way, we envisioned to recreate the conditions of neurodegeneration, oxidative stress, neuroinflammation, and ageing usually linked to the onset and progression of AD.
3.2 Establishment of a microfluidic multicompartment system for sustained microglia–neuron–astrocyte crosstalk
Although microfluidic devices have been proposed for human triculture systems modelling neurodegeneration (Park et al., 2018; Amartumur et al., 2024; De Vitis et al., 2024), to the best of our knowledge, the present work is original in assessing ET124-based therapeutics to target neurodegeneration and neuroinflammation without cell-to-cell direct interactions. For this, we initially developed a triculture in a multicompartment microfluidic device, where three different human neural cell populations (neurons–astrocytes–microglia) were cultured in a fluidically dependent closed circuit of secretome (De Vitis et al., 2021) (Figure 2A). With this system, it is possible to follow the temporal-dependent paracrine signalling exerted all together by each cell type through their released soluble factors and extracellular vesicles. Considering the contradicting literature with different technical approaches for establishing triculture systems (Park et al., 2018; Guttikonda et al., 2021), we tested multiple procedures to optimize the cell triculture stability by defining the best setup to support each cell type (Supplementary Figure S1 for defining the cell coating; Supplementary Figure S2 for defining the best neuron–astrocyte–microglia cell ratio). We have decided to use a neuron–astrocyte–microglia ratio of 5:3:2, considering the better results achieved. It is noted that the interaction between the three cell types seems to improve the differentiation of SH-SY5Y cells, used as neuron-like cells.
[image: A: A circular object with a textured surface. B: Diagram showing a five-day process of cell seeding and differentiation, involving microglia, neurons, and astrocytes. C: Microscopic image depicting layers of microglia, neurons, and astrocytes with black arrows pointing at them, scale bar 200 micrometers. D: Fluorescent microscopy image showing microglia in red, neurons in green, and astrocytes in blue over a time course, scale bar 200 micrometers. E: Fluorescent microscopy of a cell culture with labeled microglia, neurons, and astrocytes; arrows highlight specific cells, scale bar 100 micrometers.]FIGURE 2 | Generation and optimization of a 2D triple co-culture of neural cells (human neurons, microglia, and astrocytes) on a microfluid chip system to investigate paracrine signalling by neurites and cell-derived extracellular vesicles and soluble factors. (A) Photography of a microfluidic chip and size comparison to 1€ coin. (B) Schematic illustration of the experimental design implemented for microglia–neuron–astrocyte tricultures along the days in culture (day 1, D1 until the ending day 5, D5. (C) Phase contrast microscopic image of the three human cellular types (neuroblastoma SH-SY5Y cell line as neurons; CHME3 microglia cell line as microglia; and immortalized astrocyte cell line, IM-HA, as astrocytes) cultured in the microfluidic device, with intercellular communication via the microchannels with 5 µm in width and 50 µm in length (indicated by black arrows). (D) Fluorescent images of microglia (on the top compartment), neurons (on the middle compartment), and astrocytes (in the bottom compartment) cultured in the microfluidic device, evidencing immunostaining of microglial P2RY12 (red), of neuronal βIII-tubulin (green) and of astrocytic S100β (blue) expression predominance. (E) Inset image from panel D showing neurite transmigration from neuronal to both glial cell compartments through the 5-µm microchannels (indicated by white arrows). P2RY12, purinergic receptor P2Y12; S100B, S100 calcium-binding protein Β.
We started by selecting the neural cell type to be plated in the system. For the neurons, we used neuron-like SH-WT differentiated cells because we are familiar with these cells, they are not expensive, and they are easy to use. They were plated in the middle compartment of the microfluidic device and differentiated for 2DIV (D1–D3, 48 h) with RA (Figure 2B). At 3DIV (D3), the human HMC3 cell line and the immortalized human astrocytes were plated on the top and bottom compartments, respectively, until 5DIV (D5). Cell images by phase contrast microscopy are shown in Figure 2C, upon the completion of the tricultures at D5. Here, we used devices with shorter microchannels (50 µm) across the cell compartments, to more easily follow the neurite extension between compartments using the fluorescence microscope and the immuno-specificity for βIII tubulin in neuronal cells (Figure 2D). Immunostaining of microglial P2RY12 (red), neuronal βIII-tubulin (green), and astrocytic S100 calcium-binding protein B (S100B, blue) expression predominance can be clearly identified in Figure 2E. Each cell type remained inside their specific compartment, except for neuronal neurites (visible in green) that transmigrated into the glial compartments through the narrow channels (white arrows), as shown in Figure 2E. Culture optimization was also validated in tricultures using SH-SWE cells, instead of SH-WT cells (data not shown).
Results confirm the success in establishing a viable neural cell triculture without cell-to-cell direct contact, reaching a state of equilibrium where the neurite outgrowth and the released secretome, enriched in cell-derived soluble factors and extracellular vesicles, contribute to a balanced signalling dynamics with paracrine and autocrine responses. The system will be fundamental to recreate a late-onset AD model (aged-related AD), a requisite to evaluate the ET124 cell-specific distribution and their subsequent neuroimmune modulatory effects in each neural cell type.
3.3 Microglia show the highest uptake of ET124 in the dynamic triculture microfluidic system recapitulating AD under stressful and ageing conditions
Tricultures were established as indicated in Section 2.2 but now using the SH-SWE cells instead of SH-WT cells to induce cell environmental pathology mediated by homoeostatic imbalance in the microglia–neuron–astrocyte cultures. We have previously demonstrated that SH-SWE cells release inflammatory mediators, mature and immature amyloid precursor protein (APP), and soluble APP alpha (sAPPα), as well as exosomes with an elevated cargo of inflammatory miRNAs that mimic their donor cells (Fernandes et al., 2018). In addition to the differentiation of the cells with RA, we used a low dose (10 µM) of H2O2 to trigger a viable neural phenotype in-part reminiscent of aged or damaged neuron derived from oxidative stress and neuroinflammation induction (Chadwick et al., 2010; Gunawardena et al., 2019), thus recreating our aged-related AD-like model before exposure to ET124 (Figure 3). Indeed, such conditions are known to be associated and further aggravate AD pathology (van Rensburg et al., 1997; Milton, 2004; Wang et al., 2023).
[image: Graphs and microscopy images display analysis of ET124 nanoparticle characteristics and interactions with different cell types. A shows a line graph of particle concentration by size. B and C present box plots of mean particle size and concentration. D illustrates a schematic of nanoparticle interactions with microglia, neurons, and astrocytes. E and F provide fluorescence microscopy images highlighting PKH67 and S100β markers in various cell types. G features a bar graph of exosome internalization across microglia, neurons, and astrocytes, with statistical annotations.]FIGURE 3 | Characterization of ET124 for the size, number, and concentration and assessment of their delivery into microglia, neurons, and astrocytes in the AD-like microfluidic triculture model, after exosome labelling. (A) Representative histogram of ET124 for the particle size (nm) and number (particles/mL) by Nanosight tracking analysis (NTA). (B) Mean particle size of ET124 used in experiments. (C) Average ratio of particle number per microgram (μg) of exosomal protein used in experiments. (D) Schematic representation of the AD-like triculture model used in the experiments, with device microchannels of 5 µm diameter and 250 µm long. (E) Fluorescent images of the distribution of PKH67-labelled ET124 in the tricultures all positive for S100B with insets for zoomed-in images (F), which reveal the internalization of PKH67-labelled ET124 by microglia (CHME3, 1), neurons (SH-Swe, 2), and astrocytes (IM-HA, 3). (G) Pixel-integrated single-cell quantification of the mean fluorescent intensities (MFI, arbitrary units) for the number of PKH67-positive vesicles internalized by each cell type (from each cell compartment), as indicated in the Materials and methods section. Data are mean ±SEM, from at least three independent experiments. ***p < 0.001 vs. neurons and ##p < 0.01 vs. astrocytes by one-way ANOVA with Tukey's post hoc test. AD, Alzheimer’s disease. ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic; SH-WT, wild-type human SH-SY5Y cells; neurons, SH-SWE, SH-SY5Y cells expressing the APP Swedish variant; Microglia (human CHME3 cell line); astrocytes; IM-HA, immortalized human astrocytes; S100B, S100 calcium-binding protein B; PKH67, green, fluorescent membrane linker.
As shown in Supplementary Figure S3, the addition of H2O2 at 10 µM to SH-SWE cells in monoculture produced a dramatic reduction of total neurite length (p < 0.001), relatively to the SH-WT matched cells. Importantly, it caused a reduction of miR-124-3p expression levels, which was more prominent in SH-SWE cells when compared to SH-WT cells (p < 0.01 vs. untreated). These findings recapitulate a subtype of AD patients with defective miR-124 expression—which is our model of choice to test ET124 reparative benefits.
In previous studies from our group, exosomes isolated from SH-WT cells were characterized in terms of morphology by transmission electron microscopy (TEM), protein markers by Western blot, and number/size distribution by NTA (Fernandes et al., 2018; Garcia et al., 2021). Such exosomes typically showed a spherical morphology with the usual cup-shaped distortion by surface desiccation by TEM in high magnification, as well as the predictable presence of ALIX, CD63, and Flotillin-1 proteins. Therefore, in the present manuscript, we only characterized ET124 (obtained as previously described) in terms of concentration, size, and particle concentration per µg protein. Most of the samples of ET124 presented an average of 8 × 106 particles per mL (Figure 3A) and showed a mean particle size between 120 and 160 nm (Figure 3B). To obtain reproducibility among the experiments, we used both the number of exosomes and the exosomal protein concentration to estimate the amount of ET124 to be added to each microfluidic triculture experiment. Indeed, the same number of exosomes may not represent the same concentration, which is why we used a ratio between the number of particles and the protein content (number of particles/µg of protein, Figure 3C). An average of 2.16 ± 1.41 × 107 particles per μg of exosomal protein were administered to each triculture, divided in three doses equally distributed by individual cell compartment.
Before separately evaluating some of the resultant effects of the addition of ET124 in our AD-like triculture model, which will be addressed further, we tracked PKH67-labelled ET124 internalization by microglia (HMC3), neurons (SH-SWE), and astrocytes (IM-HA) under H2O2 treatment (Figures 3D, E). Here, we used the microfluidic devices with intercellular communication via the five longer inter-compartment microchannels (250 µm) to prevent the interference of neurites in the exosome cell distribution. Cells were stained for S100B to allow common but uncompartmentalized cell visualization. The pixel-integrated quantification of fluorescent vesicles permitted their counting by AIVIA software. Images show that ET124 were internalized by all cell types (Figure 3F) with a significantly higher engulfment by microglia (p < 0.001 vs. neurons; p < 0.01 vs. astrocytes, Figure 3G). This is not without precedent if we consider microglia predominant phagocytic function and our previous data favouring microglial exosome uptake (Pinto et al., 2017; Garcia et al., 2022). As far as this ability to uptake ET124 will be reflected in more extended reparative effects on microglia than on astrocytes and neurons in the AD-like model, it will be a matter of evaluation at a later stage.
3.4 Delivery of ET124 into the microfluidic-based AD triculture model counteracts neuronal apoptosis and caspase-12 activation, as well as glial activation
As previously stated, our AD-like model is expected to be prone to neuroinflammation and neurodegeneration, leading to cell death. We already mentioned that the SH-SWE cells evidenced an increased loss of total neurite length upon the addition of H2O2, as compared to matched SH-WT cells (Supplementary Figure S3), suggesting increased neurotoxicity and ultimately cell demise. Here, we first evaluated how differently the neural cells behaved upon the addition of H2O2 (Control: SH-WT + HMC3 + IN-HA; AD: SH-SWE + HMC3 + IN-HA) and whether the addition of ET124 (AD+124) was effective in preventing the loss of cell viability, following the experiments schematized in Figure 4A. Results indicated a subtle but significant neuronal cell demise (p < 0.05, Figure 4B) in the AD-like model (SH-SWE cells + H2O2), without early apoptotic alterations (Figure 4C), but an increased percentage of late apoptotic/necrotic cells (p < 0.05, Figure 4D). Remarkably, this neurotoxicity was prevented in ET124-treated neurons. No changes were observed in the glial cells, although AD astrocytes (astrocytes in the presence of H2O2 and neuron-derived pathological signalling) revealed a slight lower viability (with a little more elevated number of apoptotic and necrotic cells).
[image: Illustration showing a study involving experimental groups: Control, AD, and AD+ET124. Panel A depicts three schematic diagrams of biological processes. Panels B, C, D, F, G, H, and I include line graphs displaying data on cell types like microglia, neurons, and astrocytes across the groups. Panel E contains immunofluorescence images of microglia, neurons, and astrocytes. The image includes comparisons for cell behaviors such as size, density, and expression levels of proteins like FIS1, MFN2, and MKP27, with statistical significance indicated by asterisks.]FIGURE 4 | Delivery of ET124 into the AD-like microfluidic triculture model leads to preventive effects on neuronal demise and caspase-12 activation, as well as on neuron-glia NF-κB activation, without affecting mitochondria fragmentation or cell proliferation. (A) Schematic representation of ET targeting to control (untreated SH-WT cells), AD-like (SH-SWE + H2O2), and AD + ET124 (SH-SWE + H2O2 + ET124) tricultures (microglia–neurons–astrocytes). Evaluation of cell viability was as described in Materials and methods by flow cytometry. Three populations were distinguished: (B) Viable (annexin and 7-AAD double-negative); (C) early apoptotic (annexin-positive and 7-AAD-negative); and (D) late apoptotic (annexin and 7-AAD double-positive). (E) Representative immunofluorescence images of caspase-12 (green); NF-κB (red); cell nuclei stained with DAPI (blue) in neurons, microglia, and astrocytes in the microfluidic system tricultures. (F) Pixel-integrated measurement of caspase-12 mean fluorescence intensities (MFI, arbitrary unities) by each cell type and condition. (G) NF-κB nuclear translocation ratio, obtained by dividing pixel-integrated nuclear/cytoplasmic NF-κB immunofluorescence intensities. Transcription analysis of FIS1 and MFN2 mitochondrial genes (H), and of MKI67, coding for Ki-67 (I), by RT-qPCR. All evaluations were performed in Control, AD, and AD treated with ET124 (AD + ET124). Data are mean ±SEM, from at least three independent experiments. ***p < 0.001 vs. Control and ##p < 0.01 vs. matched cells in the AD-like model by one-way ANOVA with Tukey's post hoc test. SH-WT, wild-type human SH-SY5Y cells; SH-SWE, SH-SY5Y cells expressing the APP Swedish variant; ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic; IM-HA, immortalized human astrocytes; microglia (human CHME3 cell line); 7-AAD, 7-aminoactinomycin D; CASP12, caspase-12; NF-κB, nuclear factor kappa of activated B cells; FIS1, fission 1 mitochondrial gene; MFN2, mitofusin2 mitochondrial gene; MKI67, Ki-67-coding gene.
Once caspase-12 was shown to mediate apoptosis and to be involved in endoplasmic reticulum-associated oxidative stress and Aβ-induced synaptic toxicity (Nakagawa et al., 2000; Quiroz-Baez et al., 2011), as well as in nuclear factor-kappa B (NF-κB) activation (Chow et al., 2021), we decided to evaluate these two parameters by immunocytochemistry (Figure 4E). Elevation of neuronal caspase-12 in the AD model (p < 0.05, Figure 4F) was prevented upon the addition of ET124 (p < 0.01). It should be noted that caspase-12 showed a trend to increase in astrocytes and microglia in AD and to be counteracted by ET124. NF-κB nuclear translocation was also enhanced in AD neurons and microglia relatively to control (p < 0.01, Figure 4G), but ET124 had no power to abrogate such effect, although the significance was reduced to p < 0.05 in AD + ET124 neurons. Specifically, ET124 prevented astrocytic NF-κB activation (p < 0.05 vs. AD astrocytes), sustaining control levels. Because NF-κB activation increases mitochondrial fragmentation (Albensi, 2019), we next evaluated FIS1 and MFN2 gene expression (encoding for dynamics-associated proteins involved in the mitochondrial fission and fusion mechanisms, respectively) (Kornfeld et al., 2018; Colpman et al., 2023). Our data clearly indicate a significant decrease in neuronal MFN2 expression (p < 0.01) in the AD triculture not solved by the ET124 treatment (Figure 4H), suggesting mitochondria fragmentation. No other significant changes were observed in FIS1 and MFN2 gene expression levels across any cell type or condition. Since mitochondrial fusion and fission are involved in the regulation of cell proliferation (Dong et al., 2022), we next assessed the expression of the MKI67 gene, which encodes the proliferation-associated protein Ki-67 (Figure 4I). However, no significant changes were detected, although neurons tended to exhibit lower levels of MKI67 compared to microglia and astrocytes. These first data indicate that ET124 exert neuron–glia modulatory effects with promising applications in cell homoeostasis restoring.
3.5 Disease-associated alterations in microglia morphometric parameters and phenotypes are modulated by treating the AD-like tricultures with ET124
Data above indicated the presence of microglial activation in the age-AD neural triculture model, as suggested by the increased NF-κB nuclear translocation. In this section, we determined morphological, transcriptional, and immune-associated miRNA microglial changes, known as being associated with AD pathology (Brites, 2020; Franco-Bocanegra et al., 2021; Prater et al., 2023), to better explore the immune-regulatory effects of ET124.
Pixel-integrated image analysis in the age-associated AD model revealed morphological alterations in microglia, compatible with cell polarization (increased number of bipolar and round cells), when compared to control microglia, revealing ramifications (visualized by the white outline). It should be noted that the administration of ET124 to the AD compartment sustained the microglia ramifications and prevented the occurrence of the amoeboid shape (Figure 5A and insets). Although not statistically significant, we observed that microglia in the AD-associated ageing model showed both a reduced area (Figure 5B) and cell perimeter (Figure 5C, p = 0.08) that accounted to their significant increase in circularity/roundness shape (p < 0.05 vs. control, Figure 5D). Such morphology occurs when microglia switch to an activated phenotype with amoeboid and elongated rod bipolar morphotypes. Targeting of microglia with ET124 produced well-known beneficial effects in counteracting cell perimeter decrease (p < 0.05, vs. AD) and circularity increase (p < 0.05 vs. control and p < 0.001 vs. AD) in the AD condition, including a trend to also sustain cell area control values.
[image: Panel A shows three sets of immunofluorescence images comparing control, AD, and AD+ET124 samples with cell markers colored in red, blue, and purple. Panels B-F display scatter plots of cell area, perimeter, circularity, S100B, and P2RX7 data comparing these groups. Panel G presents a bar graph of gene expression levels for various markers across conditions. Panel H depicts a bar graph of mRNA expression for different markers. Panel I features a correlation matrix with various gene expressions shown as a color-coded circle plot.]FIGURE 5 | Phenotypic profile of microglia in the AD triculture (microglia–neurons–astrocytes) and consequences by ET124 treatment. (A) Representative fluorescence images of P2RY12, βIII tubulin, and S100B immunostaining in the microglial compartment showing P2RY12 specificity to HMC3 microglia with image top-right corner insets (with ×2.25 additional magnification), displaying the most representative cell morphological changes in each condition (white outline). Pixel-integrated fluorescence measurement of cell area (B), cell perimeter (C), and cell circularity (D) in each condition. Pixel-integrated mean fluorescence intensities (MFI, arbitrary units) for S100B (E) and P2RY12 (F). (G) Transcriptional analysis of microglia-associated genes TNF, HLA-DRA, ARG1, S100B, P2RY12, HMGB1, and TREM2. (H) Evaluation of microglial expression of miR-124-3p, miR-146a-5p, miR-125b-5p, miR-21-5p, and miR-155-5p. Gene and miRNA expression levels were evaluated in control (untreated SH-WT cells, wild-type human SH-SY5Y cells), AD (SH-SWE, SH-SY5Y cells expressing the APP Swedish variant + H2O2), and AD + ET124 conditions by RT-qPCR. Actin (for genes) and U6 (for miRNAs) were used as internal references. (I) Correlation matrix based on Pearson’s bivariate coefficients (R2) for pairwise comparisons of microglia-expressed miRNAs and genes. Negative correlations are shown in blue and positive correlations in red, both integrating a respective annotation whenever significant. Data are mean ±SEM, from at least three independent experiments. ***p < 0.001 and **p < 0.01 vs. Control; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. AD, by one-way ANOVA with Tukey's post hoc test. ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic; astrocytes, IM-HA or immortalized human astrocytes; microglia (human CHME3 cell line); ARG1, arginase-1 coding gene; HLA-DRA, major histocompatibility complex class II-coding gene; HMGB1, high mobility group box protein 1-coding gene; P2RY12, purinergic receptor P2Y12-coding gene; S100B, S100 calcium-binding protein B; TNF, tumour necrosis factor alpha-coding gene; and TREM2, triggering receptor expressed on myeloid cells 2 coding gene.
We next assessed S100B and P2RY12, which demonstrated to be upregulated and downregulated, respectively, in pro-inflammatory conditions (Gomez Morillas et al., 2021; Michetti et al., 2023). We observed a significant S100B increase, together with a P2RY12 decrease (p < 0.01 for both vs. control, Figures 5E, F), suggesting an activated dysfunctional microglia phenotype. This subtype was validated at the transcriptional level (Figure 5G) by S100B overexpression (p < 0.01 vs. control), although the elevation of P2RY12 did not reach significance. ET124 treatment avoided such altered immunoreactivity of S100B and P2RY12 (p < 0.01 for both vs. AD). However, no major significant effects were observed at transcriptional levels, despite the lower significance of S100B mRNA vs. control by the delivery of ET124 (p < 0.05 instead of the p < 0.01 in AD).
Among the microglia gene expression panel (Figure 5G), we detected upregulated HLA-DRA (that encodes the major histocompatibility complex class II, p < 0.05 vs. control), ARG1 (p < 0.05 vs. control), and S100B (p < 0.01 vs. control), together with a nearly significant TNFα increase (p = 0.07 vs. control). We also found a microglial downregulation of High Mobility Group Box protein 1 (HMGB1) and TREM2 (p < 0.05 for both vs. control). All these changes in the AD model suggest the presence of heterogeneous microglial subtypes linked to cell adaptive immune-activation phenotypes. Beneficial outcomes from ET124 addition to the AD triculture were noticed on the sustained expression of TREM2 near the control levels (p < 0.05 vs. AD) and on a slight effect on HLA-DRA and HMGB1 mRNAs (p = 0.07 and p = 0.1 vs. control, respectively).
Regarding the miRNA profile, no significant miRNA alterations were detected in microglia from the AD system, despite the near-significant miR-146a decrease (p = 0.05 vs. control, Figure 5H), persisting after the addition of ET124 (p = 0.09). Interestingly, miR-146a levels were shown to inversely correlate with HLA-DRA (p < 0.01), as well as with ARG1, S100B, and P2RY12 transcriptional levels (p < 0.05, Figure 5I), indicating that miR-146a may play a role in conditioning the microglial phenotype. Positive relationships were obtained between TNF and ARG1/S100B/P2RY12 genes, as well as between S100B and HLA-DRA (at least p < 0.05), confirming their relevance in categorizing microglial subtypes. A more prominent effect was observed for the upregulation of miR-124-3p by ET124 (p < 0.01 vs. control and vs. AD) as we anticipated considering the higher ET124 delivery into microglia, which may account for the non-statistical decrease of miR-155-5p (p = 0.10 vs. AD). Such antagonism between microglial miR-124-3p and miR-155-5p was manifested by a significant negative correlation between both miRNAs (p < 0.05, Figure 5I). Together, these data suggest a more functional and homoeostatic microglia phenotype in the AD + ET124 model.
3.6 ET124 mitigates H2O2-induced neurite atrophy and prevents NOS1, S100B, and miR-146a AD-associated dysregulation
In this section, we focused on changes occurring preferentially in the neuronal compartment. As commented above, relatively to the increased loss of total neurite length upon the addition of H2O2, as compared to matched SH-WT cells in monocultures (Supplementary Figure S3), the same was observed in our AD tricultures, as revealed by projections identified with βIII-tubulin immunostaining (p < 0.001 vs. control, Figures 6A, B). Changes also included the reduction in total neurite length (p < 0.001 vs. control, Figure 6C) and neurite number per cell (p < 0.01 vs. control, Figure 6D). Marked preventive effects were observed upon ET124 treatment, for neurite length per cell and total neurite length (p < 0.001 vs. AD) with values like those of control, as well as for the neurite number per cell (p < 0.05 vs. AD).
[image: A series of scientific panels showing comparisons between control, AD, and AD+ET124 groups. Panel A displays fluorescent microscopy images of neurons. Panels B to E present bar graphs analyzing neurite length, complexity, number, and Sholl analysis. Panel F includes fluorescent images and dot plots of nucleic compartmentation in microglia and astrocytes. Panel G shows a bar graph of P2ry12 receptor expression. Panel H and I contain bar graphs of gene expression and mRNA concentration, respectively. Panel J is a correlation matrix with color-coded circles highlighting gene expression relationships. Statistical indicators like asterisks signify significance.]FIGURE 6 | Characterization of the neuronal pathological features in the AD triculture (microglia–neurons–astrocytes) system and of the preventive effects by ET124 treatment. (A) Representative fluorescence images of P2RY12, βIII tubulin, and S100B immunostaining in the neuronal compartment, showing βIII tubulin specificity to neuronal cells/neurites in the three experimental conditions: SH-SY5Y neurons in non-treated tricultures (Control); SH-SWE in AD model tricultures treated with H2O2 (AD); and SH-SWE in AD model tricultures treated with ET124 (AD + ET124). Pixel-integrated fluorescence measurement of neurite length per cell (B), total neurite length (C), and neurite number per cell (D). Pixel-integrated mean fluorescence intensities (MFI, arbitrary units) for S100B (E). (F) Representative fluorescence image sections of the transmigrating neurites (neurites interacting with microglia and/or astrocyte compartments) through the silicon-separating block, accompanied by the percentage of transmigrating neurites counted in microglia and astrocyte compartments. (G) Transcriptional level of amyloid precursor protein (APP) using primers that discriminate WT and SWE forms by RT-qPCR. (H) Gene expression analysis of neuronal-associated TNF, NOS1, DLG4, SYP, and S100B. (I) Expression levels of the neuronal miR-124-3p, miR-146a-5p, miR-125b-5p, miR-21-5p, and miR-155-5p. Gene and miRNA expression levels were evaluated in Control (untreated SH-WT cells, wild-type human SH-SY5Y cells), AD (SH-SWE, SH-SY5Y cells expressing the APP Swedish variant + H2O2), and AD + ET124 conditions by RT-qPCR. (J) Correlation matrix based on Pearson’s bivariate coefficients (R2) for pairwise comparisons of neuron-expressed miRNAs and genes. Negative correlations are shown in blue, and positive correlations, in red, both integrating a respective annotation whenever significant. Data are mean ±SEM, from at least three independent experiments. ***p < 0.001, **p < 0.01, and *p < 0.05 vs. Control; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. AD, by one-way ANOVA with Tukey's post hoc test. ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic. Astrocytes, IM-HA or immortalized human astrocytes; microglia (human CHME3 cell line); NOS1, neuronal nitric oxide synthase-coding gene; DLG4, postsynaptic density protein 95 (PSD95)-coding gene; S100B, S100 calcium-binding protein B-coding gene; SYP, synaptophysin-coding gene; TNF, tumour necrosis factor alpha-coding gene.
Neuronal S100B is considered a reliable marker of active neural distress (Michetti et al., 2023). Although a slight elevation was identified in neuronal S100B immunofluorescence intensity in the AD system, no significant changes were observed for any tested condition (Figure 6E). Relatively to the number of transmigrating neurites (neurites that migrated through the microchannels towards microglial and astrocytic compartments) (Figure 6F), data suggest a reduced transmigration to the microglial and astrocyte compartments (p = 0.09 and p = 0.05, vs. control, respectively) in the age-AD model, as well as a protective effect by ET124 treatment, especially in the microglial compartment where values closer to control levels were observed.
By using specific discriminating primers, we confirmed that SH-SWE cells from the AD system express both WT and SWE transcript variants of the APP gene, unlike SH-WT used in the control system (Figure 6G). Nevertheless, a significant APP-WT downregulation (p < 0.05 vs. control) was detected in the AD system but not upon ET124 treatment (p = 0.05 vs. control). No changes were detected on APP-SWE expression, regardless of the ET124 treatment. Regarding other transcripts, the SH-SWE neurons from the AD triculture evidenced increased levels of TNF (p < 0.001 vs. control) and NOS1 (p = 0.07 vs. control), together with decreased expression of DLG4 (postsynaptic density protein 95 (PSD95)-coding gene) and SYP (p < 0.05 vs. control, for both), suggesting the presence of neuroinflammation and impaired synaptic dynamics (Figure 6H). Treatment with ET124 did not counteract TNF but led to a significant decrease in NOS1 (p < 0.05 vs. AD) and to less defective DLG4 and SYP mRNAs, together with a small significant increase in S100B (p < 0.05 vs. AD), suggested to be an Aβ42 suppressor (Cristóvão et al., 2018).
In what concerns the inflammation-associated miRNA profile (Figure 6I), no significant alterations were observed in the neurons from the AD triculture, as compared to the control condition. However, treatment with ET124 led to miR-146a upregulation (p < 0.01 vs. AD), as well as to moderate elevation of miR-124 (p = 0.06 vs. AD), not surprisingly if we consider that neurons are not the cells that most engulf ET124. When looking for correlations among microglial genes and miRNAs, we found a strong positive correlation of miR-124-3p with miR-146a-5p (p < 0.001) and a negative correlation between the expression of TNF and DLG4 genes (p < 0.01), as shown in Figure 6J.
Altogether, these results support a neuroprotective effect of ET124 over the neuropathological features exhibited by the AD neuronal compartment in the microfluidic tricultures.
3.7 ET124 halts astrocyte morphological and immune dysregulation in the AD triculture model
Astrocytes, as the most abundant cell type in the CNS, show deleterious effects in AD, exacerbating Tau hyperphosphorylation and Aβ pathology (Cai et al., 2017), and acquiring several pathological phenotypes with altered morphologies and exacerbated reactivity (Kim et al., 2024). Here, morphological, transcriptional, and immune-associated miRNA astrocyte changes were investigated in the AD triculture model, similarly to that performed for microglia, together with the assessment on whether ET124 exerted a positive outcome on astrocyte-induced neuroinflammation.
As evidenced in Figure 7A, IM-HA cells with predominant S100B immunostaining showed bushy, spongy, and star-like morphologies in the control condition. Morphological deficits (decreased branching) were present predominantly in the AD-like system. Such a change is better visualized when comparing astrocyte morphologies in the insets (defined by the white outline). Astrocyte processes are visible in the control and ET124 experiments, indicating the efficacy of this treatment to sustain their native morphology. Morphometric studies revealed a non-significant reduction in the cell area (Figure 7B) and perimeter (Figure 7C) but an enhanced cell circularity in the age-AD model (p < 0.01 vs. control, Figure 7D), like those previously found for microglia in the same condition. ET124 treatment showed to prevent such morphological alterations by sustaining the cell area at control levels (p = 0.06 vs. AD) but mainly by preventing changes in the cell perimeter (p < 0.01 vs. AD) and circularity (p < 0.001 vs. AD). These regulatory effects of ET124 on astrocyte morphology and similarity to that observed for the microglial cells indicate that the targeting of ET124 equally prevents such a glial cell-altered shape in the AD compartment, despite the lower levels of PKH67 exosome internalization when compared to those in microglia (Figure 3G).
[image: Fluorescent images show cellular morphology under control, AD, and AD+ET124 conditions, with increased circularity and area in AD+ET124. Graphs (B-E) display cell size, perimeter, circularity, and S100B expression. Bar charts (F) indicate varied gene expressions among conditions. Bar charts (G) show miRNA levels in different states. Correlation matrix (H) visualizes relationships between variables, with varying circle sizes and colors indicating strength and direction of correlation.]FIGURE 7 | Phenotypic profile of astrocytes in the AD triculture (microglia–neurons–astrocytes) and benefits by ET124 treatment. (A) Representative fluorescence images of P2RY12, βIII tubulin, and preferential S100B immunostaining in the astrocyte compartment with image top-right corner insets (with ×2.25 additional magnification), displaying the most representative cell morphological changes in each condition (white outline). Pixel-integrated fluorescence measurement of the cell area (B), cell perimeter (C), and cell circularity (D) in each condition. Pixel-integrated mean fluorescence intensities (MFI, arbitrary units) for S100B (E). (F) Transcriptional analysis of the astrocyte-associated genes S100B, AGER, GFAP, GJA1, HMGB1, and TNF. (G) Evaluation of astrocytic expression of miR-124-3p, miR-146a-5p, miR-125b-5p, miR-21-5p, and miR-155-5p. Gene and miRNA expression levels were evaluated in Control (untreated SH-WT cells, wild-type human SH-SY5Y cells), AD (SH-SWE, SH-SY5Y cells expressing the APP Swedish variant + H2O2), and AD + ET124 conditions, by RT-qPCR. Actin (for genes) and U6 (for miRNAs) were used as internal references. (H) Correlation matrix based on Pearson’s bivariate coefficients (R2) for pairwise comparisons of astrocyte-expressed miRNAs and genes. Negative correlations are shown in blue, and positive correlations, in red, both integrating a respective annotation whenever significant. Data are mean ±SEM, from at least three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05 vs. Control; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. AD, by one-way ANOVA with Tukey's post hoc test. ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic. Astrocytes, IM-HA or immortalized human astrocytes; microglia (human CHME3 cell line); AGER, receptor for advanced glycation end product-coding gene; GFAP, glial fibrillary acidic protein coding gene; GJA1, gap junction protein alpha 1 gene (coding for connexin 43); HMGB1, high mobility group box protein 1-coding gene; S100B, S100 calcium-binding protein B-coding gene; TNF, tumour necrosis factor alpha-coding gene.
Like microglia, and in part neurons, astrocytes from the AD tricultures also exhibited increased S100B immunofluorescence (p < 0.01 vs. control, Figure 7E). Again, this reactivity-associated marker was prevented by the ET124 treatment (p < 0.01 vs. AD), further adding to its therapeutic potential in mitigating astrocyte-associated pathology in the triculture AD model.
Determination of astrocyte-associated inflammatory genes further validated reactive astrogliosis to the disturbed homoeostasis in the AD-like model (HMC3/IM-HA/SH-SWE and H2O2). Indeed, AD astrocytes showed a significant upregulation of the genes S100B (p < 0.001 vs. control), AGER (encoding the advanced glycosylation end-product-specific receptor, p < 0.05 vs. control), GFAP (p < 0.05 vs. control), and GJA1 (encoding gap junction protein alpha 1, p < 0.05 vs. control). These findings were counteracted by ET124 (Figure 7F) that significantly diminished S100B upregulation (p < 0.01 vs. AD) and attenuated overexpression of AGER, GFAP, and GJA1 genes (though not significantly vs. control or AD models). Data obtained so far validate the immunomodulatory potential of ET124 over the glial activation and neurodegeneration in our AD-like model.
Most important, we found a downregulation of several anti-inflammatory miRNAs in AD-related astrocytes, corroborating the homoeostatic imbalance and neuroimmune dysregulation in this system. We observed a defective expression of miR-124-3p (p < 0.05 vs. control), miR-146a-5p (p < 0.01 vs. control), and miR-125b-5p (p < 0.05 vs. control) (Figure 7G). A rebalancing action has been achieved by targeting the whole system with ET124, as evidenced by the upregulated anti-inflammatory miRNAs (miR-124-3p, p < 0.001; miR-146a-5p, p < 0.001; and miR-125b-5p, p < 0.01, all vs. AD). In addition, ET124 also inhibited the expression of miR-21-5p (p < 0.05 vs. control and AD), which regulates multiple AD pathologies, as well as miR-155-5p (p < 0.05 vs. AD), usually considered to be eliciting a pro-inflammatory response.
Such dynamic gene expression and miRNA profile led us to conduct Pearson’s correlation analysis that highlighted interesting associations (Figure 7H). For instance, miR-124-3p showed to be positively correlated with miR-146a-5p and miR-125b-5p (p < 0.001, for both) and negatively correlated with GFAP (p < 0.05). Such findings support ET124 potential as a new and efficient therapeutic approach to halt astrocyte-induced AD pathogenesis. miR-146a-5p regulation by ET124 also have positive impact on miR-125b-5p (p < 0.05) and negative impact on S100B and GFAP (p < 0.05, for both). miR-21-5p directly correlated with miR-155 (p < 0.01) and inversely with TNF (p < 0.05), suggesting non-synergetic effects on inflammation. Other positive correlations included HMGB1 with AGER (p < 0.05); GJA1 with GFAP (p < 0.001); and S100B with AGER, GFAP, and GJA1 (p < 0.01, p < 0.05, and p < 0.05, respectively). It should be additionally noted that intercellular direct correlations for the astrocytic miR-146a-5p and miR-125b-5p with matched miRNAs in neurons, and of miR-124-3p with the microglial one (Supplementary Figure S4), further pointed to miRNA paracrine signalling.
These last data confirm the ET124 potential to counteract astrocyte reactivity in a dynamics neuron–glial system that mimics the AD microenvironment, ultimately supporting their application to modulate inflammation and age-associated neurodegeneration.
4 DISCUSSION
AD persists as the most prominent form of dementia worldwide, being estimated to increase in the coming decades (Yiannopoulou and Papageorgiou, 2020). Treatments, such as memantine—an NMDA receptor antagonist that prevents nerve cell damage by excessive glutamate—and donepezil that slows the breakdown of acetylcholine improving mental and behavioural functions, do not inhibit the cognitive decline and death of brain cells (Korczyn and Grinberg, 2024). Lately, anti-Aβ therapy with monoclonal antibodies has shown some favourable effects, but only a small percentage of older adults with early cognitive impairment have been considered eligible (Pittock et al., 2023).
Therefore, better therapeutic approaches, effective biomarkers for identifying patients with preclinical AD, better translational models, and novel tools to more closely mimic AD pathology are required to connect basic and clinical research (Zhang Y. et al., 2023). Such experimental models recapitulating AD pathological hallmarks are crucial for gaining a better knowledge on the underlying mechanisms and for testing innovative therapeutic approaches. Translation of successful results in transgenic mice to clinics has shown a high-rate failure and limitations of the model (Drummond and Wisniewski, 2017). Using human cells as experimental models overcomes species differences.
Lately, miRNAs have been emerging as promising therapeutic molecules for brain diseases based on preclinical studies and clinical trials, although it is not clear their specific turnover mechanisms, feasibility, effectiveness, and safety (Ma and Zhao, 2023). Moreover, one of the key issues of miRNAs in therapeutics is their instability and rapid degradation that impair specificity and leads to off-target effects, as well as their difficulty in crossing biological barriers (Zhang et al., 2021). Exosomes have the advantage of crossing the BBB carrying signalling molecules, proteins, lipids, and non-coding RNAs (e.g., miRNAs) that control gene expression in the recipient cells (Cunha et al., 2016; Loch-Neckel et al., 2022). Several studies identified alterations in the miRNA expression profile in AD, and its modulation has successfully demonstrated neuroprotective effects in different models (Sun et al., 2018; Garcia et al., 2022). Mesenchymal and stem cell-derived exosomes have shown therapeutic potential in AD mouse models, as well as in rodent/human neuronal monoculture AD models (Xiong et al., 2021; Huber et al., 2022). Furthermore, exosomes have been loaded with different miRNAs for therapeutic purposes, such as with miR-146a mimic for immunomodulatory effects in rheumatoid arthritis and spinal cord injury (Tavasolian et al., 2020; Lai et al., 2022) or with the miR-155 inhibitor in oral cancer (Sayyed et al., 2021). Similarly, enriched miR-124-3p exosomes were used for diseases such as Huntington’s [generated from transfected HEK 293 cells (Lee et al., 2017)] and Parkinson’s [generated from human umbilical cord blood-derived mononuclear cells (Esteves et al., 2022)], or even for repetitive mild traumatic injury [generated from BV2 microglial cells (Ge et al., 2020)]. As far as we know, only engineered dendritic cell-derived miR-29b-2-exosomes were tested in diseased SH-SY5Y cells and 3xTg-AD mice, as in AD models (Lin et al., 2024).
Therefore, the present work was pioneer in developing miR-124-3p-loaded neuronal exosomes as a strategy to prevent AD progression and in using human neural tricultures in microfluidic devices, allowing cell-to-cell communication between neuron-like (SH-WT human neuroblastoma cells in control experiments or SH-SWE in the AD system), astrocytes and microglia cell lines (IM-HT and HMC3, respectively).
Like other authors, we used SH-SWE cells as an AD model (Joh and Choi, 2017; Fernandes et al., 2018; Garcia et al., 2021; Garcia et al., 2022). The use of the SH-SY5Y neuroblastoma cell line, a cloned subline of a neuroblastoma cell line from a bone marrow biopsy (Feles et al., 2022), has been commonly used, and most of the limitations of the model are associated with the fact that SH-SY5Y cells are undifferentiated (Lopez-Suarez et al., 2022), which was not the case in the present study, due to the differentiation protocol with RA that upregulates neuronal markers and the terminal phenotype (Xicoy et al., 2017). Because they are an immortalized cell line, SH-SWE cells may present carcinogenic factors (Maqsood et al., 2013) and genetic peculiarities that may lead to an unexpected response to a determined insult (Lopez-Suarez et al., 2022). Moreover, this and other cell lines do not mimic microenvironment perturbations. However, this aspect was surpassed using a triculture model that allows interactions between neurons and glial cells. Lately, induced pluripotent stem cells (iPSCs) generated from patient fibroblasts and differentiated into neurons were shown to better reproduce sporadic and familiar cases of AD (Poon et al., 2017), but limitations due to difficult recapitulation of cell ageing and phenotypic variation also need to be overcome (Volpato and Webber, 2020; Jothi and Kulka, 2024). Direct reprogramming minimizes safety concerns due to iPSCs, although poor proliferative ability and low efficiency limit its application (Zhang Y. X. et al., 2022). Therefore, we decided to use SH-WT and SH-SWE cells because they can be maintained in culture for long periods of time, are cost-effective, easy to work, more reproducible, provide more material, and bypass ethical concerns (Garcia et al., 2021). Furthermore, the culture of these cells in our multicompartment microfluidic system coated with poly-D-lysine and laminin allows their expansion, migration, and ramification under more physiologic conditions, if compared to a normal T-flask or Petri dish. Finally, SH-SWE cells were shown to release Aβ1-40, one of the hallmarks of AD (Fernandes et al., 2018).
In our previous studies, we identified that exosomes from SH-SWE cells have increased levels of miR-124, miR-21, and miR-125b, when compared to those from SH-WT cells, which revealed to be internalized by HMC3 microglia (the human microglial clone 3 cell line) after 24 h incubation and to co-localize with lysosomes (Fernandes et al., 2018). These lysosomes revealed to be degraded in the following 24 h. Microglia showed upregulated levels of miR-21, HMGB1, TNF-α, and S100B, thus supporting their activation by SH-SWE-derived exosomes. We also observed the existence of miR-124 in hippocampal microglia (in situ hybridization) from a Braak stage VI AD patient and homogenates (RT-qPCR) from postmortem biopsies of AD patients (Brites, 2020). In these last specimens from Braak stages II–V/VI AD patients, miR-124 upregulation was only observed in Braak stage III. Interestingly, we additionally identified increased miR-124 levels in the cortex, but not the hippocampus, of 3xTg-mice at 3 months, with downregulated levels at 9 months (Fernandes et al., 2022). It should be noted that miR-124 was shown to have neuroprotective properties in AD pathogenesis by targeting β-site APP cleaving enzyme 1 (BACE1) expression (Fang et al., 2012). Elevation of miR-155 in samples of the transgenic mice vs. WT at both 3- and 9-month-old in the cortex and hippocampus (except at the age of 3 months), together with TNF-α, IL-1β, HMGB1, and iNOS gene expression, mainly in the hippocampus, suggests the presence of neuroinflammation in this 3xTg-mouse model.
Although microglia and astrocytes have revealed regional diversity (Grabert et al., 2016; Batiuk et al., 2020), turning interesting to produce cortical and hippocampal regional tricultures, we faced the impossibility to obtain iPSC-derived regional microglial cultures and the limitation that only iPSC-derived cortical astrocytes are described in the literature (Hedegaard et al., 2020). Despite the possibility of modern genetic and cell lineage tracing tools, high-throughput sorting, and high-resolution sequencing technologies (Tan et al., 2020), such issues make it currently unfeasible to carry out regional human tricultures. With this in mind, we decided to proceed with human immortalized HCME3 microglia and human astrocyte (IM-HA) cell lines for tricultures with the SH-SWE and SH-WT human neuroblastoma cells.
Concerning the HMC3 cell line, established through SV40-dependent immortalization of human embryonic microglial cells, cells revealed surface markers, phagocytic properties, and inflammatory responses upon pro-inflammatory stimuli like primary microglia (https://bitesizebio.com/48560/microglial-cell-lines/). It should be noted, however, that the cells in homeostatic conditions were shown to produce significant amounts of reactive oxygen species (ROS) and IL-6 (Dello Russo et al., 2018). HMC3 cells present low-to-absent expression of CD14 and CD11b, like the human iPSC-derived microglia, and positivity for IBA1, Cx3CR1, TMEM119, P2RY12, and TREM2, which validates the model (Fazzina et al., 2024). To mention that when microglia are removed from the brain and placed into a plastic dish, in monoculture, they stop receiving brain-specific signals, such as the release of chemokines by neurons. However, in our triculture model, they were receiving signals from neurons and astrocytes about disturbances on their health, which turns the system a better recapitulation of the in vivo system. In addition, the use of H2O2 in low dose provided a better approximation to the physiologic oxidative exposure that these cells experiment in vivo, when ageing, and surpassed the lack of age-related features typical of immortalized cell lines.
Considering the IM-HA cells, they were established from primary cultures of human cortical astrocytes with a SV40 large T-antigen (https://cells-online.com/product/immortalized-human-astrocytes/). They are supplied as purified astrocytes, produce faster than primary cultures, and grow for extended periods of time. As limitations, they express reduced levels of GFAP but not of S100B and may behave phenotypically like reactive astrocytes (without oligodendrocyte-type 2 astrocyte progenitors’ cells but with vimentin and nestin) (Morita et al., 2021). Similar to all immortalized cells, they differ from “normal” cells because they may express unique gene patterns. Furthermore, when the number of passages increases, immortalized cells may accumulate epigenetic changes (Voloshin et al., 2023). In our study, we only utilized astrocytes in early passages.
Tricultures were delivered into a tricompartmentalized microfluidic system, previously developed (De Vitis et al., 2021), which overcome the low yield of exosomes when generated from monocultures and have the advantage over the coculture mixed system (Park et al., 2018) to facilitate independent microglia–neuron–astrocyte signalling. This tool was the key to assess the effects of ET124 in each human cell type of the AD system. Neurons, microglia, and astrocytes were simultaneously stressed with H2O2 (in AD system) or co-treated with H2O2 + ET124 (in AD + ET124 system), while controls did not receive any treatment. The addition of H2O2 intended to stimulate ageing-associated disease features (Chadwick et al., 2010; Ismail et al., 2016). The model not only recapitulated AD pathological ageing features but also permitted to test ET124 in minimal amounts.
Our decision to upregulate miR-124 in the triculture microfluidic system derived from our previous experiments, where it showed neuroprotective properties (Garcia et al., 2021; Garcia et al., 2022) but also because miR-124 is the most predominant miRNA in the adult brain (Zhang W. H. et al., 2023). It is mostly expressed by neuronal cells and engaged in a variety of biological processes, including neuronal development and differentiation, synaptic plasticity, neurite outgrowth control, and even the acquisition and maintenance of neuronal identity (Yu et al., 2008; Sun et al., 2015). Using experimental in vitro models, we demonstrated that miR-124 inhibition in neurons affects the dendritic spine number and increases APP gene expression (Garcia et al., 2021). In contrast, in neurons differentiated from AD patient-derived iPSCs, miR-124 overexpression not only prevented APP overexpression and oligomerization of toxic amyloid species but also reduced tau phosphorylation and preserved the dendritic spine number (Garcia et al., 2021). Therefore, our ET124 strategy may reveal particularly interesting in patients showing miR-124 downregulation, a condition previously found in hippocampal biopsy samples from AD individuals (Lukiw, 2007; Smith et al., 2011).
Additionally, miR-124-3p also acts through the inhibition of pro-apoptotic factors and by promotion of cellular survival pathways. For instance, miR-124 interacts with the STAT3 pathway, which is crucial for reducing oxidative stress and maintaining mitochondrial function (Geng et al., 2024). We previously demonstrated that neuronal overexpression of miR-124 also exerted a strong paracrine effect over cocultured IFNγ-stimulated microglia, by redirecting their proteomic profile towards a pro-regenerative and anti-inflammatory phenotype, in accordance with other studies (Ponomarev et al., 2011; Garcia et al., 2022). By proteomic analysis, we identified multiple Wilms tumor suppressor gene (WT1) regulators as differentially expressed according to miR-124-3p levels, including the PRKC apoptosis WT1 regulator (PAWR). Since 2011, several authors have demonstrated that miR-124 acts as a powerful immune modulator, suppressing pro-inflammatory microglial responses and inducing anti-inflammatory gene expression via targeting CCAAT/enhancer-binding protein-α (C/EBP-α) (Ponomarev et al., 2011; Yu et al., 2017; Veremeyko et al., 2019). Additionally, miR-124 has been shown to mitigate microglial activation triggered by surgical trauma (Chen et al., 2019) and to mediate morphine-induced inhibition of innate immunity in microglia (Qiu et al., 2015). Furthermore, miR-124 combined with bone marrow-derived exosomes has been shown to inhibit the p38 MAPK signalling pathway, leading to the upregulation of the glutamate transporter GLT-1, mitigating neural apoptosis (Zhuang et al., 2023). Although miR-124 has been poorly explored in AD, there are consistent lines of evidence, supporting its critical role in APP transcription and alternative splicing (Smith et al., 2011; Garcia et al., 2021), BACE1 expression (Fang et al., 2012; An et al., 2017), and tau hyperphosphorylation (Kang et al., 2017; Hou et al., 2020).
In summary, the regulation/modulation of miR-124 was envisaged, in this study, as a potential therapeutic strategy for AD, and the primary endpoint was to develop an exosome-based strategy for miR-124-3p delivery. For this, we first transfected miR-124 in SH-WT cells, followed by the isolation of miR-124-loaded exosomes (CT124), as other authors did with HEK 293 cells (Lee et al., 2017). Alternatively, we directly transfected SH-SW-exosomes with miR-124 (ET124), using Exo-Fect (de Abreu et al., 2021; Esteves et al., 2022). Although ET124 revealed to be the best approach in terms of transfection efficiency, both ET124 and CT124 were tested as cell targeting tools in 2DIV stressed cortical microglia. These microglia isolated from 2-day-old mice, cultured for 21 days in mixed culture with paired astrocytes, and then isolated and cultured for 2DIV revealed a pro-inflammatory phenotype when compared with the stabilized 10DIV microglia (Caldeira et al., 2014). In this condition, we could realize that both CT124 and ET124 modalities succeeded in raising microglial miR-124-3p expression levels, although ET124 was 20-fold more efficiently delivered than CT124. This finding is in line with studies from Abreu and colleagues, when several miR-155 loading processes were used and direct exosome transfection with Exo-Fect was shown as the best procedure (de Abreu et al., 2021). Our finding on increased ET124 internalization vs. CT124 may later deserve membrane lipidomic studies and elucidation of the engulfment process by electron microscopy.
Microglial phenotypes are governed by the surrounding environment and may show different coexistent phenotypes in neurodegenerative diseases, such as AD (Moore et al., 2015; Prater et al., 2023). Microglial upregulation of Nos2 gene (encodes for iNOS) upon treatment with both the mock and CT124 exosomes but not with ET124 suggests a selective response to those exosome preparations, impacting on the generation of ROS and inflammation (Sierra et al., 2014). On the other hand, the higher Arg1 upregulation by ET124 vs. CT124 indicates their increased anti-inflammatory potential, once Arg1 showed to antagonize iNOS in myeloid cells (Shosha et al., 2023). In the same way, Trem2 upregulation by ET124 vs. CT124 is in line with an enhancement of microglial phagocytosis (Akhter et al., 2021). TREM2 was shown to be fundamental for promoting microglial activation in Aβ and tau pathologies and considered a target to restore homoeostatic microglia (Qin et al., 2021). These data favour ET124 over CT124 in supporting a neuroregenerative microglia subtype.
Co-expression patterns of microglia markers Iba1 and P2Ry12 were found in AD, and phenotypes Iba1high and P2RY12low were identified around Aβ plaques associated with cell activation and impaired phagocytosis. Microglia showing P2RY12high are associated with the homeostatic state, having motility and migration potential abilities, while also occurring in early stages of activation and far from Aβ plaques (Gomez Morillas et al., 2021; Kenkhuis et al., 2022). Specifically, all incubations with exosomes attenuated Iba1, despite the strongest efficiency of ET124. The profile was the inverse for the P2ry12 expression, where the decrease was only produced by CT124. By upregulating microglial P2ry12 levels, ET124 further validated their promise as a therapeutic strategy.
Neurons are implicated in cognitive functions mediated by a complex and dynamic circuitry based on synaptic communication (Pan and Monje, 2020). Microglia and astrocytes coordinate each other and orchestrate most of the brain’s inflammatory properties, with a direct participation on neuronal function (Garland et al., 2022). Therefore, to further explore the ET124 effects, we developed a novel advanced microfluidic system featuring human neuron–microglia–astrocyte tricultures, where SH-SWE cells and H2O2 (at low concentrations) were intended to recapitulate age-associated AD, as aforementioned. Several optimizations were necessary to establish functional tricultures in the tricompartmentalized microfluidic device. In addition to the definition of the most appropriate coating for the three cell types, we readjusted the media composition, as detailed in Material and methods. L-glutamine (a normal constituent in microglia media) was avoided due to potential side effects in the neuronal cells, including excitotoxicity and calcium dysregulation (Al-Nasser et al., 2022). Another optimization was the relative proportion of neurons/microglia/astrocytes in the tricultures. We employed 50% neurons, 30% astrocytes, and 20% microglia (5:3:2 ratio) that showed better stability during the 48 h of the triculture. The microfluidic device with microchannels of 5 µm in width, 2.5 µm in height, and 50/250 µm in length was fabricated (De Vitis et al., 2021) to allow the passage of neurites (more easily with 50 µm length for some specific studies), cell-derived growth factors, and exosomes, as ET124. Such reduced dimensions provided the optimal tool in only requiring a small number of cells and exosomes, in contrast with other proposed systems (Bruce et al., 2015; Hajal et al., 2022).
Inflammation, ageing, and oxidative stress are mutually perpetuated in AD, contributing to the disease progression. These features were reproduced in our age-AD model with the SH-SWE cells and mild H2O2 concentration (van Rensburg et al., 1997; Milton, 2004; Wang et al., 2023). The addition of H2O2 was shown to induce cell stress and senescence (Chadwick et al., 2010). Downregulation of miR-124-3p in the monocultured SH-SWE cells (Supplementary Figure S3) was not observed in the triculture system, suggesting the presence of compensatory mechanisms by the glial cells, which are known to protect neurons against oxidative stress (Iwata-Ichikawa et al., 1999).
Following the administration of ET124 into the triculture system, its higher accumulation in the microglial compartment confirms the suggested tropism of neuron-derived exosomes for microglia (Bahrini et al., 2015; Peng et al., 2021). Furthermore, our study revealed that ET124 prevents neuronal death and inhibits late apoptosis in the AD triculture system, maintaining viability levels comparable to control. Such neuroprotective effects of ET124 were further evidenced by mitigating caspase-12, a protein known to respond to both amyloid toxicity and H2O2 oxidative stress in the AD context (Nakagawa et al., 2000; Quiroz-Baez et al., 2011). Hence, such mitigation of caspase-12 in neurons from the AD triculture model treated with ET124 is elucidative of the neuroprotective potential of miR-124 in mitigating ER stress and related apoptotic pathways previously mentioned.
The activation of NF-κB, described as implicated in Aβ deposition, neuroinflammation, and neurodegeneration (Sun et al., 2022), was inhibited by ET124 in astrocytes, despite the pronounced translocation exhibited by neurons and microglia in the AD triculture system. Intriguingly, ET124 had limited impact on the expression of mitochondrial fusion and fission genes, as well as in the proliferation marker Ki-67. These findings underscore the mitochondria neuroprotective effects under a slight rise of mitochondrial ROS associated with preconditioned tolerance (Correia et al., 2010).
Upon acute or chronic stimulation, microglia undergo context- and temporal-dependent changes that modify their morphology and inflammatory signature, becoming activated (Clarke and Patani, 2020). Sometimes, such an activation profile can be neurotoxic by excessive neuroinflammation that impairs neurons and astrocytes (Brites, 2020). Indeed, microglia in our AD microfluidic tricultures exhibited such morphological changes, manifested by a decreased cell area and perimeter but an increased cell circularity. In addition, TREM2 downregulation, together with the low P2RY12 immunofluorescence in microglia at the AD microfluidic chips, indicate impaired phagocytic capacity, activation, and metabolism (Akhter et al., 2021). In AD, TREM2 promotes the clearance of neuronal toxic products (Li et al., 2022), being essential for the response to Aβ plaque-induced pathology (Ulland and Colonna, 2018). Furthermore, microglia from the AD microfluidic triculture exhibited upregulation of HLA-DRA (MHCII coding gene), ARG1, and S100B, consistent with activation and adaptive immune cell characteristics. ET124 treatment effectively increased microglial miR-124 levels and prevented alterations in their morphology, as well as in the expression of P2RY12, TREM2, HLA-DRA, and HMGB1. Such effects minimized the AD-related molecular signature and supported the preservation of neuroreparative and functional microglia. Future studies should additionally investigate the benefits of ET124 on the accumulation of microglia and neuronal lipid droplets, as well as in the dysfunctional inflammasome–autophagy interplay, as characteristic AD features (Claes et al., 2021; Lu et al., 2022; Li et al., 2024).
Neuronal expression of miR-124 is known to mediate neurite outgrowth by regulating genes involved in cytoskeleton organization (Yu et al., 2008). Indeed, such effects were observed in the AD triculture system, with the ET124 treatment sustaining neurite outgrowth in terms of number, length, and transmigration into other compartments. Furthermore, increased neuronal NOS1 expression in the AD triculture system recapitulated data from postmortem AD patient samples, characterized by increased oxidative stress and activated glia (Luth et al., 2002). Remarkably, ET124 not only counteracted such NOS1 overexpression but also further extended their benefits by partially recovering the expression of presynaptic (SYN) and post-synaptic (DLG4) genes, potentially improving synaptic function that is critically impaired in AD (Heffernan et al., 1998; Sultana et al., 2010). ET124 also switched miR-146a expression from negative towards positive levels, in accordance with the direct correction found in previous studies from our group (Vaz et al., 2021).
Astrocytes, in combination with microglia, contribute to homoeostasis, immune response, BBB regulation, and synaptic dynamics. Communication between microglia and astrocytes influences and coordinates each other and their effects on neural function and disease (Garland et al., 2022). In AD, astrocytes undergo morphological, molecular, and functional changes, designated as astrogliosis, becoming harmful to both neurons and microglia (Smit et al., 2021). Our data in the AD microfluidic system robustly support an increased astrocyte reactivity, based on the altered morphological changes and augmented GFAP, GJA1, AGER, and S100B gene expression levels together with their correspondent protein immunofluorescence detection, commonly identified in AD (Monterey et al., 2021). Importantly, AD astrocytes revealed a marked downregulation of miR-124-3p, miR-146a-5p, and miR-125-5p, implicated in AD-associated reactive astrocytosis and observed in AD patients (Iyer et al., 2012; Yashoa and Nabi, 2022; Papadimitriou et al., 2023). It should be noted that astrocytic miR-124-3p/miR-125b-5p/miR-146a-5p showed to be intercorrelated. Specifically, these astrocytic miRNAs not only correlated with neuronal miR-146a-5p and miR-125b-5p but also with microglial miR-124-3p, supporting intercellular crosstalk. Remarkably, treatment with ET124 prevented morphological changes in AD astrocytes, counteracted S100B increased expression levels, and upregulated miR-124-3p/miR-146-5p/miR-125b-5p. The regulatory effects of ET124 were also observed in the downregulation of astrocytic miR-155-5p, whose increased expression in astrocytes is associated with a pro-inflammatory medium (Korotkov et al., 2020) and of miR-21-5p that was shown to be associated with multiple AD-associated pathologies (Kim et al., 2023). In summary, these data suggest ET124 immunoprotective effects on AD astrocytes.
Collectively, this study shows that the direct transfection of neuronal exosomes with miR-124 (ET124) is more efficient than the cell transfection to obtain miR-124-loaded exosomes (CT124). Likewise, it also supports the therapeutic benefits of delivering ET124 into an age-AD in vitro triculture model by preserving neurite outgrowth and viability, as well as neuron–glial cell morphology and overexpression of inflammatory markers, including miRNAs, as schematized in Figure 8. It was also clear that ET124 are increasingly phagocytosed by the microglia from mouse cortical primary cultures than CT124, suggesting that direct transfection with miR-124 may cause exosomal membrane modifications that facilitate recognition by microglial cells, an issue to be explored in the upcoming future.
[image: Comparison graphic illustrating the effects of AD versus AD+ET124. The left panel shows AD with red microglia, indicating neuroimmune imbalance, and reactive astrocytes with increased HLA-DRA and decreased STMN4. Neurons display neurite atrophy and synaptic imbalance. The right panel shows AD+ET124 with green microglia, indicating neuroprotection, and neuroprotective astrocytes with decreased HLA-DRA and increased STMN4. Neurons show improved viability, increased neurite outgrowth, and synaptic markers. The presence of ET124 shows positive modulation of cellular profiles.]FIGURE 8 | Schematic representation of the main alterations observed in the age-AD like model with microfluidic neural tricultures and the emerging role of miRNA-124-loaded exosomes (ET124) as novel therapeutics in Alzheimer’s disease (AD). Data were obtained from neuron–glia human tricultures in tricompartmentalized microfluidic devices, allowing communication between neuron-like (SH-WT human neuroblastoma cells in control, or SH-SWE in AD system), astrocytes, and microglia human cell lines (IM-HT and HMC3, respectively). The three cell types were simultaneously stressed with H2O2 (in AD system), co-treated with H2O2 + ET124 (in AD + ET124 system), while control devices did not receive any treatment. The age-AD model (left panel, AD) depicts the most relevant alterations obtained in neuron-like cells, as well as in astrocytes and microglia, in the AD triculture model, which are predominantly associated with glial activation, oxidative stress, and neuroinflammation (including the presence of inflammatory-associated miRNAs). Treatment with ET124 (right panel, AD + ET124) that triggered the upregulation of miRNA-124 in all cell types; prevented alterations in neurite outgrowth, synaptic imbalance, and cell demise; as well as the appearance of inflammatory markers and miRNAs, thus sustaining neuroprotective glial phenotypes. Therefore, ET124 reveals to be a potential therapeutic tool capable of fostering neuroprotective effects through its unique capacity to modulate the neuron–glia immune response in the context of AD. AD, Alzheimer’s disease; ET124, exosomes isolated from the SH-WT cell secretome after transfection with miR-124-3p mimic; SH-WT, wild-type human SH-SY5Y cells; neurons, SH-SWE, SH-SY5Y cells expressing the APP Swedish variant; Microglia (human CHME3 cell line); astrocytes; IM-HA, immortalized human astrocyte; NF-κB, nuclear factor kappa of activated B cells; S100B, S100 calcium-binding protein Β; HLA-DRA, major histocompatibility complex class II (MHC-II)-coding gene; ARG1, arginase-1-coding gene; P2RY12, purinergic P2Y12 receptor-coding gene; TREM2, triggering receptor expressed on myeloid cells 2-coding gene; HMGB1, high mobility group box protein 1-coding gene; GFAP, glial fibrillary acidic protein-coding gene; AGER, advanced glycation end product receptor-coding gene; GJA1, gap junction protein alpha 1 gene (coding for connexin 43); MFN2, mitofusin2 mitochondrial gene; SYP, synaptophysin-coding gene; DLG4, postsynaptic density protein 95 (PSD95)-coding gene; CASP12, caspase-12; NOS1, neuronal nitric oxide synthase-coding gene; TNF, tumour necrosis factor alpha-coding gene (Created with BioRender.com).
To approach the clinic translation, we are now using intra-orbital injection of ET124 in 9-month-old 5xFAD mice, which exhibited the most harmful interrelationships between miRNAs and gene expression levels associated with neurodegeneration and neuroinflammation (Ianni et al., 2024). Preliminary results suggest a recovery in spatial learning and memory in the animals injected with ET124 when compared to treatments with PBS alone or empty exosomes (unpublished data). Hippocampal and brain cortex samples already collected will further elucidate the regional aspect of the treatment and the eventual regeneration of the homoeostatic balance, following ET124 administration. Neuronal/glial/inflammatory markers selected from the Ianni et al., published study will be then investigated for preclinical validation of the miR-124-engineered neural exosomes. In addition to using the 5x FAD mice, we do not discard that additional models recapitulating AD pathogenesis may be required to enhance the robustness and reliability of this study conclusions. Moreover, numerous challenges should be addressed before bringing therapeutic miRNAs into clinical practice due to potential immunogenic reactions and off-target effects. Indeed, none of the miRNA-based therapeutics reached phase III clinical trials or was approved by the US Food and Drug Administration (FDA) so far (Seyhan, 2024). Finally, our innovative microfluidics-based triculture platform holds promise to assist as a detection tool in patient-centric stratification care, as recently proposed (Hauser et al., 2023), namely, in AD patients presenting innate immune activation or RNA dysregulation, recently categorized as pathophysiological subtypes 2 and 3, respectively (Tijms et al., 2020). Patients with defective miR-124 expression in neural cells (generated by transdifferentiation or iPSCs-derived), in monocultures, or in tricultures can then be treated with ET124. Ideally, in the future, ET124 can be even prepared from the patient cells to avoid treatment with immunosuppressors, although their applicability in clinical settings still requires further research. Microfluidic tricultures may additionally serve in the development of more precise immunotherapeutic agents, including exosome-based therapies, aligning with advancements in the precision medicine field and learning-assisted algorithmic analysis (Hua et al., 2024).
5 CONCLUSION
As far as we know, this research pioneers the impact of miR-124-engineered exosomes (ET124) in regulating the interactions between neurons, microglia, and astrocytes in an age-AD model supported by a microfluidic triculture system. The study offers novel proof, concerning the role of miR-124-loaded exosomes as an innovative tool in neurodegenerative diseases and highlights their therapeutic potential for AD by attenuating/suppressing neurodegeneration and neuroinflammation, as well as by potentially preventing disease dissemination through paracrine signalling regulation. In future studies, we will address the underlying mechanisms of ET124 treatment (and potentially other exosome-based formulations) in the 5xFAD mouse model and AD patient iPSC-derived brain cells. Lastly, the present study provides a prognostic assessment tool that can be used for patient-personalized medicine and as a foundation for future exosome-based therapeutical strategies and their clinical applications for counteracting AD progression.
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Background

The aim of this study was to evaluate the association between miR-34 family expression and overall survival (OS) and progression-free survival (PFS) in women with ovarian cancer.





Methods

Literature searches were conducted using databases such as PubMed, Cochrane Library, EMBASE, Web of Science, Wanfang, and CNKI to identify studies reporting pooled hazard ratios (HRs) and 95% confidence intervals (CIs) examining the relationship between miR-34 family expression and overall survival (OS) or progression-free survival (PFS) in female patients with ovarian cancer. All potentially relevant studies were assessed and then pooled.





Results

There were a total of seven literatures included in this systematic review and meta-analysis, which included 672 women. There was a significant improvement in survival for women with ovarian cancer when miR-34s expression was higher (OS, HR = 0.70, 95% CI:0.57–0.86; PFS, HR = 0.48, 95% CI:0.31–0.75). A subgroup analysis of miR-34 family members showed that differences between groups greatly affected PFS (HR = 0.50, 95% CI: 0.40–0.63).





Conclusion

Based on the results of this review, it appears that ovarian cancer women with high expression of miR-34s may have a better chance of surviving.

Systematic Review Registration: PROSPERO (CRD42024499203).





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42024499203.
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1 Introduction

Among female reproductive system tumors, ovarian cancer is the most common, and it is one of the most aggressive (1). Ovarian cancer is usually diagnosed at an advanced stage with a poor prognosis due to the absence of clinical symptoms in the early stages and the high failure rate of chemotherapy (2). It is estimated that in 2020, there will be around 3,13,959 new cases of ovarian cancer globally, with an incidence of 6.6 and a mortality rate of 4.4, according to the data survey (3). In spite of improvements in survival rates for women with ovarian cancer in the past few decades, the 5-year survival rate for women with stage I epithelial ovarian cancer remains below 30%. It is well known that the miR-34 family (miR-34s) is essential for the pathogenesis of epithelial ovarian cancer, and its inactivation might have significant implications for its progression (2). Therefore, in order to improve the prognosis of ovarian cancer patients, biomarkers relating to prognosis must be identified and new therapeutic targets explored.

There are approximately 22 nucleotides in the length of microRNA (miRNA; miR) that are endogenous non-coding RNA. The miRNA negatively regulates gene expression at the post-transcriptional and translational levels, and plays a significant role in cancer progression (4). miR-34s is a family of three miRNAs that is encoded by two different genes in the human body, miR-34a, miR-34b, and miR-34c. There is an individual transcript for miR-34a on chromosome 1p36.22; however, miR-34b and miR-34c share the same chromosome 11q23.1 for transcription and expression (5). Several processes in tumor development are regulated by the tumor suppressor miR-34s, which is low expressed in most tumors, including proliferation, migration, invasion, metabolism, apoptosis, and cancer stem-cell formation, cell cycle progression, epithelial mesenchymal transformation, and so on, the result is an inhibition of tumor growth and metastasis (2, 6). Direct transcriptional targets of p53 have been shown to be miR-34a and miR-34b/c (7). According to Hannah Welponer et al. (8)show that The levels of miR-34a/b/c in ovarian cancer were found to be significantly decreased compared to control tissues (p=0.002, p<0.001, p<0.001, respectively). Furthermore, the expression of each member of the miR-34 family was determined to have independent prognostic significance in relation to progression-free survival (PFS) (miR-34a: HR=0.6, p=0.033; miR-34b: HR=0.2, p=0.001; miR-34c: HR=0.3, p=0.002, respectively). It was determined that miR-34b (HR=0.4, p=0.016) and miR-34c (HR=0.6, p=0.049) have a prognostic value for overall survival (OS). Research conducted by Jia et al. (9) found no correlation between the presence of miR-34a and overall survival (HR=1.407, p=0.929) or progression-free survival (HR=0.855, p=0.727) in individuals with epithelial ovarian cancer. However, a study by Song et al. (10) found significant effects of tumor size, FIGO stage, histological type, and miR-34c expression on overall survival in ovarian cancer patients. An analysis of multivariate data found a significant association between miR-34c expression and shorter OS time (p=0.038). Consequently, it is necessary to evaluate miR-34s expression and ovarian cancer survival through meta-analysis in order to determine the diagnosis and prognosis assessment of the miR-34s.

In this study, in order to obtain more accurate information about the prognosis of ovarian cancer, miR-34s expression needs to be further studied. Reviewing relevant literature and using systematic reviews and meta-analyses to assess miR-34s prognostic value in ovarian cancer was the goal of this study.




2 Materials and methods



2.1 literature search strategy

We searched six electronic databases was conducted for studies published from 2007 until April 2023. and their creation (PubMed, Cochrane Library, EMBASE, Web of Science, Wanfang, and CNKI) for relevant literature. Based on the PICOS tool, a search strategy was formulated: (P) Population: Ovarian cancer patients; (I) Intervention: high expression of miR-34s; (C) Comparator: low expression of miR-34s; (O) Outcomes: OS or PFS; (S) Study Design: retrospective or prospective studies. An overview of the search strategy can be found in Table 1 and Supplementary Materials (The example used here is PubMed).

Table 1 | PubMed database strategy to conduct searches.


[image: A table showing search strategies with multiple rows. Row #1 includes MeSH terms for "Ovarian Neoplasms" and "Carcinoma, Ovarian Epithelial". Row #2 expands on ovarian neoplasm-related terms. Row #3 combines rows #1 and #2 with "OR". Row #4 lists MeSH terms for "MIRN34 microRNA, human". Row #5 elaborates various microRNA terms. Row #6 combines rows #4 and #5 with "OR". Row #7 synthesizes rows #3 and #6 with "AND".]



2.2 Inclusion criteria

The results of studies were included if they evaluated the following: (1) OS/PFS of ovarian cancer patients and miR-34s expression; (2) A sufficient amount of information was provided to calculate hazard ratios (HRs) and 95% confidence intervals (CIs); and (3) Retrospective or prospective studies.




2.3 Exclusion criteria

(1) Data that is incomplete or unreported in studies; (2) Study results from non-observational studies[including reviews, cell experiments, animal experiments, correspondence, protocols, conference abstracts, or case reports.




2.4 Study selection

Utilizing the literature management software NoteExpress 3.8, we screened and excluded the literature. Research was conducted by two researchers to identify duplication, review papers, conference papers, protocols, and correspondence in the literature. It was then determined which literature should be included and which should be excluded by two researchers after reading the abstracts. Finally, literature not included in the study was read in full by both researchers and was identified for inclusion. This process involved both researchers screening the literature independently, then comparing the remaining literature. Those who remained the same were included, and those who differed were brought in to discuss and resolve the differences.




2.5 Data extraction

Data were extracted independently by two reviewers. Data were collected using nine standardized and preselected data extraction forms under the following headings for inclusion in the study: (1) author, (2) date of publication, (3) nation,(4) Study design,(5) miRNA, (6)miRNA cut-off value,(7) disease type, (8) mean age, (9) sample size, (10) assay, and (11) outcome. A 95% CI and p value are provided for the HRs of miR-34s expression for OS and PFS. In the absence of direct reporting of HR and 95% CI, we calculated them based on the number of reported patients and events observed in each group. The HRs were estimated from graphical survival plots if only Kaplan-Meier curves were available (11). In cases where univariate and multivariate analyses were reported simultaneously, only the multivariate analysis was analyzed. Due to the fact that multivariate analysis accounted for confounding factors, the results were more valuable. It was resolved through discussion among the first three authors that differences over data extraction could be resolved.




2.6 Individual studies may be biased

To evaluate included studies, independent researchers used the Newcastle Ottawa scale (NOS), a method for assessing the quality of observational studies and non-randomized trials. Study groups are compared based on three factors: participant selection, comparability of results, and outcome assessment. In total, nine stars were awarded, one for each item, with the exception of the item “Comparability of cohorts based on design or analysis,” which was awarded two stars. Studies with quality scores less than 6 are considered low-quality studies. A study with a quality score of at least 6 is considered to be included in the meta-analysis. This meta-analysis follows the PRISMA guidelines. Under registration number CRD42024499203, it is registered with PROSPERO (International Register of Prospective Systems Evaluation).




2.7 Data analysis

A comprehensive statistical analysis was conducted using RevMan 5.4 software. OS and PFS were defined as the primary outcome indices. The hazard ratio (HR) and its corresponding 95% confidence interval (CI) were utilized as effect indices, calculated using the inverse variance (IV) method.

To assess the heterogeneity among included studies, we applied Cochran’s Q test and calculated the I² statistic (12). If the I² value was less than or equal to 50% and the p-value was greater than or equal to 0.1, it indicated no significant heterogeneity among studies, and a fixed effects model was employed for the meta-analysis. Conversely, if the I² value exceeded 50% and the p-value was less than 0.1, indicating significant heterogeneity, we opted for a random effects model. In the event of high heterogeneity, we conducted subgroup analyses stratified by individual members of the miR-34 family (miR-34a, miR-34b, and miR-34c) to explore potential sources of variability. Additionally, we performed sensitivity analyses to further investigate the origin of the observed heterogeneity. To address the possibility of publication bias, we generated funnel plots for visual assessment.





3 Results



3.1 Study and identification and selection

An additional two literatures were manually searched in addition to 85 literatures retrieved from six electronic databases. Following the elimination of duplicates, to review the remaining 78 literatures, we read their titles and abstracts, and 34 papers were then excluded again. In total, 34 literatures were read in full, but 27 literatures were excluded (due to incomplete data, review, cell experiment, animal experiment, and interventions included in the review were not met). A total of 7 literatures remain for inclusion in this study. During the period 2009 to 2020, there were 7 literatures published including 672 ovarian cancer patients. Different ethnic groups were involved: 3 from China, 3 from Austria and 1 from Canada. miRs were mainly expressed in tissue samples. The detection method was qRT-PCR. In all 7 studies, 6 studies had survival indicators of OS and 5 studies had survival indicators of PFS. As shown in Figure 1, the included studies have a variety of characteristics.

[image: Flowchart depicting a systematic review process. A total of 85 records are identified through database searching and 2 from other sources. After removing 9 duplicates, 78 records are screened, with 44 excluded. Of the 34 full-text articles assessed for eligibility, 27 are excluded due to incomplete data (7), review (1), cell experiments (4), animal experiments (1), and failure to meet interventions (14). Seven studies are included in qualitative synthesis and meta-analysis.]
Figure 1 | A flow chart for the systematic review process according to PRISMA.




3.2 An assessment of the quality of the included studies

7 literatures were eligible for inclusion, of which one was of low quality and eight were of medium quality, mainly because none of the papers described the non-response rate (Table 2).

Table 2 | The meta-analysis included the following characteristics.


[image: A table displays research studies on miRNA in ovarian cancer, including author, year, nation, study design, miRNA type, median cutoff, disease type, patient age, sample size, assay type, outcomes, and Newcastle Ottawa scale (NOS) score. Studies span Canada, Austria, and China from 2009 to 2020. Outcomes assessed are overall survival (OS) and progression-free survival (PFS). NOS scores range from six to eight.]



3.3 Meta-analysis for miR-34s



3.1.1 OS

Since there was no heterogeneity in the included literatures (I2 = 35%<50%, p>0.1), the analysis was conducted using a fixed-effects model. There was an association between higher miR-34s expression and improved OS (HR = 0.70,95% CI 0.57-0.86, Figure 2A) in women with ovarian cancer.

[image: Forest plots labeled A and B present meta-analysis results showing hazard ratios. Plot A uses a fixed effect model with studies from Dong-2016 to Welponer-2020, showing an overall hazard ratio of 0.70 [0.57, 0.86], and moderate heterogeneity (I² = 35%). Plot B uses a random effects model from Lee-2009 to Welponer-2020, showing an overall hazard ratio of 0.48 [0.31, 0.75], with significant heterogeneity (I² = 72%). Each plot provides individual study weights and confidence intervals.]
Figure 2 | Patient survival plots for miR-34s expression in relation to overall survival (A) and progression-free survival (B).




3.3.2 PFS

Due to heterogeneity among the included literatures (I2 = 72%>50%, p <0.1), analyzing the data was done using a random effects model. According to the results, ovarian cancer patients with higher miR-34s expression had significantly better PFS (HR = 0.48,95% CI 0.31-0.75, Figure 2B).





3.4 Subgroup analysis

Since the outcome indicator PFS had significant heterogeneity, we conducted subgroup analysis to find the causes of heterogeneity. According to a stratified analysis by miR-34s member type, studies in the miR-34a and miR-34c groups showed no heterogeneity, while the heterogeneity between the three groups reached a high degree (I2 = 67%, p<0.1, Figure 3), indicating that differences in the groups would greatly affect the results of meta-analysis.

[image: Forest plot showing hazard ratios for studies on miR-34a and miR-34c. Each study lists log hazard ratios, standard errors, and weights. Subtotals indicate miR-34a with a hazard ratio of 0.68 and miR-34c with 0.30. Overall, the total hazard ratio is 0.50, favoring experimental treatment.]
Figure 3 | Plots showing specific miR-34s member expression and progression-free survival in ovarian cancer subgroups.




3.5 Sensitivity analysis and publication bias

An analysis of OS and PFS sensitivity was conducted by eliminating individual studies, and it was found that no study had a significant impact on the overall results, and the results were relatively stable. According to both OS and PFS publication bias tests, it was found that the funnel plot was roughly symmetric and that there were no significant publication biases (Figure 4).

[image: Two funnel plots labeled A and B compare the standard error of the logarithm of the hazard ratio with the hazard ratio itself. Plots show circles representing data points symmetrically distributed around a central vertical dashed line, with dashed lines on either side forming a funnel shape. Each plot appears similar with slight variations in data point distribution.]
Figure 4 | The overall survival and progression-free survival of miR-34s are depicted in a funnel plot (A, B).





4 Discussion

Researchers have examined the relationship between miR-34s expression and survival in ovarian cancer patients. A total of 87 literatures were collected through six database and other ways, and 7 literatures were finally included. Firstly, a NOS quality assessment was conducted on the seven included studies, which were generally deemed to be of high quality. A pooled analysis of nine studies with 672 women, higher expression of miR-34s significantly increased OS and PFS for patients with ovarian cancer. Based on the significant heterogeneity of the outcome indicator PFS, stratified analysis by miR-34s member types identified miR-34a and miR-34c expression levels are higher as significantly associated with increased PFS. Lastly, sensitivity analysis found that no single study had a significant impact on overall results, and that the results were relatively stable and reliable. Using a publication bias test, the funnel plot was found to be roughly symmetrical, without evidence of publication bias.

The meta-analysis of research studies revealed that miR-34s expression was associated with a significant improvement in ovarian cancer patients’ OS and PFS. These findings align with the results reported by Schmid et al. (15), indicating that ovarian cancer cases with reduced miR-34a expression exhibited a decrease in PFS (p = 0.039) and OS (p = 0.016). Researchers have found that miR-34s expression levels are lower in cancerous tissues than non-tumorous tissues in ovarian cancer tissues (8). Ovarian cancer exhibiting elevated miR-34a and miR-34c levels may demonstrate reduced malignant potential, decreased invasiveness, and limited dissemination (8). Kwan et al. (17) observed there is a notable decrease in miR-34s expression in a number of malignant tumors, including breast cancer and colon cancer. They further demonstrated that this downregulation facilitated tumor suppression by modulating key molecular pathways involved in tumorigenesis. Inhibition of lung squamous cell carcinoma proliferation, migration, and invasion was associated with high miR-34s expression, according to Sun et al. (18) By targeting miR-34c, Wang et al. (19) demonstrated in vivo and in vitro that miR-34c inhibited malignant behaviors such as invasion, migration, proliferation, and epithelial-mesenchymal transformation of nasopharyngeal carcinoma. According to Elena et al. (20), it is possible that miR-34a can serve as an important indicator of recurrence in patients with non-small cell lung cancer. The diminished expression of miR-34s in osteosarcoma and hepatoblastoma has been correlated with an unfavorable prognosis (21, 22). Hence, it is believed that reduced miR-34s expression is a crucial factor in the initiation and progression of tumor growth.

We acknowledge that the heterogeneity for PFS in our study was high (I² = 72%), indicating significant differences among the included studies. To explore potential sources of this heterogeneity in more detail, we conducted a subgroup analysis to evaluate the impact of different RNA families on the results. Subsequently, we found that after performing the subgroup analysis, the I² value decreased to below 50%, suggesting that these subgroupings explain a substantial part of the heterogeneity. miR-34s represent the initial miRNA identified as being directly regulated by p53, with miR-34a demonstrating the most pronounced level of regulation by p53 (23). Furthermore, p53 and miR-34a expression is influenced by various indirect regulatory factors; for instance, miR-34a can enhance p53 activity by downregulating the expression of SIRT1, a NAD-dependent deacetylase involved in information regulation. Following the inhibition of p53 protein transcription, there is a subsequent down-regulation of p53 protein activity during the process of deacetylation (5, 24). In the context of epithelial-mesenchymal transition (EMT), miR-34 plays a crucial role by regulating the transcription factor Snail, which is pivotal in promoting EMT and invasion (16, 25). Additionally, miR-34a has been shown to negatively regulate E2F3a, a key transcription factor that promotes cell proliferation and facilitates the G1/S transition. In ovarian cancer cells, knockdown of miR-34a resulted in a significant increase in E2F3 expression, highlighting its role in cell cycle regulation (14). Moreover, miR-34a’s role extends to apoptosis, where its expression can influence apoptotic pathways, promoting cell death in cancer cells. This suggests that miR-34a not only acts as a tumor suppressor through cell cycle arrest and EMT regulation but also enhances apoptosis, thereby contributing to the suppression of malignant characteristics in ovarian cancer. For example, upregulation of miR-34a-5p has been shown to suppress the malignant characteristics of ovarian cancer cells by targeting TRIM44, impeding the advancement of the disease (26).Additionally, the miR-34 family members exhibit co-targeting of MET, a receptor protein tyrosine kinase, which influences the motility and invasion of epithelial ovarian cancer (27).Research has identified that MET is a target of miR-34c, enhancing the anti-tumor efficacy of cisplatin in ovarian cancer cells (28).In a study by Lu et al. (29), reverse transcriptional quantitative PCR demonstrated a significant reduction in exosome miR-34b expression in ovarian cancer cells, suggesting that exosome-derived miR-34b can diminish cell proliferation and hinder EMT in the SKOV3 ovarian cancer cell line. Based on these mechanistic studies, the findings collectively emphasize the importance of miR-34s in the cellular biology of ovarian cancer, particularly regarding their suppressive impact on proliferation, invasion, and promotion of apoptosis.

According to Kumar et al. (3), a MeDIP-NGS analysis revealed significant decreases in the relative expression levels of microRNA-34a in both tissue and serum samples of early epithelial ovarian cancer (p<0.0001). Furthermore, the functional analysis of microRNA-34a demonstrated that patients with stage III-IV and I-II epithelial ovarian cancer (EOC) had areas under curves of 92.0 (p<0.0001) and 82.7 (p<0.0001), respectively, suggesting that serum samples from these patients may be useful for monitoring cancer progression. In summary, miR-34s may serve as potential biomarkers in the diagnosis and prognosis of ovarian cancer. However, limitations such as varying sample sources, a paucity of literature, and inadequate sample sizes within studies may compromise the statistical robustness of miR-34s’ prognostic value. By controlling for certain objective conditions, it is feasible to accurately forecast the prognosis of miR-34s expression in ovarian cancer.



4.1 The advantages

To our knowledge, this is the first systematic review and meta-analysis of miR-34s’ prognostic value in ovarian cancer. From the methodological aspect, we conducted a two-person assessment, searched 6 databases, and further collected the literature comprehensively. We formulated inclusion and exclusion criteria according to PICOS principle, and the literature quality was relatively high.




4.2 The limitations

Due to the limited number of studies included in our analysis, consisting of three from China, three from Austria, and one from Canada, the data available for certain analyses and subgroup analyses was deemed insufficient. The findings of this study necessitate additional validation through large-scale, multicenter, multi-factorial, and high-quality clinical studies. Secondly, the potential for bias in the study may be influenced by variations in geographic regions and racial demographics. Thirdly, factors such as age, family history, and weight may also introduce bias.





5 Conclusions

Based on the results of this review, miR-34s could potentially serve as a prognostic indicator for an improved survival outcome for female ovarian cancer patients. However, due to the constraints of the present analysis, it is advisable to exercise caution when interpreting the conclusions. Additional clinical trials with rigorous methodology, a substantial sample size, and an extended follow-up period are necessary to further elucidate the prognostic significance of miR-34s expression in ovarian cancer.
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Although various treatment options are available for prostate cancer (PCa), including androgen deprivation therapy (ADT) and chemotherapy, these approaches have not achieved the desired results clinically, especially in the treatment of advanced chemotherapy-resistant PCa. The PI3K/AKT/mTOR (PAM) signaling pathway is a classical pathway that is aberrantly activated in cancer cells and promotes the tumorigenesis, metastasis, resistance to castration therapy, chemoresistance, and recurrence of PCa. Noncoding RNAs (ncRNAs) are a class of RNAs that do not encode proteins. However, some ncRNAs have recently been shown to be differentially expressed in tumor tissues compared with noncancerous tissues and play important roles at the transcription and posttranscription levels. Among the types of ncRNAs, long noncoding RNAs (lncRNAs), microRNAs (miRNAs), circular RNAs (circRNAs), and Piwi-interacting RNAs (piRNAs) can participate in the PAM pathway to regulate PCa growth, metastasis, angiogenesis, and tumor stemness. Therefore, ncRNA therapy that targets the PAM signaling pathway is expected to be a novel and effective approach for treating PCa. In this paper, we summarize the types of ncRNAs that are associated with the PAM pathway in PCa cells as well as the functions and clinical roles of these ncRNAs in PCa. We hope to provide novel and effective strategies for the clinical diagnosis and treatment of PCa.
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1 Introduction

According to Global Cancer Statistics 2022, prostate cancer (PCa) is the fourth most common malignant tumor worldwide (incidence of 7.3%), and it is the second most prevalent malignant tumor in men (prevalence of 14.2%) and the fifth leading cause of malignant tumor-related death in men (7.3% of tumor-related deaths) (1). Moreover, PCa has a heterogeneous regional distribution, and it is the most common cancer in 118 countries (e.g., around northern Europe, Australia-New Zealand, and the Caribbean) (1). Advanced PCa is the main cause of PCa-related death, and it is treated mainly with androgen deprivation therapy (ADT) and chemotherapy; however, advanced PCa is susceptible to drug resistance development after a period of treatment (2). Therefore, understanding the mechanisms underlying PCa development and progression is important for preventing and treating this condition.

The PI3K/AKT/mTOR (PAM) signaling pathway is highly conserved in eukaryotes, and it is the pathway that is most often abnormally activated in malignant tumors (3). Studies have shown that aberrant activation of the PAM pathway may be the result of gene mutation/amplification, epigenetic modification, and aberrant regulation of other signaling pathways; recently, the regulation of epigenetic modifications, which mainly include DNA methylation, histone posttranslational modification, and ncRNAs regulation, has become a popular research topic (3). The PAM signaling pathway regulates tumor cell proliferation, apoptosis, metastasis, and angiogenesis; thus, the PAM signaling pathway has become a target for the treatment of malignant tumors (4). For example, XL147 (an inhibitor of PI3K class 1 molecules) can inhibit the proliferation of breast cancer and PCa cells; inhibit the migration, invasion, and angiogenesis of melanoma cells in vitro; and increase the efficacy of chemotherapy in mice with breast cancer (5). Inhibition of the PAM signaling pathway enhances the immune checkpoint blockade response. Understanding the potential mechanisms underlying the aberrant activation of the PAM signaling pathway in PCa cells could provide valuable insights into overcoming PCa.

Noncoding RNAs (ncRNAs) are a class of RNAs that are not translated into proteins; these molecules are involved in gene modification, RNA transcription, protein translation, and functional travel (6). Current studies have briefly described the roles of several categories of ncRNAs, such as long noncoding RNAs (lncRNAs), microRNAs (miRNAs), circular RNAs (circRNAs), and piwi-interacting RNAs (piRNAs), in PCa. These ncRNAs show promise as diagnostic and prognostic markers of PCa (7). For example, the lncRNA SChLAP1 is highly expressed specifically in PCa cells and is enriched mainly in high-risk patients and metastatic patients; thus, SChLAP1 can be used to predict and diagnose the occurrence and metastasis of PCa (8). In addition, miR-145 overexpression can improve the radiosensitivity of PCa cells by impairing DNA gene repair (9), suggesting that the modulation of ncRNA expression is a promising strategy for treating PCa. In recent years, many studies have focused on the mechanism underlying ncRNA functions in PCa, and it has been shown that ncRNAs can regulate the growth, apoptosis, epithelial−mesenchymal transition (EMT), metastasis, immune microenvironment, and other behaviors of cancer cells by regulating the PAM signaling pathway (10); therefore, ncRNAs that are related to PAM signaling are likely to constitute a large class of targets for treating PCa.

In conclusion, in this review, we elucidate in detail the complex relationship between ncRNAs and the PAM signaling pathway in the development of PCa. Notably, to date, no relevant review has comprehensively reported the ncRNAs that are involved in the PAM signaling pathway in PCa cells.




2 Types of ncRNAs that are linked to the PAM signaling pathway

In prostate cancer, ncRNAs associated with the PAM signaling pathway can be divided into four categories by class: lncRNAs, miRNAs, circRNAs, and piRNAs (Table 1).

Table 1 | Type and role of ncRNAs associated with the PAM signaling pathway in PCa progression.
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2.1 LncRNAs

LncRNAs are a class of RNAs that are more than 200 nucleotides in length and do not encode proteins; most of the lncRNAs that are involved in the PAM signaling pathway in PCa cells, such as LINC01088 (11), MALAT1 (26, 27), RHPN1-AS1 (12), DANCR (13), ZEB1-AS1 (15), and LINC004600 (28), are oncogenes that can promote cancer cell viability, proliferation, metastasis, etc. In PCa cells, the lncRNAs that participate in the PAM signaling pathway as antioncogenes mainly include MBNL1-AS1, HCG11, and GDPD4-2, all of which are underexpressed in PCa cells compared with normal prostate cells (14, 16, 37). The lncRNAs that are the focus of this project regulate the PAM signaling pathway at multiple levels, and the direct targets that have been well studied include miRNAs, coding RNAs, and proteins. The current study indicates that most lncRNAs act as sponges for miRNAs, decreasing their expression. Nevertheless, some lncRNAs, such as the lncRNA CHRF, which positively regulates miR-10b expression, have also been shown to increase the transcription of miRNAs (22). Second, lncRNAs can also affect mRNAs; for example, LINC00963 can transactivate Epidermal growth factor receptor (EGFR) (23). In addition, lncRNAs can interact with proteins that are involved in the PAM pathway; for example, the lncRNA SNHG interacts with EZH2 (19), the lncRNA PCAT1 competes with PHLPP for binding to FKPB51 (31), and the lncRNA NEAT1 binds to SRC3 at the promoter of IGF1R (25).




2.2 MiRNAs

MiRNAs can be fully or incompletely complementary to mRNAs, and their interaction with mRNA targets can lead to the failure or attenuation of mRNA translation. The target mRNAs of most of the miRNAs that regulate the PAM signaling pathway in PCa cells have been identified, and the most frequently targeted mRNA is Phosphatase and tensin homolog(PTEN) (14, 17, 49, 53–55). The miRNAs that regulate the PAM signaling pathway in PCa cells can be classified as oncogenes and antioncogenes according to their functions, and most of them are antioncogenes. Other genes, such as miR-185-5p, miR-92a, miR-4534, miR-21, miR-22, miR-26a, miR-543, miR-10b, and miR-182, are oncogenes, and the first six of these molecules can target PTEN (14, 16, 22, 49–51, 53–55). Five miRNAs were also found to be regulated by the PAM signaling pathway, which will be described in 2.3 later.




2.3 CircRNAs

The main function of circRNAs, which are ring-shaped ncRNAs, is to interact with ncRNAs or proteins to participate in regulating transcription and posttranscription processes, and a few circRNAs have recently been shown to serve as templates for translation (68). Current studies have shown that in PCa cells, circRNAs regulate the PAM signaling pathway mainly by acting as miRNA sponges; for example, cir-ITCH and miR-17 inhibit each other to negatively regulate the PAM pathway (66). Moreover, circMBOAT2 and circSMARCC1 positively regulate the PAM signaling pathway via miR-1271-5p and miR-1322, respectively (64, 65). circRNAs are mainly stable in the cytoplasm in the form of covalent monocycles and are expressed in tissue- and cell-specific patterns; thus, they can be used as diagnostic markers (68). For example, circMBOAT2 and circSMARCC1 are highly expressed in PCa cells, and higher plasma levels of CircSMARCC1 have been detected in PCa patients than in noncancer patients (64, 65). In addition, circRNAs are involved in the regulation of the immune microenvironment; circSMARCC1 increases the number of M2 macrophages in PCa tissues by recruiting M2 macrophages via the CCL20−CCR6 axis and promoting M2 macrophage polarization (64). M1/M2 macrophages can be viewed as a scale in tumors, with M1 macrophages playing an antitumor role. M2 macrophages promote tumor development by regulating angiogenesis and lymphangiogenesis, immunosuppression, hypoxia induction, and cancer cell proliferation and metastasis (69). Therefore, circRNA imbalance is one of the etiological factors of PCa at the molecular level, and because of the specific expression and stable presence of circRNAs, it will be possible to identify circRNAs that can be used as high-quality diagnostic markers.




2.4 PiRNAs

piRNAs are a class of small noncoding RNAs that are 24–31 nucleotides in length. piRNAs form PIWI complexes with piwi proteins that are involved in transcriptional and posttranscriptional regulation (70). PCDH9 can competitively inhibit the formation of PI3K by binding to P85α, which is a regulatory subunit of PI3K, thereby affecting the phosphorylation of PIPs (67). In PCa cells, piR-001773 and piR-017184 can bind to PIWIL4 to form a PIWI/piRNA complex and silence the expression of PCDH9, thereby activating the PAM signaling pathway to promote PCa development (67). In addition, piR-001773 and piR-017184 were found to be correlated with the T stage and Gleason score of PCa patients, and high expression of piR-001773 and piR-017184 suggest a poor prognosis (67).





3 Functions of ncRNAs in the PAM signaling pathway in PCa cells


3.1 Metastasis

Metastatic PCa strongly affects the prognosis of PCa patients and is the leading cause of death in advanced PCa patients. Cancer cell metastasis occurs through a certain process; this process starts with cancer cell acquisition of a migratory and invasive phenotype through EMT, after which the cancer cell passes through the extracellular matrix (ECM) and stromal cells to dislodge them from their primary foci (71). Upon loss of epithelial cell contact with the ECM, cancer cells undergo a form of cysteine-dependent apoptosis that is induced by death receptors and mitochondria that is known as anoikis (72). However, the resistance of cancer cells to anoikis leads to the progression of tumor metastasis (73). Therefore, EMT, anoikis, and migration and invasion assays are commonly used in experiments to assess the metastatic ability of tumors.



3.1.1 Inhibition of metastasis

ncRNAs associated with the PAM signaling pathway inhibit PCa metastasis (Figure 1). The skeletal system is the most common site of the distant metastasis of PCa. miR-133a-3p was shown to be expressed at lower levels in PCa bone metastatic tissues than in nonmetastatic cancer tissues, and its expression is negatively correlated with bone metastasis-free survival in PCa patients (44). Further studies revealed that overexpression of miR-133a-3p attenuates anoikis resistance and thus inhibits PCa bone metastasis, which may be mediated by miR-133a-3p targeting EGFR, FGFR1, IGF1R and MET to regulate the PAM signaling pathway (44). These findings suggest that miR-133a-3p may be a potential target for the treatment of PCa bone metastases. PTEN, which is a classic inhibitor of the PAM signaling pathway, is lacking in up to 60% of PCa tumors (74). The MBNL1-AS1 inhibits the invasion and migration of PCa cells through the miR-181a-5p/PTEN axis [18]. Cullin 4B (CUL4B) is a scaffold for the Cullin4B-Ring E3 ligase complex (CRL4B), which is involved in protein hydrolysis (75). CUL4B is highly expressed in PCa patients, and miR-101-3p can target CUL4B to inhibit its expression and thus inhibit PCa migration and invasion; this is mediated by inhibiting the PAM signaling pathway (40). Yongguang Jiang reported that miRNA-149 directly inhibits AKT1 mRNA expression in CRPC, thus inhibiting tumor EMT, migration, and metastasis; however, this process does not involve PI3K (52).
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Figure 1 | ncRNAs inhibit PCa metastasis through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway inhibit PCa metastasis by regulating invasion, migration, anoikis, and EMT. Blue represents the role of suppressing the PAM signaling pathway. Red represents roles that facilitate the PAM signaling pathway. Cyan color represents an association with invasion and migration, purple color represents an association with EMT, and light red color represents an association with anoikis.

The expression level of miR-218 in metastatic PCa tissues is much lower than that in primary PCa tissues (46), and miR-218 can inhibit the EMT, migration, and metastasis of cancer cells via GAB2/PI3K/AKT/GSK-3β (47). Recent studies have shown that PCa is associated with chronic inflammation (76), and leucine-rich repeat-containing G protein-coupled receptor (LGR) 4 is a key molecule in the progression of PCa whose expression is induced by the proinflammatory factor IL-6 [69]. miR-218 inhibits the migration and metastasis of IL-6-treated PCa cells by directly targeting LGR4 to inhibit the PAM pathway (48). ETS1, which is an independent prognostic molecule in breast cancer (77), is a proto-oncogene that is expressed mainly in triple-negative breast cancers (78). Higher expression of ETS1 was observed in PC cells than in noncancerous cells, especially in desmoplasia-resistant prostate cancer cells (41). miR-129 can directly target ETS1 and thus negatively regulate the PAM signaling pathway, thereby inhibiting the EMT, migration, and invasion of PCa cells (41).

In addition, other ncRNAs that are associated with the PAM signaling pathway, such as HCG11/miR-543 (16), miR-125b (53), miR-151a-3p (56), miR-188-5p (57), miR-151 (39), and miR-139-5p (38), inhibit the migration and metastasis of PCa cells through different pathways. cir-ITCH was found to negatively regulate the PAM signaling pathway and thus inhibit the EMT, migration, and invasion of PCa cells, possibly through miR-17 (66). In addition, some miRNAs are negatively regulated by the PAM signaling pathway, such as miR-27a and miR-135a, which inhibit migration and invasion of PCa cells through MAP2K4 and MMP11, respectively (62, 63).




3.1.2 Promotion of metastasis

It is also very common for ncRNAs to positively regulate the PAM signaling pathway and thus promote PCa metastasis(Figure 2). For example, the DANCR can activate the PAM signaling pathway through the miR-185-5p/LASP1 axis to promote the EMT, migration, and invasion of PCa cells (13). The expression of the DANCR and LASP1 was also found to be positively correlated with PCa metastasis, whereas the expression of miR-185-5p was negatively correlated with PCa metastasis (13). These findings suggest that the lncRNA DANCR/miR-185-5p/LASP1 axis plays an important role in the process of PCa metastasis. Dysregulation of EGFR promotes the progression of PCa to bone metastasis (79), and both LINC00963 and the lncRNA RHPN1-AS can contribute to the overexpression of the EGFR gene and increase the migration and invasion of PCa cells; these effects may be mediated via the PAM pathway (12, 23). These findings suggest that drugs that target EGFR potentially inhibit PCa metastasis. PTEN is a tumor suppressor molecule that acts on PIPs. miR-22, miR-4534, miR-92a, and PlncRNA-1 can reduce PTEN expression, thereby promoting the migration and invasion of PCa cells (31, 49, 53, 55). CircRNAs are stably expressed because they exist in a cyclic form. CircSMARCC1- and CircMBOAT2-overexpressing PC3 cells were injected into the tail vein of nude mice, and more pulmonary and/or abdominal metastases were detected in the nude mice than in the control group (64, 65). Second, in vitro experiments have demonstrated that circSMARCC1 promotes the EMT, migration, and invasion of PCa cells through miR-22/CCL20 and that circMBOAT2 promotes the migration and invasion of PCa cells through miR-1271-5p/mTOR (64, 65). These effects may be mediated via the PAM signaling pathway (64, 65). pCDH9, which is a member of the calcineurin superfamily, inhibits the metastasis of hepatocellular carcinoma, gastric carcinoma, and malignant melanoma (80–82). In PCa cells, piR-001773 and piR-01718 inhibit PCDH9 and abolish the inhibitory effect of PCDH9 on the PAM signaling pathway, thus promoting the migration and metastasis of PCa cells (67).
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Figure 2 | ncRNAs promote PCa metastasis through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway promote PCa metastasis through regulating invasion, migration, and EMT. Blue represents the role of suppressing the PAM signaling pathway. Red represents roles that facilitate the PAM signaling pathway. Cyan color represents association with invasion and migration and purple color represents association with EMT.

Obesity is strongly associated with PCa, with an 8–11% increase in specific mortality in advanced PCa patients who are obese compared with nonobese advanced PCa patients, and the presence of obesity also decreases the efficacy of surgical treatments, radiotherapy and ADT in the treatment of PCa (83). Mediators between obesity and PCa may include insulin and the IGF-axis, sex hormone concentrations, and adipokine signaling (83). PC3 cells with low expression of Apelin, which is an adipokine, were implanted into the prostates of nude mice, and Apelin promoted the liver metastasis and bone metastasis of PC3 cells by increasing the level of TIMP2 (60). Further studies revealed that Apelin increases the level of miR-106a-5p through the C-Src/PI3K/AKT axis and that miR-106a-5p sponges TIMP2, thereby promoting the migration and invasion of PCa cells (60). IGF1R is a membrane receptor of IGF, and more than 90% of the regions in PCa tissue sections are positive for IGF1R (84). The lncRNA CASC11 can upregulate the PAM signaling pathway through IGF1R, thereby promoting the migration and invasion of PCa cells (21). These findings suggest that drugs that target IGF1R potentially inhibit PCa metastasis. Therefore, with further in-depth studies of obesity and PCa, obesity has been shown to promote PCa metastasis, and weight loss is likely beneficial for the treatment of PCa.

MALAT1 mediates the development and metastasis of digestive system and sex hormone-related tumors, and MALAT1 levels in plasma and urine could be a marker for the diagnosis and prediction of PCa metastasis and recurrence (85). MALAT1 can promote the EMT, migration, and metastasis of PCa cells by activating the PAM signaling pathway (26, 27), and METTL3 acts as a methyltransferase to methylate MALAT1 adenosine and thus stabilize its expression (26).

In addition to these novel ncRNAs, LINC01088/miR-22 (11), ZEB1-AS1/miR-342-3p (15), SNHG3/miR-1827 (18), SNHG1 (19), SNHG25 (29), LINC01296 (32), and MIR4435-2HG (34) can promote the migration, invasion or/and EMT of PCa cells via the PAM signaling pathway. Also worth mentioning is miR-106a-5p, which is positively regulated by the PAM signaling pathway and promotes PCa migration and invasion (60).





3.2 Tumor growth

Tumor growth represents a dysregulation of the balance between cancer cell generation and cell loss; cancer cell generation occurs mainly through cell division, and cancer cell loss occurs mainly through apoptosis and autophagy. In PCa cells, ncRNAs can regulate tumor growth through the PAM signaling pathway, and the elucidation of these mechanisms can provide guidance for the clinical treatment of PCa.



3.2.1 Promotion of tumor growth

NcRNAs associated with the PAM signaling pathway promote PCa growth (Figure 3). These ncRNAs can promote cancer cell growth via the PTEN-dependent induction of cell cycle progression through cell cycle checkpoints (86). For example, in PCa cells, miR-4534 promotes the passage of cancer cells through the G0/G1 phase (49); PlncRNA-1 promotes the passage of cancer cells through the G2/M phase (31); and miR-19b, miR-23b, miR-26a, and miR-92a promote the passage of cancer cells through the G1/S phase via the cell cycle protein D1 (54). In addition, ncRNAs, such as miR-4534, PlncRNA-1, miR-92a, and miR-21, can inhibit apoptosis to promote PCa growth via PTEN (31, 49, 50, 55). Interestingly, miR-21 inhibits apoptosis in chemotherapy-resistant PCa cells, which may be mediated by miR-21 inhibition of cancer cell exocytosis of toxic drugs taken up via PTEN (50). The hypoxic environment of PCa can induce tumor progression and metastasis (87). PCa cells express high levels of SPRY4-IT1 in hypoxic environments, and SPRY4-IT1 may promote the growth of cancer cells by regulating the PAM pathway and cell cycle progression (36). High expression of UCA1 was observed in radiotherapy-resistant PCa, in contrast to the radiotherapy-sensitive PCa (35). UCA1 may promote the passage of cancer cells through the G0/G1 phase via the PAM pathway [90]. Moreover, EGFR expression is higher in CRPC than in ADPC (23). Linc00963 was found to transactivate EGFR and mediate the apoptosis of CRPC cells (23). In addition, in PCa, RHPN1-AS1/miR-7-5P/EGFR could promote cancer cell growth through the PAM signaling pathway (12). This may be mediated by the PAM axis, which promotes apoptosis and autophagy and induces cancer cells to pass the G2/M checkpoint (12).
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Figure 3 | ncRNAs promote PCa growth through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway promote PCa growth through regulating apoptosis, autophagy, and cell cycle. Blue represents the role of suppressing the PAM signaling pathway. Red represents roles that facilitate the PAM signaling pathway. Cyan color represents an association with autophagy, purple color represents an association with apoptosis, and light red color represents an association with the cell cycle.




3.2.2 Inhibition of tumor growth

ncRNAs inhibit PCa growth through the PAM signaling pathway (Figure 4). PCa is an androgen-dependent tumor, and miR-149 can inhibit AR signaling (52). In addition, miR-149 can target AKT1 to inhibit the proliferation of CRPC cells, which may be mediated by promoting apoptosis and inducing G1/S phase arrest in cancer cells (52). miR-7 can inhibit the proliferation of PCa cells, possibly because miR-7 can increase the nuclear localization of P21 through the KLF4/PI3K/AKT axis, which in turn prolongs the cell cycle [91]. Interestingly, miR-7 increases P-P21 expression but does not seem to interfere with apoptosis (45).
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Figure 4 | ncRNAs inhibit PCa growth through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway inhibit PCa growth by regulating apoptosis and cell cycle. Blue represents the role of suppressing the PAM signaling pathway. Red represents roles that facilitate the PAM signaling pathway. purple color represents an association with apoptosis and light red color represents an association with the cell cycle.

IL-6 stimulation increases PCa viability and invasiveness, suggesting that PCa is closely associated with inflammation (88). miR-218 inhibits cell cycle progression through LRG4, and this inhibition is suppressed in the presence of IL-6 (48). Therefore, anti-inflammatory therapy can be used as an adjuvant treatment for PCa. RLIP76 depletion therapy can cause the nearly complete regression of PCa cell xenografts and can improve sensitivity to radiotherapy (89). miR-101 can target and inhibit RLIP76, thereby promoting the apoptosis of PCa cells. miR-101-based depletion therapy targeting RLIP76 is promising for the treatment of PCa (42). miRNA-605 was found to differentiate between inert and aggressive PCa, and further studies found that miRNA-605 can arrest the cell cycle in the G0/G1 phase by the EN2/PTEN axis (58). In addition, some miRNAs, such as miR-27a and miR-135a, are negatively regulated by the PAM signaling pathway. These miRNAs arrest PCa cells in the G1/S phase and promote apoptosis through MAP2K4 and RBAK, respectively (62, 63).





3.3 Angiogenesis

Rapid tumor proliferation is inevitably accompanied by neoangiogenesis because without blood vessels to provide nutrients for tumor cells, the tumor size cannot exceed 1–2 mm (90). NcRNAs regulate PCa angiogenesis through the PAM signaling pathway (Figure 5). The interaction of VEGF with VEGFR on the surface of vascular endothelial cells (ECs) is crucial for the proliferation, migration, and tube formation of ECs (91). miR-4638-5p can inhibit the secretion of VEGF by PCa cells, thereby inhibiting neovascularization (43). miR-4638-5p may inhibit the PAM signaling pathway by targeting the inhibition of Kidins220, thereby reducing the production of VEGF (43). In addition, miR-218 can inhibit VEGFA secretion by PCa cells, thereby inhibiting neovascularization (46). The effect of miR-218 on VEGFA is mediated by the RICTOR/AKT/HIF1&2α axis (46). To date, we have elucidated the mechanism by which miRNAs regulate angiogenesis in PCa cells through the PAM signaling pathway.
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Figure 5 | ncRNAs regulate PCa angiogenesis through the PAM signaling pathway. The blue color represents the inhibition of angiogenesis in PCa. The red color represents the promotion of angiogenesis in PCa.




3.4 Tumor stemness

The presence of cancer stem cells (CSCs) in tumors is an important cause of tumor treatment failure and tumor recurrence, and tumors are considered to be cured only when CSCs are completely eliminated (92). miRNAs mediate the biological regulation of CSCs through the PAM signaling pathway (Figure 6) (92). miR-133a-3p can inhibit PCa stemness through the PAM signaling pathway. This may be mediated by miR-133a-3p, which targets and inhibits EGFR, FGFR1, IGF1R, and MET (44). miR-133a-3p was also shown to inhibit the expression of some stemness-related factors, such as NANOG, BMI-1, OCT4, and SOX2 (44). In addition, microRNA-7 can inhibit PCa stemness by targeting and inhibiting the stemness factor KLF4, possibly because the stemness factor KLF4 activates the transcription of P110δ (the catalytic subunit of PI3K) (45). MicroRNA-7 inhibits PCa stemness through KLF4 in several generations of cells and prevents the transition from nonstem cells to stem cells (45). Thus, miR-133a-3p and microRNA-7 are promising targets for PCa treatments that target tumor stemness.

[image: Diagram illustrating a molecular pathway. miR-133a-3p regulates NANOG, BMI-1, OCT4, SOX2, and a separate block containing EGFR, FGFR1, IGF1R, MET, leading to PAM signal path. miR-7 regulates KLF4, also leading to PAM signal path, ultimately connecting to tumor stemness.]
Figure 6 | ncRNAs regulate PCa tumor stemness through the PAM signaling pathway. The blue color represents the inhibition of PCa tumor stemness. The red color represents the promotion of PCa tumor stemness.





4 Clinical roles of ncRNAs in the PAM pathway

The ncRNAs associated with the PAM signaling pathway in PCa are of clinical significance (Table 2).

Table 2 | Clinical applications of ncRNAs associated with the PAM signaling pathway in PCa.


[image: A table detailing various non-coding RNAs (ncRNAs) and their implications in prostate cancer (PCa). It includes columns for ncRNA names, their expression levels in PCa, diagnostic and prognostic values, clinical significance, and references. Examples include LINC01088 associated with disease-free survival and GAS5 linked to overall survival and Gleason score. The table highlights ncRNAs like lncRNA, miRNA, circRNA, and piRNA, showing their potential roles in PCa prognosis and therapy. Symbols indicate increased or decreased expression levels and context relative to cancerous vs. non-cancerous tissues.]


4.1 Diagnosis

The diagnosis of PCa is the basis of treatment, and ncRNAs that are involved in the PAM pathway were found to help confirm the diagnosis of PCa by ROC curve analysis. For example, an analysis of 52 paired samples revealed an AUC of 0.915 for SNHG25 (29), an analysis of 57 paired patients revealed an AUC of 0.931 for LncRNA-ATB (30), and a study of 28 unpaired patients reported an AUC of 0.9 for miR-4534 (49). We aimed to detect and diagnose prostate cancer by noninvasive methods, and we detected elevated circSMARCC1 levels in the plasma of PCa patients compared with those in the plasma of noncancerous patients (64). ROC curve analysis revealed that the AUC of CircSMARCC1 was 0.713, which was not as good as that of PSA in identifying PCa (64). However, the specificity of circSMARCC1 was high enough to discriminate between patients with PCa and those with BPH, and CircSMARCC1 levels were also found to be elevated only in colorectal cancer tissues (97). ncRNAs that are associated with the PAM signaling pathway can also predict various stages of PCa. For example, lower expression of miR-185-5p, miR-218, and miR-133-3p and higher expression of DANCR were observed in metastatic patients than in nonmetastatic PCa patients (13, 44, 46). Interestingly, miR-185-5p expression was more significantly decreased in patients with bone metastatic PCa than in patients without bone metastatic PCa (44). High expression of PCAT1 and NEAT1 suggests CRPC (24, 25), high expression of miR-21 suggests chemoresistance (50), and high expression of UCA1 suggests radioresistance (35). Thus, ncRNAs are expected to be novel markers for the diagnosis of PCa.




4.2 Prognosis

Prognostic information on PCa helps in the selection of optimal treatment strategies (108), and the levels of ncRNAs that are related to the PAM signaling pathway can indicate the prognosis of PCa patients. These ncRNAs are closely associated with overall survival, progression-free survival, biochemical recurrence-free survival, bone metastasis-free survival, and recurrence-free survival in PCa patients. For example, the levels of lncRNA-ATB, LINC01296, and miR-188-5p can be used as independent prognostic factors for the biochemical recurrence-free survival of PCa patients (30, 32, 57). The miR-133a-3p level can be used as an independent prognostic factor for the bone metastasis-free survival of PCa patients (44). Second, these ncRNAs are closely associated with pathological features that affect prognosis; for example, plasma CircSMARCC1 levels are positively correlated with the Gleason score and T stage in patients with PCa (64). In addition, single nucleotide polymorphisms (SNPs) of ncRNAs have the potential to predict the prognosis of PCa (17). For example, two SNPs on chromosome GAS5 are correlated with overall survival, Gleason score, and TNM stage in patients with PCa (17).




4.3 Treatment

The targeted regulation of ncRNAs can inhibit PCa growth, metastasis, angiogenesis, and drug resistance via the PAM signaling pathway; this provides a basis for developing PCa therapies that target ncRNAs. For example, agomir-133a-3p inhibits bone metastasis of PCa in mice (44), knockdown of UCA1 reduces radiotherapy resistance in PCa cells (35), and inhibition of miR-21 increases the chemosensitivity of PCa cells (50). ncRNAs are natural molecules in the body, and they can interfere in a given pathway with broad specificity via multiple targets or target different pathways to inhibit tumors (99), leading to increased benefits in ncRNA therapy. For example, miR-218 can target LGR4 to reduce AKT levels in PCa cells, target RICTOR to inhibit the phosphorylation of AKT at Ser473, and target GAB2 to disrupt the coexistence environment of PI3K and PIPs to inhibit the PAM signaling pathway (46–48). In addition, miR-218 not only inhibits the PAM pathway but also interferes with the Wnt/β-catenin pathway in PCa cells (48). Drugs that specifically target ncRNA therapeutics include antisense oligonucleotides(ASOs), siRNAs, shRNAs, RNA sponges, antmiRs, therapeutic circRNAs, miRNA mimics (Figure 7A), and the drugs that are currently being developed are mainly miRNA-based siRNAs and antisense oligonucleotides (99). However, therapies that target ncRNAs have limitations associated with specificity, delivery, and tolerance when translated into the clinic, resulting in the failure of the development of these drugs (99). The use of novel drug delivery strategies, such as the possible use of nanomaterials, liposomes, cationic polymers, etc., for drug delivery, has shown promising advantages in overcoming these difficulties (94). Nanocarrier-based drug therapies for ASOs are currently the most hotly researched option (Figure 7), and better structures have been achieved in other diseases.

[image: Diagram illustrating the use of therapeutic non-coding RNAs (ncRNAs) in cancer treatment. Panel A shows types of ncRNA drugs like miRNA sponges and siRNAs delivered via nanocarriers. Panel B depicts administration methods, including oral and intravenous. Panel C highlights uptake by phagocytic cells. Panel D illustrates distribution in tumor tissue via blood vessels. Panel E describes antisense oligonucleotide (ASO) interaction with mRNA in tumor cells, leading to degradation and translational suppression.]
Figure 7 | ncRNAs for clinical therapy. (A) Therapeutic ncRNA drugs include ASOs, siRNAs, shRNAs, RNA sponges, antmiRs, therapeutic circRNAs, and miRNA mimics. ASOs were the first ncRNA drugs to be developed. Nanomaterials are the most common carriers for ncRNA drugs. (B) The administration routes of ncRNA drugs include oral, intramuscular, subcutaneous, and intravenous administration (C) Phagocytic cells destroy the efficacy of the drug. (D) Drugs cross blood vessel walls through intercellular spaces or channels and endocytosis. (E) ASOs enter tumor cells to cause mRNA degradation and translation suppression, thus achieving anti-tumor effects.

To date, there are only two ncRNA drugs in human trials regarding PCa. Apatorsen (OGX-427) is a 2′-methoxyethyl-modified ASO that inhibits Hsp27 expression. A Phase I clinical trial including 42 (22 CRPC patients) showed that OGX-427 was tolerated at the highest dose (101). Then a phase II trial showed that OGX-427+prednisone did not improve the 12-week progression-free period in CRPC patients compared to prednisone alone, but only significantly reduced PSA in patients, so further clinical trials of OGX-427 are in limbo (95) There is another drug Custirsen (OGX-011) that is an ASO targeting clusterin inhibition. A meta-analysis including 3 RCTs pointed out that OGX-011 did not significantly improve OS in mCRPC patients, so it has been terminated from development in the clinic (102).

A cohort study including 1132 patients revealed that the use of traditional Chinese medicine reduced PCa-related mortality (32.8% vs. 21.9%) compared with the nonuse of traditional Chinese medicine (105). Traditional Chinese medicine (TCM) has multitarget properties, and TCM is involved in the entire process of PCa treatment (100). Recently, traditional Chinese medicine has been shown to modulate ncRNAs and thus treat PCa; for example, quercetin can downregulate MALAT1 in a time- and dose-dependent manner to inhibit the growth, migration, invasion, and EMT of PCa cells. This may be mediated by targeting the PAM signaling pathway via MALAT1 (27). Astragaloside IV-PESV can upregulate GDPD4-2 to inhibit the PAM pathway and PCa growth (37). However, silencing GDPD4-2 does not completely block the antitumor effect of astragaloside IV-PESV, suggesting that astragaloside IV-PESV may also act on other targets to inhibit PCa growth (37). In addition, traditional Chinese medicine can be used together with other antitumor drugs not only to exert antitumor effects alone but also to produce synergistic effects and improve the sensitivity of tumor cells to antitumor drugs (100, 106). For example, the use of quercetin together with docetaxel can significantly improve the antitumor effect of docetaxel on chemotherapy-resistant PCa (106). Moreover, traditional Chinese medicine makes it easier to achieve clinical translation than specific drugs do; thus, traditional Chinese medicine has broad prospects in the treatment of tumors.





5 Discussion

This paper summarizes the types, functions and specific mechanisms of action of ncRNAs that are associated with the PAM signaling pathway in PCa cells. Most of these ncRNAs act at the transcription level. lncRNAs and circRNAs mostly function as miRNA sponges, and miRNAs and piRNAs mostly function by suppressing mRNA transcription. In addition, some ncRNAs, mainly lncRNAs, act posttranscriptionally to regulate the PAM pathway. The PAM signaling pathway is abnormally activated in PCa cells and interacts with the RAS/MAPK, AR, and WNT pathways (110). This paper explore the roles of ncRNAs in the apoptosis, cellular autophagy, cell cycle progression, EMT, invasion, migration, angiogenesis, and tumor stemness of PCa cells via the PAM pathway. We analyzed the effects of these ncRNAs on PCa cell apoptosis, autophagy and cell cycle regulation in PCa growth and their effects on EMT, invasion and migration in PCa metastasis, and we presented these functions in the form of Venn diagrams, which can allow a more comprehensive understanding of the regulatory effects of these ncRNAs on PCa growth and metastasis. We found that some ncRNAs affect PCa growth and metastasis through dual or triple mechanisms, which more clearly highlights the importance of certain ncRNAs and may provide guidance for subsequent studies. For example, miR-149 can inhibit the growth of PCa cells by affecting apoptosis and cell cycle progression, and it can inhibit PCa metastasis through EMT, migration, and invasion (52). If the role of miR-149 is further explored, it can be found that miR-149 can inhibit AR signaling via the PAM pathway (52). In fact, cell growth, metastasis, angiogenesis and tumor stemness are intertwined with each other, and the roles of these ncRNAs in the interactions of these processes can be further explored. In addition, we explored how these ncRNAs affect PCa growth, metastasis, angiogenesis and tumor stemness via the PAM pathway. We found that the regulatory effect of these ncRNAs on PCa angiogenesis depended on VEGF; that EGFR mediated the effects of miR-7-5p, miR-133a-3p, and LINC0096 on PCa growth, metastasis, and tumor stemness; and that PTEN mediated the effects of miR-181a-5p, miR-4534, miR-22, miR-21, miR-26a, miR-23b, miR-92a, and miR-19 on PCa growth and metastasis.

We also discussed the prospects for the clinical application of these ncRNAs in diagnosis, prognosis, and treatment. In terms of diagnosis and prognosis, most of the ncRNA content in cancer tissues can be detected, and some of the ncRNA content shows high sensitivity for diagnosing PCa and determining patient prognosis. However, these ncRNAs are not easy to sample and analyze, they cannot be included in a dynamic detection index, and most ncRNAs do not have high specificity for the diagnosis of PCa. It is hoped that more circSMARCC1-like ncRNAs will be discovered and that diagnostic and prognostic markers with high specificity will be available in the bloodstream. Therapeutically, drugs that target these ncRNAs are based mainly on ASO, siRNAs, shRNAs, RNA sponges, antmiRs, therapeutic circRNAs, and miRNA mimics, and these drugs have shown excellent therapeutic effects in animal and cellular experiments. However, when these drugs are used in humans, their efficacy is greatly reduced. For example, Custirsen is an antisense nucleotide drug that targets human CLU mRNA and was developed to treat chemotherapy-resistant mCRPC patients (98). However, in a phase III clinical trial that included 635 patients, it was shown that there was no statistically significant difference in overall survival in the Custirsen + chemotherapy group compared to the chemotherapy control group (14.2 moon vs. 13.4 moon, p = 0.529) (98).

This loss of efficacy is mainly because the drug will face delivery challenges. ncRNA drugs cannot be delivered efficiently to the cells of interest due to their own instability and lack of cell specificity. Secondly, crossing cell membranes is also a great challenge. Scientists have proposed to solve the delivery problem by altering the internal chemical modifications, such as 2′-deoxy-2′-fluoro-RNA, 2′-O-methyl-RNA, the phosphorothioates, and bicyclic nucleic acids, of ncRNA drugs to improve resistance to nucleases and enhance interaction with proteins to improve stability and uptake (109). Custirsen was dual-modified with alternating 2′-O-methyl and the phosphorothioates, but phase III clinical trials showed that the effect was not significant and was halted (98, 111). Apatorsen (OGX-427) is also an ASO doped with phosphorothioates and 2′-methoxyethyl modification to prolong half-life and improve specificity aimed at treating mCRPC patients (101). However, phase II trials have shown that Apatorsen (OGX-427) does not alter mCRPC disease progression, but only reduces PSA concentrations in patients (95). These failures suggest the need to improve the efficacy of the drug in other ways, so recently scientists have thought of solving this problem through novel delivery systems. For example, nanoparticles, which can be synthesized from liposomes, polymers, micelles, proteins, antibodies, gold nanoparticles, USPIO nanoparticles, and nanotubes, in addition to enhancing the stability of RNA drugs, due to their small size can also enhance the permeability and retention (EPR effect) of tumor tissue to increase the concentration of the drug inside the tumor tissue (112). The miR-145 therapy based on gold nanoparticle-based nanocarrier and miR-34a therapy based on micelle-based nanocarrier have achieved good therapeutic efficacy in cellular and animal tests (103, 107). Based on nanoparticles, some scientists combine Ultrasound-induced microbubble cavitation technology to increase the permeability of cell membranes and the capillary gap, which further facilitates the entry of drugs into cancer cells (93). However, these have yet to be proven in human trials and the safety of nanoparticles needs to be explored further. The side effects of nanoparticles are also due to the EPR effect, which leads to the aggregation of nanoparticles in vascular leakage tissues. The side effects are caused by reactive oxygen species (ROS), DNA damage, modification of protein structures and functions, and disruption of membrane integrity mechanisms leading to damage in these tissues (113). Viral-constituted delivery carriers have also been believed to enhance the efficacy of RNA drugs by loading the target RNA into the viral genome. Viral-constituted delivery carriers deliver RNA drugs into tumor tissues through viral oncolytic properties and stability. For example, the current delivery of miRNAs for PCa therapy using herpes simplex virus-1 and recombinant adeno-associated virus has shown good results in animal studies (96, 114). However, the exact efficacy has to be observed in humans and the safety is worth considering. In addition to viral delivery and nano-delivery systems, membrane vesicles, bacteria, and ligand-receptor delivery systems are also explored in ncRNA therapy for PCa (99).

In the future, the internal modification of ncRNA itself to make ncRNA more stable, the carrier delivery system to further stabilize the ncRNA and increase the drug concentration in the tumor region, and the ligand-receptor refinement to navigate the drug into the target tumor cells will make ncRNAs as clinical drugs a reality. While these enhance the efficacy of ncRNA drugs, the carrier system itself can cause some toxic effects, which need to be addressed. In addition, the human immune system recognizes single- or double-stranded RNA inside and outside the cell through the PAMP receptor, which reduces the drug’s efficacy and causes an immune-inflammatory response (99). As PCa is a “cold tumor” in immunotherapy, could the immune-inflammatory response by such ncRNAs potentiate the immunotherapy of PCa? Nanocarriers have been shown to enhance the antitumor efficacy and specificity of immunopharmaceuticals through enhanced immunostimulatory activity and favorable modulatory pharmacological properties (104). Therefore, whether treatment with ncRNAs in combination with vectors could make PCa a “hot tumor” in terms of immunotherapy. Currently, the translation from cell and animal trials to clinical trials is the biggest obstacle to ncRNA drug therapy, which may be solved in the future by the combined delivery of ncRNA drugs through multiple mechanisms.

Previously OGX-427 and OGX-011 were considered to be promising for clinical use, but the therapeutic effect was not shown to be significant in clinical trials. Therefore, attempts can be made to develop other ncRNAs for the treatment of PCa. miR-218 gene is located on chromosome 4p15.31, which is transcribed as an intron into an ncRNA and is expressed in various malignant tumors at lower levels than in the surrounding normal tissues (115). It can be used as a tumor suppressor gene. Earlier Katia R M Leite and other scholars have found that miR-218 is highly expressed in metastatic PCa compared to high-grade PCa patients (116). In recent years, many studies have shown that miR-218 may regulate the PAM signaling pathway in PCa, and basically, it works by binding to the 3’-UTR of the downstream genes’ mRNA and blocking the mRNAs’ translation process. miR-218 can target LGR4 to reduce the content of AKT, target RICTOR to inhibit the phosphorylation of AKT ser-473 and target GAB2 to destroy the coexistence environment of PI3K and PIPs to inhibit the PAM signaling pathway (46–48). miR-218 can effectively inhibit the viability, migration, and invasion of PCa cells and inhibit tumor angiogenesis through multi-targeting inhibiting PAM signaling. miR-218’s multi-targeting properties may improve its efficacy in the clinical translational process, and have the opportunity to be applied in the clinic. In addition, miR-133a-3p may play an important role in the treatment of PCa bone metastasis (44). It was shown that upregulation of miR-133a-3p inhibited PCa bone metastasis and stem cell characteristics and that miR-133a-3p levels were strongly associated with bone metastasis-free survival in PCa patients (44). Moreover, miR-133a-3p can target multiple receptors, such as EGFR, FGFR1, IGF1R, and MET receptors, to inhibit tumor cells (44). Therefore, the development of miR-133a-3p as a novel drug for PCa patients with bone metastasis is promising, but the specific effects are still waiting to be observed in clinical trials.

There is a lack of effective treatment for mCRPC. From the current clinical data, the PAM signaling pathway inhibitor (Ipatasertib) brings the best efficacy, which can prolong the survival of patients by 2 months. However, there is still much room for improvement (117). Based on the above, this review summarizes the ncRNAs in the PAM signaling pathway of PCa and tries to find AKT inhibitor breakthroughs from the function and clinical use of these ncRNAs for better treatment of PCa. We also discussed the prospect of clinical translation of ncRNAs in PCa, but we found that only a few clinical studies show that ncRNA drugs’ efficacy in PCa is still poor and that ncRNAs are unstable. There is still a long way to go before they can be applied to the clinic; In addition to the ncRNA strategy, there may be other pathways implicit in the PAM signaling pathway to treat PCa, which is the shortcoming of this review. Therefore, we wrote this review for the next study on the use of ncRNA in PCa.

We can refer to ncRNA drug development strategies that have been successfully used in the clinic in other diseases, and more data are needed in the future to explore the next step of ncRNA therapies for PCa. This review investigates ncRNAs under the PAM pathway in PCa to provide a reference for the next step in the study of ncRNAs for new drugs or new strategies.
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Background: Characterized by a poor prognosis and survivability, head and neck squamous cell carcinoma (HNSCC) is an aggressive neoplastic condition with a propensity for recurrence where the development of chemoresistance adversely affects the prognostic outcome. Recently, it was shown that circular RNAs (circRNAs) augment the cellular survivability and chemoresistance of malignant cells. Hence, biomarkers for early detection of chemoresistance in these patients can significantly aid in preventing a poor prognostic outcome.Objective: The present study aimed to systematically identify circRNAs that play a vital role in the development of chemoresistance in HNSCC and understand their mechanisms of action in HNSCC chemoresistance.Methods: The protocol was prospectively registered on PROSPERO with protocol no. CRD42024532291. A six-stage methodological and PRISMA recommendations were followed for the review.Results and Discussion: 13 studies were identified which yielded 13 circRNAs which have been investigated for their role in the chemoresistance in HNSCC. Of these, 11 circRNAs were reported to be upregulated while only 2 circRNAs were found to be downregulated. Moreover, we found that circRNAs can modulate autophagy (circPARD3, circPKD2, circAP1M2 and circPGAM1), apoptosis (circ-ILF2, circANKS1B, circTPST2, circPUM1 and circ_0001971), drug efflux (circ-ILF2, has_circ_0005033 and circTPST2), EMT (circANKS1B, circCRIM1, circ_0001971), tumor microenvironment (circ-ILF2. circ-ILF2, circCRIM1 and circTPST2), DNA damage (circTPST2) and malignant potential (hsa_circ_0000190 and hg19_ circ_0005033).Conclusion: The present study identified 13 circRNAs which may serve as biomarkers for prognosis as well as response to chemotherapy in HNSCC.Systematic Review Registration: PROSPERO, identifier CRD42024532291.[image: A flowchart illustrating the role of various biological processes in chemoresistance. Six main processes are highlighted: autophagy, apoptosis, drug efflux, DNA damage and repair, epithelial-mesenchymal transitions, and tumor microenvironment. Each process is linked to specific microRNAs, shown in circles, influencing these processes and contributing to chemoresistance. Arrows denote interactions and pathways between microRNAs and processes.]Keywords: circular RNA, microRNA, biomarker, chemoresistance, head and neck squamous cell carcinoma, systematic review
1 INTRODUCTION
Malignancies arising from the squamous cell lining of the tissues of the oral cavity, nasal cavity, pharynx, larynx, lip, paranasal sinuses and salivary glands, collectively are termed as head and neck squamous cell carcinoma (HNSCC). With a prevalence of an estimated 890,000 new cases and 450,000 deaths per year, HNSCC poses a serious health problem in especially in South and Southeast Asian countries and accounts for 4.5% of cancer diagnosis globally. With an annual incidence of about 380,000 cases, oral squamous cell carcinomas (OSCCs) are the most common form of HNSCC, followed by laryngeal squamous cell carcinoma (LSCC), nasopharyngeal carcinoma, and cancers of the hypopharynx and salivary glands (Barsouk et al., 2023). Risk factors for the development of HNSCC can be both non-infectious such as consumption of tobacco with or without areca nut and alcohol, exposure to carcinogenic environmental pollutants including organic, inorganic chemicals, particulate matter (PM), poor oral hygiene, malnutrition/diet lacking fruit and green vegetables, ageing or infectious such as human papillomavirus (HPV) for oropharyngeal carcinoma and Epstein-Barr virus (EBV) for nasopharyngeal carcinoma (Johnson et al., 2020).
Depending on the primary tumor location and TNM staging, the treatment options entail surgery, radiation and chemotherapy in various combinations. In 40% of the patients, presenting at an early stage (Stage I and II) of the disease, surgery is the primary modality of treatment whereas for patients with advanced disease (Stage II and IV), irrespective of the resectability of the tumor, the palliative treatment involves platinum-based chemotherapy and radiation, with or without induction chemotherapy (Marur and Forastiere, 2016). The addition of targeted therapy along with cytotoxic chemotherapy although has resulted in the prolongation of the median survival time to 10 months, this is indicative of the lack of chemotherapeutic efficacy for these patients (Sacco and Cohen, 2015). The development of chemoresistance in patients of HNSCC remains a major cause of concern as it worsens the prognostic outcome. A plethora of mechanisms for development of chemoresistance in HNSCC have been postulated which includes aberrant modulation of pathways regulating apoptosis, DNA damage and repair, epithelial mesenchymal transition (EMT), modulation of cell cycle phases, cancer stem cells, epigenetic modulation, non-coding RNA (ncRNA) processing, regulation of autophagy and immune cell interactions (Khera et al., 2023). Stemming from a poor understanding of the molecular mechanism(s) of malignancy, patients of HNSCC are subjected to the same standardized regimen irrespective of their genetic variability. Hence, investigation for the elicitation of molecular biomarkers of HNSCC will not only aid in the stratification of the patients by personalizing the therapeutic approaches but also aid in minimizing toxicity and predicting the prognostic and therapeutic outcome (Khera et al., 2023).
Circular RNAs (circRNAs) are covalently closed circular molecules of endogenous RNA which are refractory to the actions of RNA exonuclease due to the absence of 5′ or 3′ termini, thus, making them more stable than linear RNA molecules such as microRNAs (miRNAs) or long non-coding RNAs (lncRNAs) and this feature makes them ideal candidates for use as biomarkers (Liu and Chen, 2022). CircRNAs have been implicated as key regulators of various physiological and pathological conditions, including malignancies and their expression is tissue and cell specific (Hwang and Kim, 2024). Acting primarily as competing endogenous RNAs (ceRNAs), circRNAs, by sponging of miRNAs, regulate the expression of downstream miRNA target genes by alleviating the inhibitory effects of the miRNA. Additionally, some circRNA, by binding to RNA-binding proteins or translating into proteins can modulate biological functions (Bach et al., 2019). In cancers, circRNAs have been observed to induce the development of chemoresistance by augmenting the efflux of drugs, regulation of apoptosis, modulation of the tumor microenvironment, autophagy and dysregulation of DNA repair (Liu et al., 2022).
In this review, we aim to systematically identify circRNAs played regulatory role in chemoresistance and explore their underlying mechanism(s) in HNSCC for application as predictive biomarkers for prognosis and response to chemotherapy.
2 METHODS
2.1 Protocol and registration
The present systematic review was done as per the “PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)” statement (PRISMA statement, 2024). The protocol was prospectively registered with PROSPERO (International Prospective Register of Systematic Reviews) (Protocol No. CRD42024532291).
2.2 Criteria for study selection
Randomized and non-randomized controlled trials, observational studies, animal studies, in vitro studies were considered for the inclusion whereas systematic reviews (with or without meta-analysis), narrative reviews, editorials, letters to the editor, conference proceedings and abstracts and in silico studies were excluded. Studies which were published in English language or could be translated to English language were considered for the review.
2.3 Search strategy and study selection
The search strategy was created after reviewing published literature and discussion among the coauthors. An electronic literature search was performed in PubMed, Embase, Web of Science and Cochrane Library using predetermined keywords and MeSH terms. A bibliographic search of the articles included in the review was also performed. The detailed search strategy was mentioned in the Supplementary Material (Supplementary Table S1).
2.4 Data extraction
The search of four databases yielded a total of 161 articles on 27 March 2024. Of 161 articles, 46 articles were retrieved from PubMed, 97 articles from Embase, 18 articles from Web of Science and zero articles from Cochrane Library (Figure 1). All articles were exported to Microsoft Excel. Duplicates were removed using the Title-Author-Date of Publication criteria. In the first phase, title/abstract screening was performed by two individual reviewers (AM and SK) to remove 19 duplicates. The remaining 142 articles were screened for each step of the screening process in the second phase (SKD and SK) and full text screening for the assessment of eligibility for inclusion was performed by two independent authors (SKD and BJ). The bibliography of the articles included for review was also screened for identification of eligible articles for inclusion by two authors (AM and BJ). Two authors (SKD and SK) independently extracted the data using a pre-structured form where the details were recorded as: author, year, country, type of HNSCC, circRNA, circRNA regulation, target miRNA and other downstream effectors. Any discrepancy, arising at any stage of the of the review was addressed by discussion among the authors till a consensus was reached.
[image: Flowchart depicting the study selection process. The chart shows two main pathways: studies identified via databases and registers, and those identified via other methods. Each pathway includes steps such as screening, retrieval, and assessment for eligibility, with numbers detailing records included, excluded, and reasons for exclusions like duplicate records, not meeting criteria, or incomplete data. The final count of studies included in the review is thirty-three quantitative and ten qualitative.]FIGURE 1 | PRISMA flow diagram.
2.5 Study outcome
This study aimed primarily to evaluate the role of circRNAs in chemoresistance in HNSCC as well as to assess their prognostic potential in HNSCC cases.
2.6 Quality assessment of studies
Two authors (SKD and SK) assessed the risk of bias and applicability concerns independently using QUADAS-2 tool (A tool for the quality assessment for diagnostic accuracy studies) (QUADAS-2, 2024). The studies were assessed for Risk of Bias and Applicability Concerns. The risk of bias dimension had four domains whereas the dimension of applicability concerns had three domains. For risk of bias assessment, each domain was graded as “yes,” “no” and “unclear” whereas each domain for applicability concern was graded as “high” “low” or “unclear.”
2.7 Data synthesis and summary measures
The data extracted were categorized, interpreted, and grouped according to the similarity of the data for the narrative synthesis.
3 RESULTS
3.1 Study selection
Following the search, a total of 161 records from four databases were obtained. After the removal of duplicates, there were 142 records screened for eligibility, out of which 36 records were sought for retrieval. A total of 12 studies from three databases were included for the review. From the bibliography of the included 12 studies, 40 studies were identified and sought for retrieval, out of which 38 were assessed for inclusion into the review. Of 38, only 1 study was found eligible. The PRISMA flow diagram (Figure 1) outlines the process of selections for the included studies.
3.2 Risk of bias and applicability concerns within studies
A summary of the quality assessment of the included studies using QUADAS-2 has been given in Figure 2. Only one study fulfilled all the domains as mentioned under risk of bias in the QUADAS-2 quality assessment tool whereas most studies satisfied only 2 domains. Only four studies satisfied 2 domains pertaining to applicability concerns and none satisfied all three domains.
[image: A table assessing risk of bias and applicability concerns across thirteen studies. Columns include patient selection, index test, flow and timing, and reference standard. Green circles indicate low risk, red high risk, and blue unclear. Most studies show low risk in many areas, with some high or unclear risk noted sporadically, especially in reference standards.]FIGURE 2 | Quality assessment of included studies using QUADAS-2.
3.3 Study characteristics
The characteristics of studies included in the review have been summarized in Table 1.
TABLE 1 | Characteristics of included studies.
[image: A table displays research studies on circular RNAs (circRNAs) related to head and neck squamous cell carcinoma (HNSCC) in China and Taiwan. It includes 13 entries detailing the authors, year, country, type of HNSCC, circRNA name, regulation (upregulated or downregulated), chemotherapeutic agent (usually Cisplatin or Docetaxel), target miRNAs, and other downstream targets. The table highlights the connection between circRNA regulation and therapeutic targets across different types of cancer.]3.4 Differentially expressed circRNAs
3.4.1 circPARD3
Gao et al., in their study, identified a novel autophagy-suppressive cytoplasmic circRNA, i.e., circPARD3, which was significantly upregulated in LSCC samples. miR-145-5p was identified as a downstream target for circPARD3, where the sponging of miR-145-5p by circPARD3 alleviated its inhibitory effects resulting in the overexpression of oncogene PRKCI. circPARD3 was found to inhibit autophagy via the modulation of the miR-145-5p-PRKCI-Akt-mTOR pathway, resulting in augmentation of the neoplastic potential of LSCC and precipitation of chemoresistance. The level of expression of circPARD3 is LSCC was seen to be directly corelated with the malignant progression and worsening of the prognostic outcome (Gao et al., 2020).
3.4.2 circPKD2
Gao and his colleagues observed that circPKD2 was significantly downregulated in OSCC cells. Further, they found that circPKD2 promotes autophagy by sponging of miR-646 which in turn negated its suppressive effects on Atg13. The decreased expression of circ-PKD3 in OSCC cells was associated with tumor proliferation, invasion and chemoresistance (Gao et al., 2022).
3.4.3 circAP1M2 (hsa_circ_0049282)
In the study conducted by Wenhao and his group, an increased expression of circAP1M2 in OSCC tissue was observed. In comparison to parental cells, circAP1M2 was noted to be significantly overexpressed in cisplatin-resistant OSCC cells. circAP1M2 was found to regulate autophagy by sponging of miR-1249-3p which in turn modulates the expression of ATG9A (Wenhao et al., 2023).
3.4.4 circPGAM1
Feng et al. observed the upregulation of circPGAM1 in laryngocarcinoma tumors where the level of expression of circPGAM1 showed a positive correlation with the higher stages (Stages III and IV) of malignancy in comparison to the lower stages (Stages I and II). circPGAM1 was seen to promote chemoresistance as its downregulation was associated with a decrease in cell viability in the presence of cisplatin. MiR-376a was identified as the downstream target of circPGAM. MiR-376a inhibited the circPGAM1 induced increase in cell viability under cisplatin. ATG2A was identified as a downstream factor for miR-376a where the miR-mediated inhibition of ATG2A promoted cisplatin sensitivity (Feng et al., 2021).
3.4.5 circ-ILF2 (hsa_circ_00428)
Wu et al. identified upregulated circ-ILF2 (hsa_circ_00428) in CDDP-resistant OSCC cells. miR-1252 was identified as a target for circ-ILF2, where sponging of miR-1252 inhibited the latter’s effects on KLF8 expression, resulting in the development of cisplatin resistance in OSCC cells because of impairment of cisplatin-induced apoptotic machinery. circ-ILF2 was also found to promote the M2 polarization of macrophages (Wu et al., 2023).
3.4.6 circ_0005033 (hsa_circ-0005033)
In a study, Gong and co-workers observed that circ_0005033 was upregulated in LSCC specimens. miR-107 was identified as the target for circ_0005033 and the relationship was seen to be an inverse linear correlation. The upregulation of circ_0005033 and inhibition of miR107 were associated with augmentation of LSCC cell viability, proliferation, metastasis and chemoresistance to cisplatin. The downstream effector for miR107 was identified to be IGF1R (Gong et al., 2022).
3.4.7 circANKS1B (hsa_circ_0007294)
In a study, we demonstrated the elevated levels of circANKS1B and TGF-β1 in OSCC tissues in comparison to the para-tumor samples and suggested a positive correlation where circANKS1B was found to regulate the expression of TGF-β1 in OSCC. circANKS1B upregulation was associated with an elevation of the metastatic potential of the OSCC cells. Downregulation of circANKS1B resulted in decreased cell viability when exposed to cisplatin and an increase in the activity of caspase-3. The expression of miR-515-5p was seen to be noticeably downregulated in OSCC and a direct interaction with circANKS1B was noted suggesting of miRNA sponging. miR-515-5p was observed to reduce the mRNA levels of TGF- β1 suggestive of a circANKS1B/miR-515-5p/TGF- β1 axis (Yan and Xu, 2021).
3.4.8 hg19_circ_0005033
Wu et al., in their study, observed high level expression of hg19_circ_0005033 in TDP cells of LSCC. siRNA transfection induced downregulation of hg19_circ_0005033 which inhibited proliferation, migration and invasion of TDP cells and an enhancement of chemosensitivity. An inverse relationship between hg19_circ_0005033 and miR-4521 was observed which suggests that hg19_circ_0005033 exerts its action via the sponging of miR-4521. STAT5A was identified as the target for miR4521 and downregulation of miR-4521, due to the sponging by hg19_circ_0005033, upregulated the expression of hg19_circ_0005033 via the hg19_circ_0005033/miR-4521/STAT5A axis (Wu Q. et al., 2018).
3.4.9 circTPST2
Wang et al. identified circTPST2 to be relatively highly expressed in HNSCC in comparison to the adjacent tissue. miR-770-5p was identified as the downstream target for circTPSP2. Further, physical interaction between circPTST2 and nucleolin and regulation of nucleolin by miR-770-5p were established. We found that circTPSP2 regulates cisplatin chemosensitivity by sponging miR-770-5p which in turn modulated the Nucleolin dual pathway (Wang et al., 2023).
3.4.10 circPUM1
Liu et al. observed the overexpression of circPUM1 in OSCC and this overexpression was regulated by the upstream factor, SP2. An inverse relationship was observed between circPUM1 and susceptibility of NK cells where high expression of circPUM1 decreased the susceptibility of OSCC cells to NK cells. The downstream target for circPUM1 was identified to be miR-770-5p playing a role in cisplatin chemoresistance and susceptibility to NK cells of OSCC cells. Overexpression of miR-770-5p was associated with a decrease in cellular viability whereas downregulation was associated with an increase in cellular viability. Nucleosome assembly protein 1-like 1 protein (NAP1L1) was identified as a downstream target for miR-770-5p which shows an inversely correlated relationship whereas an elevated expression of miR-770-5p inhibits NAP1L1 expression. Similarly, an elevated expression of circPUM1 was found to downregulate the expression of NAP1L1 which is suggestive of an axis comprising of circPUM1/miR-770-5p/NAP1L1 (Liu et al., 2024).
3.4.11 circ_0001971
Tan et al. observed significant upregulation of circ_0001971 in OSCC tumor tissues in comparison to normal tissue and the elevated expression was seen to be associated with increase in cellular proliferation, migration, invasion and EMT. The expression of circ_0001971 was significantly elevated in higher stages (Stage III and IV) of the malignancy in comparison to the lower stages (Stages I and II) and was suggestive of a relationship where the level of expression has direct correlation with the five-year survival rate. Suppression of circ_0001971 expression inhibited tumorigenesis and progression while augmenting the induction of apoptosis and chemosensitivity to cisplatin. miR-194 and miR-204 were identified as downstream targets for circ_0001971 where overexpression of the two miRNAs inhibited the expression and function of circ_0001971 suggesting that circ_0001971 functions as a ceRNA for the two miRNAs (Tan et al., 2020).
3.4.12 circCRIM1 (has_circ_0002346)
Hong et al. observed overexpression of circCRIM1 in highly metastatic nasopharyngeal carcinoma (NPC) cells. circCRIM1 was found to induce migration, invasion and EMT in NPC cells. miR-422a was identified as a downstream target for circCRIM1 and was found to be downregulated. Transcription factor forkhead box Q1 (FOXQ1), an oncogene, was identified as a target for miR-422a. circCRIM1 was noted to upregulate FOXQ1 by the attenuation of the posttranscriptional suppression activity of miR-422a. circCRIM1 downregulation enhanced docetaxel sensitivity of NPC cells. Hence, circCRIM1, functioning as a ceRNA, sponges miR-422a to alleviate its inhibitory effects on FOXQ1 in nasopharyngeal carcinoma, promoting metastasis and chemoresistance (Hong et al., 2020).
3.4.13 hsa_circ_0000190
Hung et al. investigated the expression of hsa_circ_0000190 and hsa_circ_0001649, which have previously been reported as potential cancer biomarkers, in plasma of OSCC patients with an aim of improving risk stratification of recurrence, metastasis and chemoresistance. Both hsa_circ_0000190 and hsa_circ_0001649 were found to be downregulated in OSCC in comparison to normal healthy individuals with the downregulation of hsa_circ_0000190 being highly statistically significant (p < 0.0001) in the late stage. hsa_circ_0000190 could effectively differentiate OSCC from normal healthy individuals. Decreased expression of hsa_circ_0001649 in OSCC patients was correlated with an increased risk of early recurrence and poor overall survival. When the pre- and post-induction of chemotherapy expression levels of both circRNAs were evaluated, a trend of increase in expression of hsa_circ_0000190 was observed which is suggestive of a correlation to induction chemotherapy in OSCC whereas no such correlation was observed with hsa_circ_0001649 (Hung et al., 2022).
4 DISCUSSION
A comprehensive literature search was performed using four databases followed by a bibliographic search of included articles was performed from which a total of 13 studies investigating the role of circRNAs in the development of chemoresistance in HNSCC were included for the present review. We identified 13 cirRNAs which have a pivotal role in chemotherapy resistance in HNSCC cases. Of these 13 circRNAs, 12 circRNAs (circPARD3, circ-ILF2, cricPKD2, hsa_circ_0005033, circAP1M2, circANKS1B, hg19_circ_0005033, circTPST2, circPUM1, has_circ_0000190, circPGAM1, and circ_0001971) were investigated for drug-resistance with cisplatin whereas only 1 circRNA (circCRIM1) was investigated for Docetaxel. While most circRNAs were upregulated, only circRNA has_circ_0000190 was found to be downregulated.
Autophagy, mediated by autophagosomes, is a physiological intracellular pathway responsible for the degradation and elimination of misfolded proteins and damaged cell organelles during stressful cellular environments for maintaining cellular metabolism, energy homeostasis and promoting cellular survival (Yun and Lee, 2018). Autophagy can play a dual role in tumorigenesis as it modulates both, as a mechanism of tumor suppression or as a mechanism of cyto-protection, promoting cellular adaptation to hypoxic microenvironment which in turn facilitates chemoresistance (Yang et al., 2011). Chemotherapeutic agents like cisplatin exert their anti-neoplastic activity by the induction of autophagy, whereas modulation of autophagy can be an important aspect of enhancing chemotherapeutic sensitivity while decreasing chemoresistance specially pertaining to drug like cisplatin (Xu and Gewirtz, 2022). Hence, modulation of autophagy may aid in reducing chemoresistance and augment the sensitivity of the neoplastic cells to these chemotherapeutic agents (Pu et al., 2022). Studies demonstrated that circPARD3 inhibits autophagy by the modulation of circPARD3/miR-145-5p/PRKCI axis which in turn inhibits the PIK3CA/AKT-mTOR signaling pathway. mTOR activation via the PIK3CA/AKT-mTOR signaling pathway regulates multiple cellular processes, such as growth, proliferation, metabolism and survival which, due to constitutive activation in malignancies, drives uncontrolled cellular growth and proliferation while inhibiting apoptosis (Zheng et al., 2024). MiR-145-5p is a suppressor of tumorigenesis and an enhancer of autophagy (Gao et al., 2020). CircPARD3, by sponging miR-145-5p, downregulates its expression. The downregulation of miR-145-5p in turn suppresses the expression of PRKCI (Kim et al., 2020). First classified as a human oncogene in lung and ovarian carcinomas, PRKCI, via the inhibition of PIK3CA/AKT-mTOR signaling pathway, inhibits autophagy as reflected by a decrease in the light chain 3B-II (LC3B-II) protein, increase in p62 and weakened degradation of both endogenous and exogenous autophagic substrates (Qu et al., 2016; Inman et al., 2022). Due to the downregulation of the inhibitory effect of miR-145-5p by circPARD3, the resultant overexpression of PRKCI potentiated the migration and invasion of the LSCC cells while making them refractory to the therapeutic effects of cisplatin. Although no established PRKCI inhibitors are available for clinical use (Jiao et al., 2023), PI3K enzyme inhibitors such as buparlisib and alpelisib have the potential to improve the therapeutic outcome in patients with HNSCC (Jung et al., 2018; Razak et al., 2023). Similarly, mTOR inhibitors like everolimus have been investigated for used as an adjuvant therapy in advanced HNSCC with promising therapeutic outcomes (Nathan et al., 2022; Massarelli et al., 2015).
Cytoprotective autophagy, by the degradation of damaged organelles and preventing DNA damage, enhances cellular survival in turn promoting tumorigenesis and predisposes the development of resistance to chemotherapeutic agents (Zhang et al., 2022). Autophagosomes are double layered vesicles which form an integral component of the intracellular degradation pathway in autophagy where they deliver degraded cytoplasmic components to the lysosome for recycling (Yun and Lee, 2018). Although primarily aimed at maintaining homeostasis by facilitating the recycling of damaged cell organelles and in turn preventing tumorigenesis, autophagy under conditions of cellular stress, such as hypoxia, nutrient deprivation and chemotherapy-induced therapeutic pressure and under the influence of factors secreted by immune and stromal cells of the tumor microenvironment, aids in the recycling of cellular components which facilitates equitable distribution of nutrients and energy among the cancer cells (Chavez-Dominguez et al., 2020). The activation of autophagy-related genes, such as ATG5 and ATG7, facilitates the shift from tumor suppression to cytoprotective autophagy and hence, alteration in expression of these gene may improve the effectiveness of chemotherapeutic agents (Chavez-Dominguez et al., 2020).
CircPKD2 was observed to augment cytoprotective autophagy via the modulation of the circPKD2/miR-646/Atg13 pathway (Gao et al., 2022). Atg13 is an essential component in the early stages of autophagosome formation which, depending on its state of phosphorylation, can promote or inhibit autophagy (Bhattacharya et al., 2024). Moreover, circPKD2 was found to promote apoptosis via autophagy and in turn promoting cisplatin sensitivity by up-regulating Atg13. circPKD2 augments caspase-8 and caspase-3 cleavage (Xu and Gewirtz, 2022). Caspase-8 acts as the initiator caspase for extrinsic apoptosis (Fritsch et al., 2019) whereas caspase-3 is a part of the intrinsic apoptotic pathway and plays a role in DNA and cytoskeletal protein degradation (Brentnall et al., 2013). It was previously observed that caspase-8 activation can induce caspase-9 (Li et al., 1998), but in some studies, it was demonstrated that cisplatin-induced apoptosis was associated with the upregulation of caspase-9 activity whereas caspase-8 activity was seen to be unchanged (Park et al., 2002; Garcia-Berrocal et al., 2007). Hence, further work is warranted for examining the role of circPKD2 induced caspase-8 activity in relation to chemoresistance to cisplatin.
circAP1M2 via the regulation of miR-1249-3p modulated the expression of ATG9A (Wenhao et al., 2023). ATG9A is a multi-spanning membrane protein and plays a role in the early stages of autophagy by contributing to the expansion of the phagophore and lipid mobilization from the lipid droplets to the autophagosomes and mitochondria (Mailler et al., 2021). MiR-1249-3p has previously been implicated in augmenting the malignant potential of multiple cancers (Chen et al., 2019). The expression of miR-1249-3p was seen to be downregulated in the OSCC cells and this was primarily due to the overexpression of circAP1M2 suggesting a relationship which was negatively correlated. Sponging of the miR-1249-3p alleviated its inhibitory effects on ATG9A. This phenomenon suggested that the underlying mechanism of cisplatin resistance in OSCC may be induction of cytoprotective autophagy. Earlier it was observed that cisplatin induces both, non-protective as well as cytotoxic autophagy, which can be modulated via an “autophagic switch” stemming from the alteration of expression of specific genes (Xu and Gewirtz, 2022). Although no therapeutic modality is available for the negation of ATG, concomitant administration of mTOR inhibitors, chloroquine and hydroxychloroquine, which have been seen to play a role in the regulation of autophagy, may aid in the alleviation of chemoresistance by the modulation of this “autophagic switch” (Wang G. J. et al., 2020).
Similarly, circPGAM1, by sponging miR-376a, upregulated the expression of ATG2A (Feng et al., 2021). MiR-376a is a known tumor suppressor as well as a promoter of apoptosis in multiple cancers such as renal cell carcinoma (Fan et al., 2019) and osteosarcoma (Fellenberg et al., 2019), among others. In HNSCC, miR-376a has been observed to play a similar role by inhibiting ATG2A (Feng et al., 2021). ATG2A is a lipid transfer protein which plays a role in autophagosome assembly and transfer of lipids from membrane vesicles to other vesicles (Maeda et al., 2019). As a part of the ATG9/ATG12-WIPI complex, it plays a role in the recruitment of ATG9 for the expansion of autophagosomes (Li et al., 2020). The downregulation of ATG2A has been observed to induce an accumulation of immature autophagosome membranes which in turn promote the activation of non-canonical caspase-8 via an intracellular death-inducing signaling complex (DISC) (Tang et al., 2017). Hence, circPAGM1 mediated upregulation of ATG2A resulted in the induction of cytoprotective autophagy which precipitates cisplatin chemoresistance. Figure 3 delineates the roles of the identified circRNA in the autophagy pathway in cancer chemoresistance.
[image: Diagram illustrating autophagy regulation by miRNAs and signaling pathways. Three circRNAs, circPGAM1, circPAPM2, circPKD2, and circPARP3, influence miRNAs miR-376a, miR-1249-3p, miR-666, and miR-145-5p. These affect ATG2A system, PI3K signaling, mTOR signaling, and the ATG8 system. Stages from initiation to autophagosome formation are shown, involving components like ATG12, ATG5, and ULK1 complex with pathways like PI3K/Akt and MAPK/ERK.]FIGURE 3 | CircRNAs regulating autophagy in cancer chemoresistance. (circ, circRNAs; ATG2, Autophagy-related protein 2; ATG18, Autophagy-related protein 18; miR, MicroRNAs; BCR, breakpoint cluster region protein; PI3K, Phosphatidylinositol-3-kinase; ULK1, Unc-51-like autophagy-activating kinases 1; p53, tumor protein p53; MAPK/ERK, Mitogen-activated protein kinase/extracellular signal-regulated kinase; LC3-II, Microtubule-associated protein 1A/1B-light chain 3; mTOR, Mammalian target of rapamycin).
An important mechanism of development of chemoresistance is an increase in the efflux of cytotoxic drugs (Kannampuzha and Gopalakrishnan, 2023). The upregulation of circILF2 (hsa_circ_00428) in OSCC, by sponging miR-1252, alleviated its inhibitory effects on KFL8 which in turn preventing cisplatin-induced apoptosis (Wu et al., 2023). As a regulator of gene transcription, Krüppel-like factor 8 (KFL8), plays a vital role in multiple cellular process such as differentiation, apoptosis, drug resistance and inflammation, and has been implicated in the progression of various neoplastic conditions including triple negative breast cancer (TNBC), lung adenocarcinoma, hepatocellular carcinoma, gastric carcinoma and osteosarcoma among others (Liu et al., 2017; Le Minh et al., 2023; Kumar et al., 2021). KLF8 has been observed to promote chemoresistance via PARP-1 dependent DNA damage response in HCC cells. In solid tumors, KLF8, on binding to the upstream region of the MDR1, promotes translational activity in the tumour microenvironment under hypoxic conditions and thus, inhibiting apoptosis and augmenting the rate of efflux of the chemotherapeutic agent (Xu et al., 2010). M2 macrophages have been noted to induce chemoresistance and radioprotection by the secretion of growth factors and inhibition of apoptotic pathways in neoplastic cells (Jayasingam et al., 2020). Hence, circILF2 plays a role in the development of chemoresistance via two mechanisms, augmenting KLF8 expression and M2 polarization of macrophages.
circ_0005033 was upregulated in LSCC and by sponging miR-107 increased the expression of IGF1R (Gong et al., 2022). IGF1R signaling is a tightly regulated network essential for cellular proliferation and survival. Commonly overexpressed in neoplasms, this growth factor and receptor is responsible for sustained proliferative signals, inhibition of apoptosis, metastasis and chemoresistance. IGF1R induced chemoresistance includes promotion of proliferation, inhibition of apoptosis, increased expression of ABC transporter proteins and changes in the extracellular matrix (Yuan et al., 2018). Although miR-107 was found to be downregulated in LSCC, but in the hypoxic microenvironment of breast and colon cancers, it was overexpressed where it inhibits VEGF-mediated angiogenesis via the downregulation of HIF-1β-mediated signaling pathway (Bao et al., 2012). Upregulation of circ_0005033 alleviated the inhibitory effects of miR-107 on IGF1R precipitating the development of chemoresistance to cisplatin.
circANKS1B, by sponging miR-515-5p, elevated the expression of TGF-β in OSCC (Yan and Xu, 2021). Although TGF-β1 initially acts as a tumor suppressor, but later its role as a promoter of tumor growth was demonstrated. The role of TGF-β1 in the stromal-epithelial interactions and stromal fibroblast cell autonomous effects have implicated this cytokine in the regulation of tumor progression in malignancies (Bierie and Moses, 2006). The activation of alternate pathways of cellular survival or prevention of apoptosis by TGF-β1 has primarily been hypothesized for the development of chemoresistance but, it has been observed that downregulation of TGF-β1 expression too can play a role in EMT and chemoresistance. Downregulation of SMAD3 or absence of SMAD4 suppresses the expression of TGF-β1 which in turn induced the expression of anti-apoptotic proteins such as Bcl-2 and Bcl-w enhancing cell survivability to response to platinum coordinated compounds in NSCLC and 5-FU in CRC (Zhang et al., 2021). In cisplatin-resistant OSCC, TGF-β1 modulates the cancer cell stemness where it inhibited the tumor suppressor gene FOXO3a via AKT pathway, a non-canonical, SMAD-independent pathway, resulting in the increased expression of SOX2 and ABCG2, which are markers of stemness (Zhang et al., 2021).
hg19_circ_0005033 was found to be upregulated in TDP cells of LSCC and by sponging miR-4521 elevated the expression of STAT5A (Wu Q. et al., 2018). STAT5A has been implicated in various neoplastic conditions, for example, it is overexpressed in hematological malignancies and glioblastoma and suppressed in malignancies of the breast and ovaries suggesting a dual role of STAT5A as a tumor promoter or as a tumor suppressor depending on the underlying pathophysiology (Maninang et al., 2023). Further investigation is warranted to delineate the exact role of STAT5a in the augmentation of neoplastic potential of LSCC (Han et al., 2022). In mice models, the overexpression of STAT5A has been associated with the initiation of breast cancer, a contradictory observation to the tumor suppressive effects of STAT5, where the STAT5 signaling augments the expression TGF- α and in turn enhances the expression of EGFR predisposing the development of malignant changes (Halim et al., 2020). In colorectal cancer, STAT5 overexpression has been associated with a poor prognostic outcome where IL-23 signaling inhibits the expression of SOCS3, an inhibitor of STATs expression and activation. Activation of STATs downregulates p16, p21 and p27 while upregulating the expression of cyclin D1m Bcl-2 and survivin leading to the augmentation of cellular proliferation and inhibition of apoptosis. The STAT mediated overexpression of p-FAK, VEGF and MMP-2 levels and downregulation of E-cadherin expression raises the invasiveness and metastatic potential (Halim et al., 2020). Hence, therapeutic inhibition of STAT5 can aid in the restoration of chemosensitivity in these conditions. STAT5, by augmenting cellular proliferation, cancer stem cell population and EMT can predispose increased invasion and metastasis in hepatocellular carcinoma whereas in prostate cancer, it induces stem-like cell properties and EMT (Wu Y. et al., 2018; Halim et al., 2020).
As multifunctional protein playing a role in rDNA transcription, RNA metabolism and ribosome assembly, the expression of nucleolin in cancers have been hypothesized to be aberrant. Overexpression of nucleolin has been associated with the worsening of the prognostic outcome whereas the presence of cell surface nucleolin has been implicated in augmentation of the malignant potential and metastasis (Chen and Xu, 2016). circTPST2 was observed to be upregulated in HNSCC and by modulation of miR-770-5p regulated the expression of nucleolin. A physical interaction between circPTST2 and nucleolin was observed. Taken together, it is suggestive of a dual nucleolin pathway (Wang et al., 2023). MiR-770-5p has been implicated in the modulation of chemoresistance in multiple cancers like ovarian and colorectal adenocarcinomas. The upregulation of miR-770-5p, by its action as an anti-oncogene, promotes cisplatin sensitivity in ovarian cancers through downregulating the expression of NEAT1 (Zhu M. et al., 2020). In colon adenocarcinoma, miR-770-5p downregulates HIPK1 to modulate methotrexate resistance (Zhang et al., 2020). In HNSCC, circTPST2, by sponging miR-770-5p, modulates chemoresistance via upregulating nucleolin. circTPST2 was found to physically interact and induce the expression of nucleolin where the expression of nucleolin was found to be inversely corelated with the prognostic outcome of chemotherapy in HNSCC. The inhibition of nucelolin increased the number of late apoptotic cells (Wang et al., 2023). In cervical cancers, nucleolin modulates the expression of MDR1 in a YB1-dependent manner precipitating chemoresistance by augmenting drug efflux and reducing intra-cellular accumulation of the drug (Ke et al., 2021).
The expression of circPUM1 was found to be elevated in OSCC. Overexpression of circPUM1 was associated with a decrease in the susceptibility of NK cells and modulation of miR-770-5p which in turn downregulated the expression of NAP1L1 (Liu et al., 2024). The upregulation of miR-770-5p has been observed to promote EMT, invasion and metastasis in OSCC leading to an overall poor prognostic outcome (Khalilian et al., 2023). In a study carried out by Jia and colleagues, it was observed that miR-770-5p downregulates the expression of Sirt7 via the Sirt7/Smad4 signaling pathway to promote cellular migration (Jia et al., 2021). NAP1L1 overexpression has been associated with a poor prognostic outcome and has previously been found to promote cellular proliferation in various neoplastic conditions including colorectal cancer, HCC, lung adenocarcinoma, and neuroendocrine cancers (Zhu et al., 2022). Le et al. observed that NAP1L1 overexpression in HCC was associated with an augmentation of the neoplastic potential and chemoresistance to doxorubicin (Le et al., 2019). In glioma and ovarian cancers, NAP1L1, via its interaction with HDGF, activated c-Jun, an oncogenic transcription factor, to induce CCND1/CDK4/CDK6 expression resulting in cellular proliferation and chemoresistance to cisplatin (Zhu et al., 2022; Chen et al., 2021).
circRNAs function via the modulation of downstream RNA transcripts by competing with shared miRNAs (Salmena et al., 2011). circ_0001971 was highly expressed in OSCC cases and miR-194 as well as miR-204 were its downstream targets (Tan et al., 2020). miR-194 was found to inhibit cellular proliferation in OSCC by suppressing acylglycerol kinase (AGK) expression via the PI3K/AKT/FoxO3a signaling pathway acting as a tumor suppressor (Chi, 2015). AGK is an oncogene which has been observed to be overexpressed in a myriad of malignancies and plays a crucial role as a regulator of cellular growth and proliferation, invasion and metastasis and resistance to chemotherapy (Chu et al., 2021). AGK was also considered to be a promoter of resistance to paclitaxel in nasopharyngeal carcinomas and this chemoresistance properties which eventually mediate tumor growth and metastasis is facilitated by overexpressed FOXM1 via JAK2/STAT3 signaling pathway (Zhao et al., 2021; Zhu Q. et al., 2020). Depending on the underlying neoplastic condition, miR-204 has been observed to either play the role of a tumor suppressor or an oncomiR. Wu et al., in their study, observed the low expression level of miR-204 in HNSCC with JAK2 being its direct target. Attenuation of JAK2 by miR-204 in HNSCC inhibited the JAK2/JAK3 pathway preventing tumor angiogenesis and increased sensitivity to cetuximab suggesting a tumor suppressive activity (Wu Y. et al., 2018). The tumor suppressive actions and chemotherapy sensitivity enhancement activity of miR-204, via the inhibition of RAB22A, an oncogene, has been investigated for multiple cancers including nasopharyngeal carcinoma (Rajan et al., 2021; Yin et al., 2014). Further studies are warranted for identification of downstream targets for miR-194 and miR-204 in OSCC and establishment of the regulatory axis.
circCRIM1 was observed to be upregulated in NPC cells and by sponging miR-422a alleviated the inhibitory effect on FOXQ1 in nasopharyngeal carcinoma (Hong et al., 2020). miR-422a which primarily functions as a tumor suppressor was downregulated in nasopharyngeal carcinoma (Hong et al., 2020) as well as in other neoplastic conditions like gastric carcinoma (He et al., 2018), colorectal cancer (Li et al., 2018) and osteosarcoma (Zhang et al., 2018). Moreover, miR-422a exerts its tumor suppressive effects by inhibiting the expression of FOXQ1. FOXQ1 has been implicated in the regulation of various physiological processes such as glucose metabolism, synthesis of lactic acid, cardiac fibrosis and cellular senescence. In neoplastic conditions, FOXQ1 plays a role of promoter of tumor progression and has been involved in the regulation of invasion, EMT and apoptosis (Dong et al., 2022). Zhang et al., demonstrated that FOXQ1 expression was elevated in laryngeal carcinoma and inhibition of FOXQ1 under experimental conditions impairs the cellular proliferation and invasion by arresting the cell cycle progression in G0/G1 phase (Zhang et al., 2015). Although further research is warranted to delineate the underlying mechanism(s) of FOXQ1-mediated chemoresistance in HNSCC, Meng et al. identified Twist1, Zeb2, PDGFRA and PDGFRB as potential downstream targets in breast carcinoma which are downregulated by FOXQ1 (Baumeister et al., 2021). Hence, therapeutic modalities targeting these transcription factors may play a role in the inhibition of growth, invasion and metastasis while promoting apoptosis in HNSCC. The regulation of EMT pathway by circRNA in HNSCC has been delineated in Figure 4.
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Hung and colleagues investigated the clinical implications of hsa_circ_0000190 and hsa_circ_0001649 as potential biomarkers for prognosis and response to chemotherapy in OSCC. Although both circRNAs were found to be downregulated, the decreased expression of hsa_circ_0000190 in the late stage of the disease was statistically significant and it could effectively differentiate OSCC cases from normal healthy individuals. A correlation was observed between the expression of hsa_circ_0000190 and response to chemotherapy. Although the decreased expression of hsa_circ_0001649 correlated with an increased risk of early recurrence and decreased survivability, no correlation was observed between its expression and response to chemotherapy (Hung et al., 2022). Hsa_circ_0000190 has been investigated in multiple cancers where the expression varies depending on the underlying neoplastic conditions. hsa_circ_0000190 was highly expressed in non-small cell lung cancer (NSCLC) (Luo et al., 2021) while, in OSCC (Hung et al., 2022) and gastric cancer (Chen et al., 2017), it was downregulated. Although there is a paucity of data pertaining to the downstream targets and delineation of the exact role of hsa_circ_0000190 in HNSCC, a series of studies have investigated its role in the tumor progression and chemoresistance to cisplatin in NSCLC (Luo et al., 2021; Chen et al., 2017). Further, we found that hsa_circ_0000190 by sponging miR-1253 upregulated IL-6 in NSCLC to induce chemoresistance (He and Li, 2024). IL-6 has been implicated as mediator of tumor progression and chemoresistance in multiple cancers such as NSCLC and colorectal cancer wherein IL-6 has been observed to modulate autophagy by inducing phosphorylation of BECN1 via the IL-6/JAK2/BECN1 signaling pathway (He and Li, 2024; Hu et al., 2021). The phosphorylation of BECN1 at the tyrosine residue Y333 by JAK2 augments its interaction with VPS34, a component of the PI3KC3 complex, which is essential for the formation of autophagosomes in turn aiding the malignant cells to survive the stress induced by chemotherapeutic agents (Hu et al., 2021). Like in OSCC, hsa_circ_0000190 has been found to be downregulated in gastric carcinoma. miR-1252 was identified as a direct target for hsa_circ_0000190 and it directly targeted PAK3. The hsa_circ_0000190/miR-1252/PAK3 was found to modulate the malignant potential of the cells by regulating the expression of p27 and cyclin D inducing cell cycle arrest at G1 phase due to inhibition of DNA synthesis, apoptosis, cellular proliferation and migration (Wang Y. et al., 2020). As the expression of hsa_circ_0000190 varies depending on the underlying neoplastic conditions, it is a view that circRNAs exert their influence on different biological processes depending on the underlying pathology.
Similarly, hsa_circ_0001649 which is thought to be an anti-oncogenic circRNA was downregulated in multiple malignancies such as osteosarcoma (Sun and Zhu, 2020), gastric carcinoma (Li et al., 2017) and retinoblastoma (Xing et al., 2018) and is associated with a poor prognostic outcome. In osteosarcoma, it has been observed that hsa_circ_0001649, by sponging miR-338-5p, miR-647 and miR-942, inhibits the STAT signaling pathway to decrease cellular proliferation and promote apoptosis (Sun and Zhu, 2020) whereas, in retinoblastoma, hsa_circ_0001649 was observed to exert its actions via the modulation of the AKT/mTOR signaling pathway (Xing et al., 2018) and this suggests that even though dysregulated circRNA may play a role in the pathogenesis of cancer, they may not be useful as biomarkers of prognosis and response to chemotherapy.
In brief, the mechanism of development of chemoresistance in HNSCC is quite complex and involves multiple pathways regulated by a wide range of circRNAs. In present study, we found that circular RNAs circPARD3, circPKD2, circAP1M2 and circPGAM1 can modulate autophagy; circ-ILF2, circANKS1B, circTPST2, circPUM1 and circ_0001971 can regulate apoptosis and circ-ILF2, has_circ_0005033 and circTPST2 augment the efflux of the chemotherapeutic agent; EMT is enhanced by circANKS1B, circCRIM1, circ_0001971 and has_circ_0005033) whereas DNA damage and repair capacity of the cells is modulated by circ-ILF2. circ-ILF2, circCRIM1 and circTPST2 may also play a role in modulation of the tumor microenvironment. Moreover, malignant potential of cancerous cells is regulated by has_circ_0000190 and hg19_circ_0005033. Interestingly, circTPST2 circRNA is involved in regulation of apoptosis, augmentation of drug efflux, and modulation of the tumor microenvironment. Similarly, circ-ILF2 augments the drug efflux, modulates the tumor microenvironment and DNA damage.
As discussed elsewhere, the present review identifies 13 circRNAs which have been investigated for their role in chemoresistance in HNSCC. We have provided insight into their possible mechanism of action, their target miRNAs, and regulatory pathways involved in the development of chemoresistance while highlighting the potential roles of predictors of chemotherapy response in HNSCC. However, the present study has some limitations. Although we strived to conduct a comprehensive literature search involving four databases, it is possible that we may have missed literature from the grey areas. As most of the studies reported in our review have been conducted in People’s Republic of China, hence, a population bias may exist. A variation in study design including sample size, control groups and experimental designs was noted which may have contributed to some inconsistences in the results which have been reported. Majority of the studies investigated chemoresistance to cisplatin whereas only one study investigated the therapeutic response to docetaxel which may restrict the applicability to other chemotherapeutic drugs and chemotherapy regimens.
5 CONCLUSION
In this review, we have systematically identified 13 circRNAs that played a vital role in the development of chemoresistance in HNSCC. These identified circRNAs may be considered as predictive biomarkers not only for prognosis but also for response to chemotherapy. Further, these circRNAs may aid in the personalization of therapeutic modalities in HNSCC cases. The development of chemoresistance is not unidimensional but involves the modulation of multiple pathways which in turn control various cellular processes by multiple circRNAs, their target miRNAs and downstream effectors. Hence, integration of circRNAs with other biomarkers such as proteins and other ncRNAs can provide a comprehensive and more accurate understanding of the underlying pathophysiological process, treatment response and even serve as potential therapeutic targets in cancer and for deterring chemoresistance. Although all identified circRNAs should be investigated for their potential role as biomarkers, of the identified circRNAs, the authors would like to propose the four most promising candidates for further evaluation, namely, circPARD3 which modulates autophagy via the PRKCI-Akt-mTOR pathway, circTPST2 which modulates apoptosis, drug efflux and tumor microenvironment and shows a strong correlation with chemotherapy response, circANKS1B which modulation of EMT and TGF-β1 pathway (responsible for cell survival, growth and immune response) and circ_0000190 which modulates autophagy via the IL-6/JAK2/BECN1 signaling pathway and the expression of which has been reported to correlate with response to chemotherapy. Although dysregulation of expression of a circRNAs can predict the malignant potential of the cells, further exploration is required to ascertain their role in chemoresistance. Validation of the identified circRNAs and their incorporation into clinical practice warrants the conduction of longitudinal studies for observing the change in response to chemotherapy whereas in vivo experiments may shed light on extrapolating the role of these circRNAs in cancer at a cellular level. As discussed earlier, circRNAs are inherently more resistant to degradation than other ncRNAs owing to their closed circular structures, they hold immense potential as biomarkers, a correlation between tissue and plasma samples will aid in easier applicability. The existence of validated biomarkers with good specificity and sensitivity can aid in the early detection of chemoresistance minimizing therapy failure resulting in a better therapeutic outcome. Hence, further well-planned studies are warranted from clinical perspectives to establish the role and utility of circRNAs in chemoresistance to some other anti-cancer drugs and explore their potential as novel biomarkers for predicting prognosis and chemotherapy response.
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Long Intergenic Non-Protein Coding RNA 1123 (LINC01123), located on human chromosome 2q13, is a pivotal factor in tumorigenesis, exerting multifaceted oncogenic effects. Its expression strongly correlates with clinicopathological features, patient survival, and disease progression. In vivo and in vitro experiments further demonstrate that LINC01123 influences diverse cellular processes, including proliferation, apoptosis, viability, migration, invasion, stemness, and tumor growth. Notably, it also regulates metabolic reprogramming, immune escape, and tumor cell resistance to treatment. LINC01123 is regulated by multiple transcription factors and participates in gene regulation through protein interactions and competitive endogenous RNA (ceRNA) networks, thereby modulating cancer-promoting effects. This work systematically elucidates its primary functions and molecular mechanisms driving cancer initiation and progression, suggesting that LINC01123 might serve as a novel potential oncogenic driver and biomarker in various cancers.
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1 Introduction

Long non-coding RNAs (lncRNAs) are RNA molecules longer than 200 nucleotides that do not encode proteins (1–4). Initially considered “junk” RNA, they are now recognized as crucial players in human diseases (5–7), particularly cancer (8–10). LncRNAs are classified based on their proximity to protein-coding genes, including sense, antisense, intronic, bidirectional, or intergenic types (11–13). Mechanistically, one of the main functions of lncRNAs involves the ceRNA network (14–16). Acting as “sponges” for microRNAs (miRNAs), lncRNAs bind to miRNAs and modulate their availability for target mRNAs, thereby indirectly regulating gene expression. Disruptions in the ceRNA network involving lncRNAs are evident in various cancers (17–19). Accumulating evidence underscores the pivotal role of lncRNAs in cancer development and progression, highlighting their potential as targets for innovative therapeutic strategies (20–22).

Homo sapiens (human) Long Intergenic Non-Protein Coding RNA 1123 (LINC01123) is classified as a lncRNA gene located on chromosome 2q13. Spanning a length of 8302 nucleotides (nt), this gene comprises four exons (https://www.ncbi.nlm.nih.gov/gene/440894). The LINC01123 gene produces two splice variants: ENST00000419296.1, which is 2436 base pairs (bp) long, and ENST00000336905.3, which spans 2271 bp (Source: https://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000204588;r=2:109987063-109996140). LINC01123 has recently emerged as a key player in the pathogenesis of various diseases, including deep vein thrombosis (23), atherosclerosis (AS) (24), and acute cerebral infarction (25). Notably, its role in cancer progression has sparked considerable interest (26–28). LINC01123 is upregulated in a wide array of human tumors, and elevated expression levels of LINC01123 in cancerous samples correlate with adverse clinicopathological features and poor prognosis, including lymph node metastasis, tumor size, clinical stage, overall survival (OS), disease-free survival (DFS), and biochemical recurrence (BCR)-free survival. Furthermore, LINC01123 plays a critical role in crucial biological processes such as epithelial-mesenchymal transition (EMT), tumor cell growth, and invasion. Given its pivotal role in tumor progression, LINC01123 is expected to serve as a valuable tumor biomarker and contribute to the development of effective therapeutic strategies across various malignancies.

In this work, we provide a comprehensive summary of the latest research on the roles of LINC01123 in tumor development. We focus on LINC01123 expression patterns, associated clinical characteristics, its potential as a cancer biomarker, and its biological functions in tumor progression. Additionally, we examine the underlying mechanisms driving LINC01123’s effects in various malignancies. This review highlights the promising prospects of LINC01123 as a target for therapeutic interventions in different cancer types.




2 Expression and clinical significance of LINC01123 in human tumors

Recently identified as an oncogenic lncRNA, LINC01123 demonstrates significant upregulation across multiple cancer types originating from various organ systems (26–37). These include cancers of the nervous system (glioma) (29), respiratory system (lung cancer, LC) (28, 30), head and neck region (oral squamous cell carcinoma, OSCC; head and neck squamous cell carcinoma, HNSCC) (26, 27), digestive system (hepatocellular carcinoma, HCC; colorectal cancer, CRC; intrahepatic cholangiocarcinoma) (31–35), and reproductive system (ovarian cancer, OC; cervical cancer, CC) (36, 37), as summarized in Table 1.

Table 1 | Relationship between LINC01123 expression in tumor samples and clinicopathological features and prognosis in cancer patients.
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Research has investigated the relationship between LINC01123 expression and clinicopathological features across various cancer types (see Table 1). In OSCC, elevated expression of LINC01123 is associated with lymph node metastasis and advanced TNM stage (26). In non-small cell lung cancer (NSCLC), LINC01123 expression is significantly related to TNM stages, T stage, and lymph node metastasis (28). In HCC, increased levels of LINC01123 indicate larger tumor size, venous infiltration, and advanced TNM stage (31). In CRC, higher LINC01123 expression is observed in patients with advanced TNM stage and lymph node metastasis (32). Similarly, in CC, LINC01123 shows a significant positive correlation with lymph node metastasis and higher International Federation of Gynecology and Obstetrics (FIGO) stage (37). Additionally, high LINC01123 expression correlates highly with shorter OS in patients with OSCC (26), HNSCC (27), NSCLC (28), and HCC (31). And high LINC01123 expression levels are associated with worse OS and DFS in CRC patients (32), and LINC01123 is negatively associated with BCR-free survival in prostate cancer (38).




3 Upstream regulation of LINC01123 by trans-acting factors

Research has shown that the expression of LINC01123 is regulated by multiple key transcription factors across various tumors (Figure 1) (28, 39, 40). In triple-negative breast cancer (TNBC), LINC01123 is transcriptionally amplified by FOXC1, which directly binds to the LINC01123 promoter and promotes malignant cellular processes in tumor cells (39). This regulatory mechanism suggests that targeting FOXC1 or its interaction with LINC01123 could potentially disrupt tumor progression in TNBC. In lung cancer, studies demonstrate that ZEB1 binds to the LINC01123 promoter regions, initiating transcription and upregulating LINC01123 (40). This upregulation enhances malignant functions in lung adenocarcinoma (LUAD) cells through the miR-449b-5p/NOTCH1 axis, highlighting the potential of targeting this pathway to suppress LUAD progression. Additionally, the transcription factor c-Myc also induces LINC01123 expression, functioning as an oncogene by promoting proliferation and aerobic glycolysis in NSCLC through the miR-199a-5p/c-Myc feedback loop (28). These findings collectively underscore the critical role of transcription factors in regulating LINC01123 and suggest that disrupting these regulatory networks could offer novel therapeutic strategies for multiple cancer types.
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Figure 1 | Mechanism by which the expression of LINC01123 is increased in tumors. Specific transcription factors such as FOXC1, ZEB1, and c-Myc bind to the promoter region of LINC01123, thereby initiating its transcription. TNBC, Triple-Negative Breast Cancer; LUAD, Lung Adenocarcinoma; NSCLC, Non-Small Cell Lung Cancer.




4 Oncogenic roles of LINC01123 in tumorigenesis and development

Recent studies have extensively examined the role of LINC01123 across eleven different types of tumors, including glioma (29), OSCC (27), HNSCC (27), TNBC (39), NSCLC (28), LUAD (30, 40, 41), HCC (31), CRC (32–34, 42), OC (36), CC (37) and osteosarcoma (43). These investigations highlight the multifaceted role of LINC01123, as evidenced by various in vivo and in vitro experiments summarized in Table 2.

Table 2 | The functions and regulatory mechanisms of LINC01123 in human cancers.
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A consistent finding across these studies is the elevated expression of LINC01123 in numerous tumor cell lines. This observation suggests that LINC01123 could serve as a potential biomarker for tumor aggressiveness, providing an avenue for further research into its prognostic value. At the subcellular level, LINC01123 predominantly localizes to the cytoplasm in six types of cancer cells: colon cancer (32, 34), breast cancer (39), HNSCC (27), LUAD (30, 40), NSCLC (28), glioma (29). This cytoplasmic localization is crucial, as it implicates LINC01123 in the regulation of cytoplasmic processes, including interaction with microRNAs and other cellular components.

The oncogenic role of LINC01123 in tumorigenesis and development is multifaceted, influencing a variety of biological processes (see Figure 2). Notably, LINC01123 has been implicated in promoting EMT, which facilitates the metastatic capacity of tumors. By enhancing cell proliferation and inhibiting apoptosis, LINC01123 effectively increases cell viability, thereby supporting tumor growth. Moreover, LINC01123 facilitates not only cell migration and invasion but also induces a stem-like phenotype associated with tumor-initiating properties. This shift towards stemness suggests that LINC01123 may contribute to tumor recurrence and treatment resistance, as cancer stem cells are often implicated in these phenomena. Furthermore, LINC01123 promotes metabolic reprogramming and immune escape, thereby enabling tumors to thrive in hostile environments. This capability underscores the potential for targeted therapies that could disrupt LINC01123 interactions, rendering tumors more susceptible to immune responses and conventional treatments. Lastly, LINC01123’s involvement in angiogenesis and therapy resistance further highlights its critical role in sustaining tumor growth and resilience against treatment. Given these implications, LINC01123 emerges as a promising target for future therapeutic strategies aimed at combating a variety of cancers.

[image: Chart depicting various cancer types and their relation to cell functions such as viability, proliferation, invasion, EMT, apoptosis, and tumor growth. Colors indicate promotion (red), inhibition (green), and unavailable data (light blue).]
Figure 2 | Diverse roles of oncogenic LINC01123 across ten different types of tumors. This underscores its wide-ranging impact in various cancers. These functions encompass the regulation of critical cellular processes such as proliferation, invasion, tumor growth, and more. OSCC, Oral Squamous Cell Carcinoma; HNSCC, Head and Neck Squamous Cell Carcinoma; TNBC, Triple-Negative Breast Cancer; LC, Lung Cancer; HCC, Hepatocellular Carcinoma; CRC, Colorectal Cancer; OC, Ovarian Cancer; CC, Cervical Cancer.



4.1 LINC01123 promotes tumor cell malignancy

LINC01123 has emerged as a pivotal regulator in various types of cancer, exerting significant influence on tumor cell malignancy through intricate molecular mechanisms.For example, in OSCC (26) and HCC (31), LINC01123 acts as a ceRNA by sequestering miR-34a-5p, which in turn upregulates TUFT1 expression. This regulatory interaction enhances cancer cell proliferation and invasion, highlighting LINC01123 as a potential therapeutic target to inhibit oncogenic processes. In TNBC (39), LINC01123 protects CMIP from miR-663a-mediated suppression. By acting as a miRNA sponge, LINC01123 promotes TNBC progression, implicating its role in modulating cellular processes crucial for tumor growth and metastasis. Studies in LUAD and CRC reveal that LINC01123 interacts with miR-4766-5p and miR-625-5p, respectively. In LUAD (30), LINC01123 regulates PYCR1 expression, influencing cancer cell proliferation and metastasis. Similarly, in CRC (42), LINC01123 competitively interacts with miR-625-5p to enhance LASP1 expression, thereby promoting tumor cell invasion and migration. In OC (36), LINC01123 regulates VEGFA through hsa-miR-516b-5p, impacting angiogenesis and tumor progression. Meanwhile, in CC (37), LINC01123 modulates the miR-361-3p/TSPAN1 axis to affect cell viability, migration, and invasion, underscoring its diverse roles in cancer cell behaviors. In osteosarcoma (43), LINC01123 promotes proliferation and metastasis via the miR-516b-5p/Gli1 axis, highlighting its oncogenic potential in bone cancer progression. Experimental evidence consistently shows that LINC01123 depletion inhibits tumor growth in preclinical models across these cancer types (30, 31, 33, 37, 42, 43). This underscores LINC01123 as a promising therapeutic target to disrupt oncogenic processes and improve patient outcomes. LINC01123 emerges as a critical regulator of tumor cell malignancy, exerting its effects through intricate ceRNA networks and signaling pathways. Understanding its multifaceted roles in promoting cancer progression provides a compelling rationale for further investigating targeted therapies aimed at suppressing LINC01123 activity in cancer cells.




4.2 LINC01123 regulates tumor metabolism and immunity

LINC01123 plays a critical role in shaping the tumor microenvironment through its dual regulation of metabolism and immunity in cancer (27, 28). Notably, in NSCLC, LINC01123 acts as a ceRNA, sequestering miR-199a-5p to enhance c-Myc expression (28). This interaction promotes metabolic adaptations, particularly increased glycolysis, which serves as a key energy source that fuels tumor growth and aggressiveness. The implication here is that by enhancing these metabolic pathways, LINC01123 not only supports tumor viability but also positions tumors to thrive under metabolic stress, further exacerbating their malignancy.

Moreover, LINC01123 establishes a positive feedback loop with c-Myc, which further amplifies these metabolic changes and facilitates tumor progression and metabolic reprogramming (28). This relationship highlights the potential for targeting this loop therapeutically; disrupting the feedback mechanism could impair tumor growth and shift metabolic reliance, rendering cancers more vulnerable to treatment.

Beyond its metabolic implications, LINC01123 significantly influences tumor immunity (27). In HNSCC, LINC01123 interacts with B7-H3 (27), a protein intricately linked to both immune escape and non-immune pathways of tumor invasion (44–46). The consequences of this interaction are profound; LINC01123 overexpression or the downregulation of miR-214-3p in HNSCC cells leads to dysfunctional CD8+ T cells (27). This dysfunction is characterized by decreased expression levels of key immune markers such as TNF-α, IFN-γ, perforin, and granzyme B (27). These markers are crucial for effective CD8+ T cell-mediated immune responses against tumors (47–49). The reversibility of LINC01123’s detrimental effects through miR-214-3p silencing suggests promising therapeutic strategies aimed at restoring immune function and enhancing anti-tumor responses in HNSCC (27). By re-establishing the balance in this regulatory axis, it may be feasible to reinvigorate the immune response, offering a potential avenue for improving treatment outcomes.

Overall, understanding the intricate roles of LINC01123 in both metabolic reprogramming and immune evasion underscores its significance as a target in the development of novel therapies. By addressing both the metabolic and immune facets of tumor biology, strategies targeting LINC01123 could yield substantial improvements in combating tumor progression and enhancing the efficacy of existing treatments in cancer.




4.3 LINC01123 enhances treatment resistance

LINC01123 exhibits a crucial role in promoting resistance to treatment across different types of cancer. In glioma, LINC01123 is significantly upregulated in radioresistant cells (U251R), where it acts as a ceRNA by binding to miR-151a (29). This interaction decreases miR-151a levels, resulting in increased expression of CENPB. Elevated CENPB expression contributes to radioresistance by facilitating DNA repair mechanisms, as validated through in vitro and in vivo experiments involving xenograft tumors exposed to irradiation (29). In LUAD, LINC01123 is implicated in mediating cisplatin resistance through ceRNA pathways involving other lncRNAs such as HOXD-AS2 and FIRRE (41). This suggests a broader role for LINC01123 in modulating chemotherapy resistance mechanisms. In colon cancer, LINC01123 localizes predominantly in the cytoplasm, where it competes with VEGFA for binding to miR-34c-5p (34). By sequestering miR-34c-5p, LINC01123 upregulates VEGFA expression at both mRNA and protein levels, promoting angiogenesis and potentially contributing to chemoresistance (34). LINC01123 plays a pivotal role in enhancing resistance to treatment in various cancers by regulating ceRNA networks and influencing key downstream effectors. Targeting LINC01123 and its ceRNA networks could potentially reverse treatment resistance.





5 Mechanisms of LINC01123 in regulating biological functions



5.1 Regulation through ceRNA networks

The role of LINC01123 as a ceRNA has been comprehensively studied across a variety of tumors (26–32, 34, 36, 37, 39–43), revealing diverse mechanisms through which it influences tumor biology. For instance, in glioma, LINC01123 has been shown to regulate the miR-151a/CENPB pathway, thereby enhancing radioresistance (29). This suggests that targeting LINC01123 could potentially improve therapeutic outcomes in glioma treatment by overcoming resistance. Similarly, in OSCC, LINC01123 promotes tumor progression by sponging miR-34a-5p (26). The implication here is significant; by inhibiting a key microRNA associated with tumor suppression, LINC01123 may facilitate a more aggressive tumor phenotype, highlighting the need for strategies that disrupt this interaction. In HNSCC, LINC01123 regulates the expression of B7-H3 through sponging miR-214-3p. This interaction leads to B7-H3 upregulation, which inhibits CD8+ T cell activation and contributes to immune evasion (27). Consequently, targeting this pathway may enhance immunotherapeutic efficacy against HNSCC by reinstating T cell activation. In TNBC, LINC01123 exerts influence over tumor growth via the LINC01123/miR-663a/CMIP axis (39). This suggests a potential therapeutic avenue; by disrupting this axis, it may be possible to mitigate tumor growth and progression in TNBC. In LUAD, Li et al. (41) demonstrated that LINC01123 could contribute to cisplatin resistance. This is achieved through ceRNA networks involving hsa-miR-152-3p/MED12-NCAM1-ARF4 and hsa-miR-762/NCAM1-RHBG axes. These findings stress the importance of LINC01123 in chemoresistance, suggesting that targeting it could enhance the effectiveness of cisplatin in LUAD therapy. Additionally, both in vitro and in vivo studies have shown that LINC01123 accelerates malignancy in NSCLC by acting as a ceRNA, thereby influencing multiple axes including miR-4766-5p/PYCR1 (30), miR-199a-5p/c-Myc (28), and miR-449b-5p/NOTCH1 (40). These findings highlight the multifaceted role of LINC01123 in promoting NSCLC, reinforcing the notion of its potential as a target for therapeutic intervention. In HCC, it promotes tumor cell proliferation and invasion by modulating the miR-34a-5p/TUFT1 axis (31). This suggests that LINC01123 could be a valuable marker for HCC aggressiveness. In CRC, LINC01123 drives tumor progression by regulating miR-34c-5p/VEGFA (34) and miR-625-5p/LASP1 axes (32, 42). These interactions underline the potential of LINC01123 as a therapeutic target to impede CRC advancement. Furthermore, in ovarian cancer, LINC01123 enhances malignancy by competitively binding to hsa-miR-516b-5p, leading to VEGFA upregulation (36). This pathway suggests a critical role for LINC01123 in fostering an angiogenic tumor environment. In cervical cancer, LINC01123 stimulates proliferation, migration, and invasion by inhibiting miR-361-3p and upregulating TSPAN1 (37). This interplay underscores the necessity of investigating LINC01123’s mechanisms in cervical cancer to potentially hinder its metastatic capabilities. Lastly, LINC01123 enhances osteosarcoma proliferation and metastasis via the miR-516b-5p/Gli1 axis (43). This highlights the potential for LINC01123 to serve as a therapeutic target across various cancer types. All LINC01123-associated ceRNA networks are illustrated in Figure 3.
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Figure 3 | LINC01123 participates in a complex ceRNA network, competitively binding with miRNAs in various cancers. This interaction regulates the downregulation of oncogenic targets, thereby promoting tumorigenesis and disease progression. OSCC, Oral Squamous Cell Carcinoma; HNSCC, Head and Neck Squamous Cell Carcinoma; TNBC, Triple-Negative Breast Cancer; LC, Lung Cancer; HCC, Hepatocellular Carcinoma; CRC, Colorectal Cancer; OC, Ovarian Cancer; CC, Cervical Cancer.




5.2 Formation of RNA-protein complexes

The primary function of lncRNAs involves their interaction with cellular macromolecules, which is crucial for various regulatory processes within the cell (50–52). Specifically, LINC01123 is capable of forming RNA-protein complexes, utilizing specific proteins as structural components. This interaction not only facilitates the modulation of LINC01123 but also significantly affects the expression and functionality of subsequent molecular targets.

In CRC, Liu et al. (33) provided compelling evidence that LINC01123 specifically interacts with SRSF7, a notable member of the splicing factor family involved in critical cellular processes such as splicing, transport, and polypeptide synthesis (53–55). The expression levels of LINC01123 positively correlate with those of SRSF7, indicating that higher levels of LINC01123 may enhance the activity of SRSF7. SRSF7 has been found to be overexpressed in various cancers and plays a significant role in regulating the alternative splicing of key oncogenes (56–59). This raises important implications: by forming RNA-protein complexes with SRSF7, LINC01123 may alter alternative splicing processes, potentially leading to the upregulation of downstream oncogenes that drive tumorigenesis.

The functional consequences of this interaction are substantial; experimental studies have demonstrated that through these RNA-protein complexes, LINC01123 not only influences splicing but also promotes tumor growth and migration (33). Such effects have been validated in both in vitro and in vivo experiments (33), indicating a potential pathway through which LINC01123 contributes to CRC progression and underscores its role as a critical factor in cancer biology.





6 Future perspectives

A huge amount of evidence recent suggested that lncRNAs play a vital role in the development of human diseases (60–62). Further investigation into different lncRNAs in human cancers, particularly their involvement in both the onset and advancement of tumors, is valuable and warrants exploration and consolidation. Here, we comprehensively examine current research the clinical values and roles of LINC01123 in human tumors and provides insights into its molecular regulatory mechanisms.

LINC01123, a newly identified lncRNA, consistently exhibits upregulation in various cancerous tissues and cell lines (26–38), suggesting its potential as an oncogene in tumorigenesis. Similarly, overexpression of LINC01089 is associated with advanced clinicopathological features across different cancer types (26, 28, 31, 32, 37), including larger tumor size, lymph node metastasis, and higher TNM stage. Elevated levels of LINC01089 also correlate with poorer prognosis (26–28, 31–33, 38), leading to shorter overall survival and accelerated cancer progression. Thus, LINC01123 serve as a promising prognostic biomarker in multiple tumors.

Recent experimental investigations have characterized the functional roles of LINC01123 across eleven distinct cancer types (Table 2), including glioma (29), OSCC (27), HNSCC (27), TNBC (39), LUAD (30, 40, 41), NSCLC (28), HCC (31), CRC (32–34, 42), OC (36), CC (37) and osteosarcoma (43). These studies have elucidated its regulatory interactions with critical molecular targets, key signaling pathways, and essential biological processes that drive tumorigenesis and cancer progression, as illustrated in Figure 4. LINC01123 functions as a pivotal oncogenic factor by regulating tumor cell proliferation, apoptosis, viability, invasion, migration, and EMT. Notably, LINC01123 is also implicated in stemness, glycolysis, angiogenesis, and resistance to various tumor therapies. These effects are mediated through diverse mechanisms, including the lncRNA-miRNA-mRNA ceRNA network, NOTCH and Hedgehog pathways, and interactions with SRSF7. Consequently, LINC01123 plays critical roles in tumor progression, glycolysis, tumor immunity, and therapy resistance. Targeting LINC01123 has thus emerged as a promising therapeutic strategy for cancer treatment.
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Figure 4 | Summary of the mechanisms by which LINC01123 participates in various biological processes associated with tumor pathogenesis and progression. LINC01123 is regulated by key transcription factors, including FOXC1, c-Myc, and ZEB1. LINC01123 participates in multiple lncRNA-miRNA-mRNA ceRNA networks and regulates critical signaling pathways such as NOTCH and Hedgehog. Through these mechanisms, LINC01123 functions as a pivotal oncogenic factor, modulating various tumor processes. OSCC, Oral Squamous Cell Carcinoma; HNSCC, Head and Neck Squamous Cell Carcinoma; TNBC, Triple-Negative Breast Cancer; LUAD, Lung Adenocarcinoma; NSCLC, Non-Small Cell Lung Cancer; HCC, Hepatocellular Carcinoma; CRC, Colorectal Cancer; OC, Ovarian Cancer; CC, Cervical Cancer; TFs, Transcription Factors; EMT, Epithelial-Mesenchymal Transition.

Research on LINC01123 indicates its expression has been studied in nine types of solid tumors (Table 1), including glioma (29), lung cancer (LUAD, NSCLC) (28, 30), OSCC (26), HNSCC (27), HCC (31), CRC (32–34), intrahepatic cholangiocarcinoma (35), OC (36) and CC (37), yet its presence in hematologic malignancies and other solid cancers remains unexplored. To establish its broader relevance, future studies should investigate its expression across hematologic malignancies and additional solid cancer types. Moreover, while LINC01123 has shown prognostic implications in seven tumor types (26–28, 31–33, 38), its clinical significance across diverse cancer stages and types requires validation through larger patient cohorts. On the other hand, LINC01123 has been implicated in various tumors, indicating a need for further in vivo and in vitro studies to delineate its specific roles and mechanisms in different cancer contexts. Its complex functions underscore the importance of gaining comprehensive insights into its involvement in distinct pathways and ceRNA networks, as well as lncRNA-protein interactions across different cancers. Additionally, studies have explored its potential associations with tumor metabolism in NSCLC (28) and immunity in HNSCC (27), while research into drug resistance is currently limited to radioresistance in glioma (29), chemotherapy resistance in LUAD (41), and colon cancer (34). Further studies are needed to explore these associations in more depth, mechanistically and across more cancer types.




7 Conclusion

In conclusion, LINC01123 has emerged as a newly identified and dysregulated cancer-associated lncRNA, highlighting its potential as both a promising biomarker and a key player in multiple critical aspects of tumor progression, metabolism, immune evasion, and therapeutic resistance. Targeting LINC01123 may offer new therapeutic avenues and enhance the efficacy of existing treatment options. However, further mechanistic investigations and large-scale comprehensive clinical studies are essential to elucidate its precise role in human cancer pathogenesis and to assess its clinical applicability.
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Hepatocellular carcinoma (HCC) represents a major global health challenge, characterized by its complex immune microenvironment that plays a pivotal role in tumor progression and therapeutic response. Long non-coding RNAs (lncRNAs) have emerged as critical regulators of various biological processes, including gene expression and immune cell function. This review explores the multifaceted roles of lncRNAs in modulating the immune microenvironment of HCC. We discuss how lncRNAs influence the infiltration and activation of immune cells, shape cytokine profiles, and regulate immune checkpoint molecules, thereby affecting the tumor’s immunogenicity and response to immunotherapy. Furthermore, we highlight specific lncRNAs implicated in immune evasion mechanisms and their potential as biomarkers and therapeutic targets. By elucidating the intricate interplay between lncRNAs and the immune landscape in HCC, this review aims to provide insights into novel strategies for enhancing immunotherapeutic efficacy and improving patient outcomes.
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1 Introduction

HCC is the most common type of primary liver cancer and ranks as one of the leading causes of cancer-related mortality worldwide (1, 2). Its development is often associated with underlying liver diseases, including chronic hepatitis B and C infections, cirrhosis, and metabolic disorders (3–5). Despite advances in surgical and systemic therapies, the prognosis for patients with HCC remains poor, largely due to the tumor’s aggressive nature and its ability to evade the host immune response (6).

The tumor microenvironment (TME) plays a crucial role in HCC progression and therapeutic resistance (7). It is composed of various cell types, including tumor cells, immune cells, fibroblasts, and endothelial cells, all of which interact dynamically to influence tumor behavior (7–9). These immune cells can either promote anti-tumor immunity or facilitate tumor growth through immunosuppressive mechanisms, contributing to the challenges faced in effective treatment (8, 10).

At present, cancer immunotherapies such as immune checkpoint inhibitors (ICIs) (such as anti-PD-1/PD-L1 monoclonal antibody) and CAR-T cell therapy have made breakthroughs in a variety of tumors, but their efficacy in HCC is still limited to a certain extent (11–13). Although checkpoint inhibitors partially improve the survival of patients with advanced HCC, their overall response rate is less than 20% and they are prone to secondary drug resistance (14). CAR-T therapy is effective in hematologic tumors, but progress is slow due to the high heterogeneity of HCC, immunosuppressive microenvironment and physical barrier of solid tumors (15). In addition, HCC is often accompanied by chronic inflammation and cirrhosis, leading to depletion of immune cell function and increased infiltration of immunosuppressive cells (such as Treg and MDSC), further weakening treatment response (8). These limitations highlight the urgent need for in-depth analysis of HCC-specific immune regulatory mechanisms, such as lncrNA-mediated immune escape, to develop combination strategies.

Recent studies have identified lncRNAs as critical regulators of gene expression and cellular processes in cancer (16, 17). These RNA molecules, which are over 200 nucleotides in length and do not code for proteins, have been shown to play diverse roles in modulating cellular behavior, including apoptosis, proliferation, and immune responses (18, 19). Emerging evidence suggests that lncRNAs are involved in shaping the immune microenvironment of various tumors, including HCC, by regulating the functions of immune cells and influencing the expression of immune-related genes (20).

In this review, we will explore the intricate relationships between lncRNAs and the immune microenvironment in HCC. We will discuss how lncRNAs contribute to immune cell infiltration, modulation of cytokine secretion, and regulation of immune checkpoints, thereby impacting the tumor’s immunogenicity and response to therapies. By understanding these mechanisms, we aim to highlight the potential of lncRNAs as biomarkers and therapeutic targets in HCC, paving the way for novel strategies to enhance immunotherapy outcomes.




2 HCC and immune microenvironment

The immune microenvironment in HCC is a complex network that significantly influences tumor progression and therapeutic outcomes (3, 21). Comprised of various immune and stromal cell types, the immune landscape of HCC is characterized by both pro-tumor and anti-tumor activities. A critical feature of this microenvironment is its ability to foster immune evasion, which allows tumors to grow and metastasize (7, 22).

In HCC, diverse immune cell populations, including T cells, natural killer (NK) cells, dendritic cells, and myeloid-derived suppressor cells (MDSCs), contribute to the tumor immune landscape. The balance between these cell types can determine the effectiveness of the immune response against tumors. A high infiltration of MDSCs and regulatory T cells (Tregs) is often associated with poor prognosis, as these cells can suppress the activity of effector T cells and promote an immunosuppressive microenvironment (23, 24). Conversely, a robust presence of activated cytotoxic T lymphocytes (CTLs) and NK cells is linked to better patient outcomes, as these cells can effectively target and destroy tumor cells (25–27).

The immune microenvironment in HCC is heavily influenced by the local cytokine milieu, which can dictate the behavior of immune and tumor cells (28, 29). Pro-inflammatory cytokines such as IL-6 and TNF-α often dominate the microenvironment, promoting tumor proliferation and facilitating immune evasion (30, 31). These cytokines can enhance the recruitment of immunosuppressive cells while inhibiting the function of effector immune cells. Moreover, a dysregulated cytokine profile can lead to chronic inflammation, which is a hallmark of HCC development. This chronic inflammatory state not only supports tumor growth but also contributes to the creation of an immune environment that is unfavorable for effective anti-tumor responses (32, 33).

Immune checkpoint molecules, including PD1, PD-L1, and CTLA-4, play a crucial role in regulating immune responses in HCC (34, 35). The expression of these checkpoints can be upregulated in response to theTME, leading to diminished T cell activation and function (36).

The upregulation of PD-L1 on tumor cells, in particular, has been associated with poor clinical outcomes in HCC, as it enables cancer cells to evade immune detection (37, 38). ICIs targeting PD1 and CTLA-4 have shown promise in clinical settings, offering new avenues for immunotherapy in HCC (39, 40). However, the effectiveness of these therapies can be hindered by the complexity of the immune microenvironment and the various mechanisms of immune evasion employed by HCC.

lncRNAs have emerged as important regulators of the immune microenvironment in HCC, influencing various aspects of immune cell behavior and interactions (41). The formation process of lncRNAs involves several steps. First, lncRNAs are transcribed from genomic DNA by RNA polymerase II, typically existing adjacent to or independently from protein-coding genes. After transcription, lncRNAs undergo processing, including 5’ capping, 3’ polyadenylation, and splicing, to become mature. Mature lncRNAs can function in the nucleus or cytoplasm, regulating gene expression and cellular functions through interactions with DNA, RNA, or proteins. They can act as “sponges” to absorb specific miRNAs or participate in transcriptional regulation and chromatin remodeling, thus playing various important biological roles (Figure 1) (42, 43). These lncRNAs can modulate the infiltration and activity of immune cells, alter cytokine production, and regulate immune checkpoint expression (44). For instance, certain lncRNAs have been shown to enhance the recruitment of immunosuppressive cells, such as MDSCs and Tregs, thereby promoting an immunosuppressive environment conducive to tumor growth. Conversely, other lncRNAs may activate effector immune responses by enhancing the function of cytotoxic T cells and NK cells (45–47). By shaping the immune landscape, lncRNAs play a critical role in determining the efficacy of immunotherapies in HCC. Targeting specific lncRNAs could offer a novel approach to reprogram the immune microenvironment, restore anti-tumor immunity, and improve patient responses to existing therapies (48). Thus, further investigation into the functional roles of lncRNAs in HCC’s immune landscape is essential for developing innovative therapeutic strategies.
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Figure 1 | The formation process and function diagram of lncRNAs (37, 38).




3 LncRNA regulation of the immune Microenvironment in HCC



3.1 Regulation of immune cells by lncRNAs in HCC

As mentioned above, in the complex immune microenvironment of HCC, lncRNAs play a crucial regulatory role. Recent studies have demonstrated that lncRNAs not only participate in the biological processes of tumor cells but also significantly influence the immune evasion mechanisms of HCC by modulating the functions and interactions of immune cells (Figure 2A). These lncRNAs can shape the TME through various mechanisms, including affecting the differentiation, activation, and functional status of immune cells, as well as regulating intercellular signaling. In this chapter, we will delve into the regulatory mechanisms of lncRNAs on specific immune cells, such as T cells, B cells, macrophages, and dendritic cells, analyze their potential roles in HCC, and discuss the prospects of targeting them for therapeutic interventions.
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Figure 2 | (A) Regulation of immune Cells by lncRNAs in HCC (46, 49, 50, 52, 65–67, 72). (B) Regulation of Immune Checkpoint by lncRNAs in HCC (44, 46, 47, 63, 91, 92). (C) Regulation of Cytokines and Immune Modulators by lncRNAs in HCC (94–96, 98–100, 106). (D) lncRNAs as Biomarkers in HCC Immunotherapy (46, 47, 65, 96).



3.1.1 T cell

T cells play a crucial role in the immune response of HCC, and lncRNAs regulate T cell function and activity through various mechanisms. They influence T cell development, differentiation, and effector functions, thereby altering the immune balance within the TME. Previous studies have demonstrated the overexpression of several oncogenic lncRNAs in HCC, including TUG1, LINC01116, CRNDE, MIAT, E2F1, LINC01132, and Lnc-Tim3. These lncRNAs can influence T cell activity and function through various pathways or cascading effects, thereby promoting tumor progression. lncRNAs often modulate T cell co-stimulation by regulating downstream miRNAs. Research has shown that NEAT1 and Tim-3 are significantly upregulated in the PBMCs of HCC patients. Downregulation of NEAT1 can inhibit the apoptosis of CD8+ T cells and enhance their cytolytic activity against HCC cells, while interference with miR-155 shows the opposite effect, promoting the upregulation of Tim-3. This study confirms the binding and interaction of NEAT1 with miR-155 in CD8+ T cells. By regulating the miR-155/Tim-3 pathway, downregulation of NEAT1 can inhibit CD8+ T cell apoptosis and enhance their cytolytic activity against HCC, indicating that NEAT1 is an effective target for improving immunotherapy outcomes (49). Lnc-Tim3 can specifically bind to Tim-3, preventing its interaction with Bat3, thereby inhibiting downstream signaling in the Lck/NFAT1/AP-1 pathway, leading to the nuclear localization of Bat3. This enhances the transcriptional activation of pro-apoptotic genes (such as MDM2 and Bcl-2) by p300-dependent p53 and RelA, promoting T cell exhaustion. This suggests that Lnc-Tim3 and its associated signaling pathways may impact the effectiveness of cancer therapies targeting the adaptive immune system (50).

Some lncRNAs can affect T cell function by regulating the expression of immune checkpoints. For instance, TUG1 is upregulated in HCC due to METTL3-mediated m6A modification. Knockdown of TUG1 can inhibit tumor growth and metastasis while increasing the infiltration of CD8+ T cells and M1 macrophages in tumors. TUG1 activates CD8+ T cells through PD-L1 and enhances macrophage phagocytosis via CD47. Mechanistically, TUG1 acts as a “sponge” for miR-141 and miR-340 to regulate the expression of PD-L1 and CD47 while interacting with YBX1 to promote their transcription. Clinical data also indicate a positive correlation between TUG1 and PD-L1 and CD47 in HCC tissues. Co-treatment with Tug1-siRNA and Pdl1 antibodies effectively inhibits tumor growth (51). Additionally, MIAT promotes STAT3 expression by negatively regulating miR-411-5p, thereby increasing the transcription level of PD-L1. Knockdown of MIAT enhances T cell cytotoxicity against HCC cells, and inhibiting miR-411-5p can reverse the decrease in STAT3 and PD-L1 expression caused by MIAT knockdown (52). The lncRNA CTD-2510F5.4 is significantly upregulated under hypoxic conditions and is expressed in Huh7 and HepG2 cells. Overexpression of CTD-2510F5.4 promotes the proliferation, invasion, and metastasis of HCC cells. Patients with high expression of CTD-2510F5.4 have poor prognoses and higher TP53 mutation rates, increased infiltration of immunosuppressive Tregs, and elevated expression of immune checkpoint molecules, leading to impaired immune function. Notably, patients with low expression of CTD-2510F5.4 show higher sensitivity to immunotherapy and anti-angiogenic therapy, while those with high expression respond better to chemotherapy (53).

Some lncRNAs can also influence the immune microenvironment by regulating tumor metabolism. For example, LINC01116 inhibits RAD18-mediated ubiquitination, stabilizing the EWSR1 protein and upregulating the expression of PPARA and long-chain fatty acid transporter FABP1, leading cancer cells to preferentially uptake linoleic acid and other long-chain fatty acids, resulting in T cell dysfunction and malignant progression of HCC. In mouse models, blocking LINC01116 enhances the efficacy of anti-PD1 therapy, increasing the infiltration of cytotoxic T cells and reducing the proportion of exhausted T cells (54).

Additionally, some lncRNAs can influence T cell infiltration and function through various cascading pathways, thereby affecting tumor progression. CRNDE is primarily found in malignant tumor cells and promotes tumor cell growth, recruits a large number of granulocyte-MDSCs (G-MDSCs), and restricts T cell infiltration, thereby facilitating HCC progression. Mechanistically, CRNDE binds to TLR3, activating the NF-κB signaling pathway and increasing the secretion of CXCL3. Knockdown of CRNDE significantly reduces G-MDSC accumulation and enhances T cell infiltration in the TME (55). LINC01132 has been identified as a novel oncogenic lncRNA, with its expression significantly higher in HCC tumor tissues compared to normal tissues, correlating with poor survival rates in patients, primarily driven by copy number amplification. Functional studies indicate that overexpression of LINC01132 promotes cell growth, proliferation, invasion, and metastasis. Mechanistically, LINC01132 enhances DPP4 expression through physical interaction with NRF1, acting as an oncogenic driver. Furthermore, silencing LINC01132 can induce CD8+ T cell infiltration, and when combined with anti-PD-L1 treatment, can improve anti-tumor immunity, suggesting that LINC01132 may serve as a novel immunotherapeutic target in HCC. Therefore, LINC01132 promotes HCC development through the NRF1/DPP4 axis, and targeting LINC01132 may enhance the efficacy of anti-PD-L1 immunotherapy (56).

These findings highlight the complex roles of lncRNAs in the immune microenvironment, suggesting that developing therapeutic strategies targeting specific lncRNAs may provide new avenues to enhance the efficacy of immunotherapy in HCC. Further related studies are summarized in Table 1.

Table 1 | Regulation of T Cells by lncRNAs in HCC.
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3.1.2 Macrophage

Macrophages play a dual role in the immune microenvironment of HCC, capable of both promoting tumor progression and inhibiting tumor growth. LncRNAs regulate macrophage function through various mechanisms, influencing their polarization states, secretory characteristics, and interactions with tumor cells.

Extracellular vesicles (EVs) in the TME play a crucial role in regulating the tumor immune microenvironment. Studies have shown that tumor-associated macrophages (TAMs) secrete exosomes containing the lncRNA MMPA, enhancing aerobic glycolysis and proliferation in HCC cells. Mechanistically, lncMMPA not only promotes M2 macrophage polarization but also acts as a sponge for miR-548, increasing ALDH1A3 mRNA expression and thereby facilitating glucose metabolism and cell proliferation. Clinical data indicate that lncMMPA expression correlates with TAM glycolysis and decreased survival rates in HCC patients (70). Additionally, HCC cell-derived exosomes are found to contain high levels of TUC339, which can be absorbed by macrophages (THP-1 cells). Inhibition of TUC339 enhances the production of pro-inflammatory factors, expression of co-stimulatory molecules, and phagocytic capacity in macrophages, while overexpression of TUC339 suppresses these functions. TUC339 is highly expressed in M2 macrophages and exhibits distinct regulatory patterns during the polarization switch between M1 and M2 macrophages, indicating its key role in M1/M2 polarization. TUC339 is also associated with cytokine receptor interactions, chemokine receptor binding, Toll-like receptor signaling, FcγR-mediated phagocytosis, cytoskeletal regulation, and cell proliferation (71).

Furthermore, the lncRNA FAL1 is highly enriched in exosomes from the serum of HCC patients and promotes tumor progression. Exosomes enriched with FAL1 can induce M2 polarization in macrophages, enhancing the proliferation, invasion, and clonogenicity of HCC cells while inhibiting apoptosis and sensitivity to sorafenib. Interfering with FAL1 can reverse these effects. FAL1 promotes malignant progression in HCC by activating the Wnt/β-catenin signaling pathway (72). Another study reveals the role of the EZH2-related lncRNA HEIH, which is abnormally upregulated in HCC and correlates with poor prognosis in tumor tissues and cell lines. HEIH is enriched in exosomes found in plasma and cell supernatants and is transported to macrophages by HCC-derived exosomes, inducing M2 polarization and promoting HCC cell proliferation, migration, and invasion. Mechanistically, HEIH acts as a miRNA sponge, binding to miR-98-5p, leading to STAT3 upregulation. This provides evidence for the novel regulatory role of tumor-derived exosomal lncRNA HEIH targeting the miR-98-5p/STAT3 axis in macrophages, aiding the understanding of the complex interactions between the TME and immune cells in HCC treatment (73).

HMMR-AS1, an lncRNA associated with poor prognosis, promotes M2 polarization in macrophages by competitively binding to miR-147a, preventing the degradation of ARID3A, and accelerates HCC progression. Additionally, in hypoxic conditions, HIF-1α enhances HMMR-AS1 transcription by binding to its promoter, increasing exosome secretion (74).

Apart from exosomes, lncRNAs can also influence macrophage polarization and function through EVs. The lncRNA PART1 can be transported to macrophages via tumor-derived EVs, regulating macrophage polarization in HCC. PART1 binds to miR-372-3p, inhibiting its expression, while miR-372-3p negatively regulates TLR4 expression in macrophages. EVs containing PART1, TLR4 overexpression, or miR-372-3p inhibition all induce macrophage polarization toward M2. Thus, EVs from HCC cells may promote M2 polarization by transporting PART1 to inhibit miR-372-3p, leading to upregulation of TLR4 (75).

Metabolic reprogramming is also an important pathway through which lncRNAs influence macrophage status. Research has identified that the lncRNA miR4458HG promotes carcinogenesis in HCC, particularly in glucose metabolism. High expression of miR4458HG enhances HCC cell proliferation, activates glycolytic pathways, and induces polarization of TAMs. Mechanistically, miR4458HG stabilizes its target mRNAs (e.g., HK2 and SLC2A1) by binding to IGF2BP2, a key RNA m6A recognition protein, thereby enhancing glycolysis and altering the physiology of tumor cells. Moreover, miR4458HG secreted by HCC can increase ARG1 expression via exosomes, further promoting M2 polarization in macrophages (76).

The aforementioned studies reveal the complex mechanisms by which lncRNAs regulate macrophage polarization and function within the TME, underscoring their significance in the progression of HCC. Notably, lncRNAs such as lncMMPA, TUC339, and FAL1 influence glucose metabolism, inflammatory responses, and cellular signaling pathways, promoting M2 macrophage polarization and thereby creating a favorable environment for the survival and proliferation of HCC cells. These findings not only deepen our understanding of the roles of lncRNAs in the tumor immune microenvironment but also suggest that future therapeutic strategies should consider targeting these specific lncRNAs to reverse macrophage polarization and enhance the efficacy of immunotherapy for HCC. Further research should focus on the interactions between lncRNAs and other components of the TME to comprehensively elucidate their potential mechanisms in tumor progression. Additional relevant studies are summarized in Table 2.

Table 2 | Regulation of Macrophage by lncRNAs in HCC.
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3.1.3 Others

In addition to T cells and macrophages, other cell types in the tumor immune microenvironment are also regulated by lncrnas. Previous studies have shown that a variety of lncRNAs are associated with tumor invasion of B cells. For example, lncRNA AC099850.3 and E2F1 are positively correlated with the level of memory B cells (58, 61), while RNASEH1-AS1 is negatively correlated with the invasion of B cells (88). NK, as an immune cell responsible for recognizing and killing tumor cells, can also be regulated by LncRNAs through a variety of mechanisms.For example, LINC00707 can interact with YTHDF2, promoting ubiquitination dependent degradation of YTHDF2 protein. It can also influence the cytotoxicity of NK-92MI cells to HCC cells through its interaction with YTHDF2 (89). Treg is an immunosuppressive cell. Previous studies have shown that lncRNA FENDRR up-regulates GADD45B by adsorbing miR-423-5p, and inhibits Treg-mediated immune escape of HCC cells (69).

The previous sections primarily focused on immune-suppressive lncRNAs; however, in addition to those lncRNAs that promote tumor growth and immune suppression, several lncRNAs have been identified as tumor suppressors, playing critical roles in enhancing immune responses and improving survival outcomes in HCC. For example, MEG3 expression increases during LPS/IFNγ-induced M1 polarization, while it decreases during IL4/IL13-induced M2 polarization. Overexpression of MEG3 suppresses M2 polarization markers in mice. Mechanistically, MEG3 regulates DAB2 expression by binding to miR-145-5p. Overexpressing MEG3 inhibits HCC cell metastasis and angiogenesis induced by M2 polarization, and it suppresses tumor growth in vivo (82). Knockdown of MALAT1 inhibited VEGF-A production, impaired the angiogenesis of HUVECs, and promoted the polarization of macrophages to the M1 subgroup. Mechanistic studies confirmed the interaction between MALAT1 and miR-140 and between miR-140 and VEGF-A, revealing a negative correlation between MALAT1 and miR-140 in HCC tissues. In addition, inhibition of miR-140 significantly increased VEGF-A expression, promoted angiogenesis in HUVECs, and polarized macrophages toward the M2 subpopulation (87). LINC00261 has been shown to act as a tumor suppressor in various cancers. Studies indicate that in HCC, LINC00261 expression is downregulated in tumor tissues and is associated with better prognosis. Furthermore, the LINC00261/MiR105-5p/SELL axis is involved in B-cell dysfunction. These findings provide significant insights into selecting the LINC00261/MiR105-5p/SELL signaling pathway as a new biomarker related to overall survival in HCC and may influence the effectiveness of HCC immunotherapy (67). Previous research has shown that JPX-induced XIST inhibits liver cancer progression by sequestering miR-155-5p (90). XIST is more highly expressed in patients with high tumor and peritumoral CD4 inflammation. The number of CD25-positive cells is significantly higher in tumors with XIST expression, suggesting its potential regulatory role in the immune microenvironment (60). It is worth noting that the clinical application of these lncRNAs still faces significant challenges and requires further clinical validation. These relevant lncRNAs are summarized in the corresponding table according to the above classification.





3.2 LncRNAs in immune checkpoint regulation

In the TME, lncRNAs play a crucial role in immune regulation by modulating the expression of PD1 and its ligand PD-L1 (Figure 2B). These lncRNAs are involved in the mechanisms of immune evasion and influence the signaling between tumor cells and immune cells through interactions with miRNAs or transcription factors. Research indicates that the upregulation of certain lncRNAs is closely associated with the expression of PD1/PD-L1, thereby promoting the survival and proliferation of tumor cells.

Previous studies have indicated that various lncRNAs are positively correlated with the expression of PD1/PD-L1 or can promote their expression. For example, AC099850.3 is significantly positively correlated with key immune checkpoint molecules (PD1, PD-L1, PD-L2, and CTLA4) (58). MIAT promotes the expression of PD-L1 at the transcriptional level by downregulating miR-411-5p, which in turn enhances STAT3 expression (52). SNHG3 can also promote PD1 expression by regulating ASF1B (68). Hypoxia induces the interaction between MIR155HG and ILF3, stabilizing HIF-1α mRNA and increasing PD-L1 expression, thereby facilitating immune evasion in HCC (91). Additionally, MIR155HG functions as a competitive endogenous RNA (ceRNA) that regulates PD-L1 expression through the miR-223/STAT1 axis (92). HOXA-AS3 is highly expressed in HCC cells and enhances PD-L1 expression by adsorbing miR-455-5p, thereby increasing the proliferation, migration, and invasion abilities of HCC cells, regulating the cell cycle, and inhibiting apoptosis (93).

Multiple mechanisms are involved in the regulation of PD1/PD-L1 by lncRNAs. PCED1B-AS1 enhances the expression of PD-L1 and PD-L2 by adsorbing hsa-miR-194-5p, thereby increasing the immune suppressive ability of HCC cells. Furthermore, HCC cells release exosomes containing PCED1B-AS1, transmitting this immune suppressive mechanism to other HCC cells, T cells, and macrophages. High expression of PCED1B-AS1 is closely related to the overexpression of PD-Ls in HCC and promotes tumor cell proliferation and tumor formation while inhibiting apoptosis (64). METTL3-mediated m6A modification upregulates TUG1, promoting tumor immune evasion. Silencing TUG1 inhibits tumor growth and metastasis, enhances the infiltration of CD8+ T cells and M1 macrophages, and activates CD8+ T cells through PD-L1 while promoting macrophage phagocytosis via CD47. TUG1 regulates the expression of PD-L1 and CD47 by adsorbing miR-141 and miR-340, respectively, and interacts with YBX1 to promote their transcriptional upregulation, ultimately facilitating tumor immune evasion (51).

In addition to PD1/PD-L1, lncRNAs are also associated with other checkpoints such as CTLA-4 and TIM-3, and they can even regulate their levels and functions. For example, Lnc-Tim3 specifically binds to Tim-3, obstructing its interaction with Bat3, which inhibits the downstream Lck/NFAT1/AP-1 signaling pathway, leading to the nuclear localization of Bat3 and enhancing the transcriptional activity of p300-dependent p53 and RelA. This promotes the transcriptional activation of anti-apoptotic genes (such as MDM2 and Bcl-2), contributing to T cell exhaustion, which is linked to diminished anti-tumor immunity (50). Furthermore, a study established a prognostic model for HCC composed of 12 ferroptosis-related lncRNAs, dividing HCC patients into high-risk and low-risk groups. In the high-risk group, the expression of various immune checkpoint molecules, including PD1, CTLA-4, and CD86, was significantly elevated (94). Another study constructed a new feature comprising three ferroptosis-related lncRNAs, which was associated with immune cell infiltration (such as macrophages, myeloid dendritic cells, and neutrophils) and immune checkpoint blockade targets (including PD1, CTLA-4, and TIM-3) (95).

The above studies clearly demonstrate the significant role of lncRNAs in regulating immune checkpoints in HCC. We have summarized the related research in Table 3 for a more intuitive presentation.

Table 3 | Regulation of Immune Checkpoint by lncRNAs in HCC.
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3.3 Regulatory roles of LncRNA in cytokines and immune modulators

Gaining a deeper understanding of the role of lncRNAs in cytokines and immune regulatory molecules is also a crucial aspect of providing new strategies and targets for tumor immunotherapy.

TGF-β plays a dual role in HCC. In the early stages, it inhibits cell proliferation and induces apoptosis, serving an anti-tumor role. However, in later stages of HCC, TGF-β promotes tumor cell migration, invasion, and fibrosis in the TME, thereby facilitating tumor progression. Therefore, TGF-β is an important target in HCC treatment. Previous studies have shown that lncRNAs can interact with TGF-β. Research indicates that some lncRNAs can be activated by TGF-β-related pathways in HCC, thereby exerting downstream effects. For instance, lnc-UTGF is transcriptionally induced by TGF-β. Under TGF-β stimulation, SMAD2/3 bind to the lnc-UTGF promoter and activate its expression. Overexpression of lnc-UTGF enhances TGF-β/SMAD signaling, while its knockdown suppresses this signaling. lnc-UTGF interacts with the mRNAs of SMAD2 and SMAD4 through complementary base pairing, thereby increasing the stability of SMAD2/4 mRNA. This indicates the existence of a novel TGF-β/SMAD/lnc-UTGF positive feedback loop (99). Additionally, LINC01980 promotes HCC metastasis via the miR-376b-5p/E2F5 axis under classical TGF-β/SMAD pathway activation (100). TGF-β-activated lncRNA-ATB is upregulated in HCC metastasis and is associated with poor prognosis. lncRNA-ATB induces epithelial-mesenchymal transition (EMT) and cell invasion by competitively binding to the miR-200 family, leading to the upregulation of ZEB1 and ZEB2. Furthermore, lncRNA-ATB promotes the autocrine induction of IL-11 by binding to IL-11 mRNA, activating the STAT3 signaling pathway, and further facilitating the organ colonization of disseminated tumor cells (101). Other studies have shown that some lncRNAs can exert effects by regulating TGF-β secretion. For example, PRR34-AS1 stabilizes the mRNA level of the exosomal protein Rab27a by recruiting DDX3X, thereby promoting the exosomal secretion of VEGF and TGF-β in HCC cells (102). CASC7 can also promote HCC progression by binding to miR-30a-5p, regulating KLF10 and its downstream TGF-β/SMAD3 pathway (103). The downregulation of LINC01278 can reduce HCC cell migration and invasion induced by β-catenin and TGF-β1 (104). HANR and miR-214 jointly regulate EZH2, affecting the level of TGFBR2 (105). Additionally, some lncRNAs participate in TGF-β-induced biological processes. For instance, lncRNA SLC7A11-AS1 and hsa_circ_0006123 are involved in the TGF-β-induced EMT process and may promote HCC metastasis (106).

In addition to TGF-β, lncRNAs also interact with various cytokines and immune regulatory factors such as IL-6, IL-10, INF-γ, and TNF-α (Figure 2C). For instance, lnc-DILC exerts its effects by inhibiting the autocrine IL-6/STAT3 signaling pathway, and there are binding sites between lnc-DILC and the IL-6 promoter. Furthermore, lnc-DILC mediates the interaction between TNF-α/NF-κB signaling and IL-6/STAT3 signaling (107). Both TNF-α and IL-6 can also regulate the expression of lncRNA 00607 (108). The downregulation of lncRNA cox-2 using siRNA significantly decreased the expression of IL-12, iNOS, and TNF-α in M1 macrophages, while increasing the expression of IL-10, Arg-1, and Fizz-1 in M2 macrophages (77). Relevant studies are summarized in Table 4 for a more intuitive presentation.

Table 4 | Regulation of Cytokines and Immune Modulators by lncRNAs in HCC.


[image: A table detailing various lncRNAs associated with HCC, including columns for their mechanisms and effects, clinical significance, and references. Each row describes a specific lncRNA, outlining how it impacts HCC progression or treatment potential. Numbers in parentheses denote references for each row.]




4 Potential of lncRNAs in HCC immunotherapy



4.1 lncRNAs as biomarkers in HCC immunotherapy

LncRNAs have emerged as promising biomarkers for predicting responses to immunotherapy in HCC. Their unique expression profiles in tumor tissues and circulation provide valuable insights into the TME and immune landscape.

In the previous sections, we discussed specific lncRNAs that are associated with immune cell infiltration, cytokine profiles, and overall immune responses, making them potential prognostic indicators for HCC patients undergoing immunotherapy. For example, lnc-TUG1, lnc-MMPA, lnc-MIAT, and lnc-ATB are lncRNAs whose expression levels are correlated with the state of the tumor immune microenvironment in HCC, suggesting their roles in regulating immune responses (51, 52, 70, 101).

Furthermore, the expression levels of lncRNAs can serve as predictive markers for patient outcomes. By assessing lncRNA profiles, clinicians may better stratify patients, identifying those who are more likely to benefit from immunotherapeutic approaches. This stratification could lead to more personalized treatment strategies, maximizing efficacy while minimizing unnecessary exposure to ineffective therapies. Previous studies have constructed various risk prediction models composed of lncRNAs. For example, one study developed a nine-lncRNA ferroptosis-related signature (CTD-2033A16.3, CTD-2116N20.1, CTD-2510F5.4, DDX11-AS1, LINC00942, LINC01224, LINC01231, LINC01508, and ZFPM2-AS1) to predict the prognosis and immune response in liver cancer. This lncRNA signature may regulate the immune microenvironment of HCC by interfering with TNF-α/NF-κB, IL-2/STAT5 and cytokine/receptor signaling pathways (118). Other studies have also constructed prognostic models using nine copper nephropathy-related lncRNAs. The low-risk group had significantly higher infiltration of immune cells, which primarily have anti-tumor immune functions, and showed a higher sensitivity to ICIs therapy, possibly acting through the AL365361.1/hsa-miR-17-5p/NLRP3 axis. In addition, NLRP3 mutation-sensitive drugs such as VNLG/124, Sunitinib, and rifampicin may achieve better clinical outcomes in high-risk patients (119). More relevant models are summarized in Table 5.

Table 5 | Various risk prediction models composed of lncRNAs in HCC.
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4.2 Combination therapy

In Chapter Three, we discuss how lncRNAs can regulate the TME, influencing the infiltration and function of immune cells, thereby enhancing the efficacy of immunotherapy. Certain lncRNAs can alter the immune status of the TME by inhibiting the expression of immunosuppressive factors or promoting the release of immune-activating factors. This underscores the promising therapeutic prospects of combining lncRNA-targeted therapy with immunotherapy. For example, TUG1 can regulate the expression of PD-L1 and CD47 by acting as a “sponge” for miR-141 and miR-340. Knockdown of TUG1 can inhibit tumor growth and metastasis, increase the infiltration of CD8+ T cells and M1 macrophages in the tumor, and activate CD8+ T cells through PD-L1 while enhancing macrophage phagocytosis through CD47. Therefore, TUG1-siRNA combined with PD-L1 antibodies can effectively suppress tumor growth, providing new targets and strategies for HCCimmunotherapy (51). Additionally, various lncRNAs discussed earlier, such as MIAT (52), LINC01132 (56), MIR155HG (91), PCED1B-AS1 (64), NEAT1 (49), can serve as potential combined treatment targets to enhance the effects of HCC immunotherapy (Figure 2D). However, it is worth noting that, despite the promising therapeutic prospects of combination therapies, large-scale clinical trials of lncRNA-targeted drugs alone or in combination with immunotherapy for treating HCC have not yet been widely conducted.

In addition to the combination with immunotherapy, significant progress has been made in the study of lncRNA targeting drugs in combination with chemotherapy, anti-angiogenic drugs or targeted kinase inhibitors in tumors. The mechanism mainly focuses on the synergistic regulation of tumor drug resistance, angiogenesis and signaling pathways. Studies have shown that lncrnas can affect the expression of apoptosis-related genes by regulating DNA damage repair or adsorbing mirnas as ceRNA, thus reversing chemotherapy resistance (130). In addition, lncrnas can also regulate vascular endothelial growth factor (VEGF) related pathways, such as linc00173.v1, which promotes angiogenesis through the miR-511-5p/VEGFA axis (131). Other studies have shown that lncrnas recruit kinase complexes through scaffold action (e.g., WDR5/KAT2A complex regulates SOD2 gene (132)) or regulate kinase-related signaling pathways (e.g., STAT3/VEGFA axis (133)). However, current research still faces challenges, such as in vivo safety verification of lncRNA targeted delivery systems (such as lipid nanoparticles and viral vectors), as well as dose optimization of combination regimenes and analysis of drug resistance mechanisms. Overall, this combination strategy provides a new direction to overcome the limitations of traditional therapies by regulating the TME and molecular networks in multiple dimensions.





5 Future perspectives and challenges

Recent advancements in the understanding of lncRNAs have provided valuable insights into their roles within the immune microenvironment of HCC. Research has revealed that lncRNAs are not merely passive players but active regulators of immune cell behavior, influencing tumor progression and response to therapy (134). For instance, studies have highlighted specific lncRNAs that modulate T cell activity, macrophage polarization, and the overall cytokine profile within the TME (135). These findings suggest that lncRNAs can serve as critical mediators of immune evasion and resilience in HCC.

Moreover, the identification of lncRNAs as potential biomarkers for prognosis and treatment response has opened new avenues for personalized immunotherapy approaches in HCC (136). By integrating lncRNA profiling into clinical practice, oncologists may better predict patient responses to immunotherapeutic strategies and tailor treatments accordingly (94, 137). This perspective shift emphasizes the potential for lncRNAs to enhance the efficacy of existing therapies and improve patient outcomes.

Despite the promising insights gained from current research, several challenges remain in translating lncRNA findings into clinical practice. One of the primary obstacles is the complex regulatory mechanisms underlying lncRNA functions. The interactions between lncRNAs and their target genes, as well as the pathways they influence, can be intricate and context-dependent, complicating efforts to target them effectively (138, 139).

Additionally, the identification of specific lncRNA targets poses another challenge. Given the pleiotropic effects of many lncRNAs, achieving specificity in targeting their functions can be difficult (140). This challenge underscores the need for advanced methodologies to elucidate lncRNA interactions and their precise roles within the HCC immune microenvironment.

Drug delivery systems also represent a significant hurdle in lncRNA-based therapies. Ensuring efficient and targeted delivery of lncRNA modulators to tumor tissues while minimizing off-target effects is critical for maximizing therapeutic efficacy (141). Advances in nanotechnology and RNA delivery systems may provide solutions to these challenges, enabling more effective clinical applications of lncRNA therapeutics (142–144).

Although most current studies focus on lncRNAs as biomarkers, some lncRNAs play regulatory roles in the tumor immune microenvironment that render them potential direct therapeutic targets. For example, lncRNA NEAT1 promotes immune evasion by modulating PD-L1 expression, thereby affecting the sensitivity of tumor cells to immunotherapy; inhibition of NEAT1 may enhance immunotherapeutic efficacy (145–147). Similarly, lncRNA MALAT1 influences T cell infiltration and augments tumor immune suppression by modulating the STAT3 signaling pathway (148, 149). In addition, antisense oligonucleotides (ASOs) targeting MALAT1 have demonstrated promising therapeutic potential (150, 151). Moreover, lncRNA UCA1 regulates PD-L1 expression via miR-148a, and its inhibition could improve the efficacy of ICIs (152). Therefore, the design of lncRNA-targeted intervention strategies—such as RNAi, ASOs, or CRISPR-Cas13-mediated lncRNA degradation—could represent a novel immunotherapeutic approach (153–155).

Despite the potential of lncRNAs as therapeutic targets, several challenges remain. Many lncRNAs exhibit tissue- or cell type-specific expression, and strategies to precisely target specific cells without affecting normal tissues need further exploration. Furthermore, the complex structure of lncRNAs, with some harboring highly stable secondary structures, makes them difficult to degrade or inhibit effectively. Although in vitro studies often demonstrate promising intervention outcomes, in vivo delivery of RNA-based therapeutics faces challenges including degradation, immunogenicity, and hepatic clearance.

Various RNA delivery strategies have been developed; however, systems optimized specifically for lncRNAs still require refinement. LNPs, which have been approved by the FDA for mRNA vaccine delivery, can be used for lncRNA modulators but still need improvements in tissue specificity (156, 157). Viral vectors, such as AAVs, can facilitate the stable expression of shRNAs to knock down pathogenic lncRNAs, although they may trigger immune responses (158). Chemical modifications like 2’-O-methylation and locked nucleic acid modifications can enhance the stability of lncRNA interference molecules (159, 160).

Meanwhile, the off-target effects of lncRNA modulators should not be overlooked. Many lncRNAs possess highly homologous sequences, so interference with a specific lncRNA may inadvertently affect other non-target RNAs, leading to unexpected biological effects (161, 162). Additionally, lncRNAs may interact with miRNAs through ceRNA mechanisms, whereby targeting a particular lncRNA could trigger cascade effects in miRNA-associated pathways (160). To evaluate such off-target phenomena, techniques such as single-cell sequencing, RNA pull-down assays, and RBP interaction studies can be employed to assess the specificity of lncRNA modulators (163, 164).

Previous studies, as summarized in this review, have shown that the potential of lncRNAs in HCC immunotherapy has been validated in several preclinical studies, demonstrating their significant potential in regulating the immune microenvironment, promoting immune evasion, and serving as therapeutic targets. However, these findings are still far from mature and lack sufficient clinical validation. Currently, most related studies remain in the basic and preclinical research stages, with a lack of clinical trials targeting lncRNA-based therapies for HCC. For example, ASOs targeting MALAT1 have shown preliminary therapeutic effects in mouse models, but their clinical efficacy still needs further confirmation (151, 165). Similarly, although interventions targeting PVT1 and HOTAIR have shown promising results in preclinical studies, there is still a lack of relevant clinical data to assess their therapeutic potential (166). Furthermore, it is important to acknowledge the many challenges in implementing lncRNA-targeted therapeutic strategies, such as those mentioned earlier regarding the specificity of drug delivery to lncRNAs and the avoidance of systemic toxicity, as well as off-target effects that may cause adverse reactions. Therefore, before advancing lncRNA-targeted therapies into clinical practice, these technical barriers must be addressed, and their safety and efficacy should be validated through more extensive clinical trials. As a result, research on lncRNAs as immune therapy targets remains in its early stages. Despite their potential demonstrated in preclinical experiments, there are still many technical and clinical challenges to overcome before applying them in clinical settings. Future research should place greater emphasis on critically evaluating the feasibility and limitations of these therapeutic strategies and strengthening clinical validation efforts.

Looking ahead, future research directions may focus on the development of lncRNA-based therapies that can be integrated into existing treatment regimens. Exploring combination therapies that leverage the immune-modulating effects of lncRNAs alongside ICIs or targeted therapies could yield synergistic benefits. Furthermore, the continued investigation of lncRNA dynamics in response to various treatment modalities will be crucial for optimizing therapeutic strategies.

In summary, while the field of lncRNAs in HCC presents exciting opportunities for enhancing our understanding of tumor-immune interactions, significant challenges remain. Continued research efforts will be essential to unravel the complexities of lncRNA functions and translate these findings into effective clinical interventions.
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Circular RNAs are a large class of non-coding RNA molecules, conserved across species and produced by back-splicing. While their molecular functions are still elusive, the ones primarily retained in the nucleus are usually associated to regulation of transcription and mRNA processing patterns. Instead, the majority, are transported to the cytoplasm where they elicit micro-RNA (miRNA) or RNA binding protein (RBP)-sponging functions, or could be translated. CircRNAs are abundantly expressed in brain tissue, where they do not only act as regulators of brain development and physiology, but can also contribute to complex neurological conditions. In fact, deregulated circRNA expression levels were described in neurodevelopmental and neurodegenerative disorders, like Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. Because of their described roles in pathology, these molecules may not only represent possible disease bio-markers, but they could even function as disease modifiers. As such, they could be targeted or protected in search of novel routes of therapeutic intervention. In this review, we highlight recent developments in the field, first discussing circRNAs involved in physiologic brain development and function, then reviewing studies that implicate circRNAs in neurodevelopmental and neurodegenerative disorders, with major attention to experimental studies exploring circRNA function and their role in neuropathologic processes. Such experimental strategies are mainly based on depletion or over-expression approaches and provide important insights into the modulatory potential of these molecules. They are relevant for clinical translation of basic research findings to drug development, possibly generating a positive impact for patients’ quality of life.
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INTRODUCTION
Circular RNAs are a recently re-discovered, evolutionary conserved, large class of RNA molecules (Wang et al., 2014). Eukaryotic circRNAs are produced by a process called back-splicing, leading to the formation of a covalent bond between a pre-mRNA 3′-splice donor (down-stream) and a 5′-splice acceptor (up-stream) site, resulting in the generation of a unique junction, the back-splice sequence (BSJ) (Jeck et al., 2013; Memczak et al., 2013) (Figure 1A). Still, it is the canonical splicing machinery that generates these continuous loops of RNA while processing exons, introns, or both exon-introns of, primarily, protein coding genes. The precise details of circRNA biogenesis are not yet fully elucidated, but evidence underscores the importance of base-pairing of the two introns adjacent to the circularizing exons, with typically long length (>10 kilobases), enriched in inverted ALU repeats (Jeck et al., 2013). In other cases, specific binding of RBPs (such as FUS and QKI) to the intronic sequences adjacent to circularizing exons drives circularization (Ashwal-Fluss et al., 2014; Starke et al., 2015).
[image: Diagram showing circular RNA (circRNA) biogenesis and its roles in the central nervous system (CNS). Panel A illustrates pre-mRNA undergoing linear and back-splicing, forming circRNA. Panel B depicts circRNA functions in differentiation, synapse development, cell migration, and division. It highlights associations with CNS disorders like epilepsy and depression, neurodevelopment disorders such as autism, and neurodegenerative diseases like Alzheimer's. The circRNA expression level varies from development to aging, represented by a gradient at the bottom.]FIGURE 1 | CircRNAs as modifiers of complex brain disorders. (A) Schematic of linear splicing (top) vs back-splicing (bottom). Back-splicing leads to the formation of a covalent bond between the 3′-splice donor and a 5′-splice acceptor site of unprocessed pre-mRNAs, generating the unique back-splicing sequence and rendering the resulting circRNAs extremely resistant against degradation through exoribonucleases. (B) CircRNAs are evolutionarily conserved and especially abundant in the nervous system of a large number of different species and especially mammals. Globally, circRNA expression increases during brain development, maturation and aging (bottom). In the last decade, numerous studies have linked deregulation of a variety of circRNAs with both, neurodevelopmental disorders (NDDs) such as Autism Spectrum Disorders and Schizophrenia (left); neurodegenerative (NDG) processes such as Alzheimer’s, Parkinson’s and Huntington’s Disease, as well as Frontotemporal dementia and Amyotropic lateral sclerosis (right); and other complex brain disorders such as Epilepsy, Depression and brain tumor development (top). Relevant circRNAs (in red) have been shown to regulate the cell cycle of neural stem cells (radial glia -RG, intermediate progenitors–IP), the migration of newborn neurons (MN), the differentiation into inhibitory (IN) and excitatory (EN) post-mitotic neurons, astrocytes (A), microglia (MG), and oligodendrocytes (O), synaptogenesis, and mechanisms involved in mature brain function, homeostasis and survival- synaptic transmission and plasticity, neuronal and dendritic morphology, as well as brain immune activation.
The circular conformation of these RNA molecules confers a unique resistance against degradation, since 3′–5′ exonucleases preferentially digest linear RNAs while leaving most circRNAs intact (Suzuki et al., 2006). Thus, circRNAs are much more stable than linear RNA transcripts (Hwang and Kim, 2024), with a median half-life that is at least 2.5 times longer (Enuka et al., 2016; Jeck et al., 2013). Nonetheless, most circRNAs are expressed at low levels when compared to their cognate linear counterparts (Santer et al., 2019), but in a highly tissue-, cell type-, and time point-dependent context. To date, based on large scale, bulk RNA sequencing (RNAseq) studies, multiple databases have been constructed to help annotate circRNA expression patterns of millions of circRNAs across different cell lines, tissues and organisms (Chen et al., 2016; Dong et al., 2018; Glažar et al., 2014; Meng et al., 2019; Wu et al., 2020). Furthermore, with the advent of single cell RNA sequencing, efforts have been made to resolve the complexity of circRNA expression landscapes also at the single cell level (Fan et al., 2015; W. Wu et al., 2022; Zhong et al., 2017).
While a molecular and functional characterization remains neglected for the majority of circRNAs, some circular RNA molecules that are primarily retained in the nucleus, have been described to act on the transcription and splicing regulation of their host and/or nearby located genes (Mai et al., 2022). Others are primarily exported into the cytoplasm, where they can act as miRNA “sponges” (Hansen et al., 2013; Peng et al., 2017), or interact with RBPs (Holdt et al., 2016; Ikeda et al., 2023), thus competing with linear mRNAs. Furthermore, some circRNAs appear to be translated in a cap-independent fashion, via internal ribosomal entry sites (IRES) (Chen et al., 2021), although the peptide coding potential of circRNAs, at endogenous levels and in physiological context, remains under discussion. CircRNAs expression is especially abundant in the brain and increases during aging, independently from the host gene mRNA expression (Hanan et al., 2017; Knupp and Miura, 2018; Rybak-Wolf et al., 2015). Over the last decade, abnormal levels of circRNAs have been associated with a large number of complex human neurologic disorders, ranging from ischemic stroke, over neurodevelopmental disorders (such as epilepsy, schizophrenia and autism spectrum disorders), Alzheimer’s Disease and Parkinson’s Disease, as well as Huntington’s Disease (Mai et al., 2022; Morandell et al., 2024; Titze-de-Almeida & Titze-de-Almeida, 2023; Wang et al., 2023).
Recent work has further identified the dedicated mechanism by which circRNAs are exported to the cytoplasm, dependent upon Ran-GTP/Exportin-2, underscoring the potential relevance of circRNA localization for cell function (Ngo et al., 2024).
While for a vast majority of the identified deregulated circRNAs associated with human neurologic disorders their biologic function and relevance for the disease pathogenesis/progression remains elusive, in the past decade a number of studies have discovered important regulatory roles for some circRNAs in neuronal development, function and homeostasis with the detailed analysis of their molecular mechanisms of action. This review will put these most recent functional studies into the spotlight and consequently discuss how deregulation of circRNAs can modify complex neurologic disorders, from neurodevelopment to neurodegeneration.
CIRCRNAS IN PHYSIOLOGIC BRAIN DEVELOPMENT AND FUNCTION
CircRNAs are most abundantly expressed in brain tissues (Hanan et al., 2017). The majority of neuronal circRNAs were shown to be localized both at the cell body and dendrites of neurons. Additionally, their expression pattern changes according to the developmental stage of the cell, suggesting a functional role of circRNAs during development and the mature brain (Hollensen et al., 2020; Venø et al., 2015). In line with these observations, circRNAs found in dopaminergic and pyramidal neurons are predominantly expressed from gene loci relevant for synaptic activity, underscoring their potential functional role in determining activity of these neuronal subtypes, but also the whole neuronal network (Dong et al., 2023; You et al., 2015). Single cell RNAseq efforts have furthermore shown that circRNAs display specific expression patterns in different neuronal cell types, presumably contributing to cell diversity and identity (Dong et al., 2023).
Arguably the most thoroughly studied neuronal circRNA is complementary determining region 1 antisense (Cdr1-as). Cdr1-as contains >70 binding sites for the neuronal microRNA (miRNA) miR-7 and acts as miR-7 sponge (Hansen et al., 2013), as part of a complex non-coding regulatory network (Kleaveland et al., 2018; Piwecka et al., 2017). Interestingly, binding of miR-7 seems to actively mediate the circularization of Cdr1-as (Belter et al., 2022), while loss of Cdr1-as leads to miR-7 destabilization and alters excitatory synaptic transmission, driving schizophrenia-associated behaviours (Piwecka et al., 2017). Moreover, synaptic localization of Cdr1-as is required for fear-memory extinction (Zajaczkowski et al., 2023), while, in cortical neurons, Cdr1-as buffers miR-7 activity to control glutamatergic excitatory transmission and neuronal connectivity. As such, these observations highlight the possible relevance of circRNAs for memory formation and long-lasting synaptic adaptations (Cerda-Jara et al., 2024).
Human circSLC45A4, one of the highest expressed circRNAs in the developing human frontal cortex, was reported to be necessary in maintaining the pool of neural progenitors in vivo, and its knock-down promoted Cajal-Retius cell differentiation in the cortical plate during early embryonic development (Suenkel et al., 2020). Similarly important for neural progenitor differentiation and cell positioning in the developing cortex is circFAT3. As shown by Seeler et al., it is especially relevant for differentiation of human embryonic stem cells into rostral and caudal neural progenitors. While circFAT3 knock-down caused minimal changes in bulk RNA expression, it had significant effects at the single-cell level in human cerebral organoids, disrupting expression patterns linked to neural differentiation and migration of telencephalic radial glial cells and mature cortical neurons (Seeler et al., 2023).
Morphology and migration of midbrain dopamine neurons (mDA), crucial for motor and cognitive behaviours and linked to various brain disorders, are critically regulated by circRmst (Rybiczka-Tešulov et al., 2024). While single-molecule fluorescence in situ hybridization (smFISH) did not reveal any specific compartmentalization of highly expressed circRNAs in the cell, in vitro knock-down of the candidate circRmst had wide-spread effects in in vitro primary cultures, such as increased soma size, soma-to-nucleus ratio, reduced numbers of tyrosine hydroxylase positive neurons and, in vivo, accelerated neuronal migration and lateral mislocalization of the mDA neuron pool (Rybiczka-Tešulov et al., 2024). On the other hand, circTulp4 depletion, also highly expressed in developing mDA neurons, only led to milder effects, causing a small decrease in neurite length and increase in secondary branch formation (Rybiczka-Tešulov et al., 2024). Its primary function, in fact, is thought to lie in the regulation of general brain physiology and synaptic activity, due to its compartmentalized enrichment at the synapse. Concordantly, depletion of circTulp4 - by the alteration of the splice acceptor site responsible for its biogenesis - modulated the strength of excitatory neurotransmission in primary cultures and sensitivity to aversive stimuli in behavioral assays (Giusti et al., 2024). While circTulp4 molecular mechanism is unlikely to be driven by miRNA-sponging or translation from the circular molecule, its mode of action remains to be identified (Giusti et al., 2024).
Synaptogenesis and dendritic spine formation was further shown to be strictly regulated by circRERE and circPhf21a expression in rat hippocampal neurons. CircRERE depletion led to the formation of electrophysiologically silent synapses, and Kelly et al. could demonstrate circRERE-mediated stabilization of miR-128-3p as a novel molecular mechanism to modulate the formation of silent excitatory synaptic co-clusters (Kelly et al., 2024, 2025).
The miRNA-sponging ability of circRNAs, implies also the capability of these molecules to regulate gene expression through circRNA/miRNA/mRNA interaction networks. In line with this molecular mechanism, circDlc1 was shown to bind to miR-130b-5p, controlling its synaptic localization and regulating the expression of different mRNAs in the glutamatergic circuit. Thereby it plays an important role in synaptic transmission, regulating glutamatergic signaling and plasticity in cortico-striatal pathways. In line with these findings, loss of circDlc1 lead to hyperactivity behaviour in a knock-out mouse model (Silenzi et al., 2024).
Taken together, these studies highlight important regulatory functions of circRNAs for physiologic brain development, modulating all steps of the process, from neural progenitor positioning and neurogenesis, over migration and differentiation of newborn neurons, to dendritic spine formation, synaptogenesis, synaptic function and plasticity (Figure 1B).
CIRCRNAS IN NEURODEVELOPMENTAL DISORDERS
Because of their enrichment in the central nervous system (CNS) and their crucial roles in neurogenesis, synaptic plasticity and neuronal identity not surprisingly, circRNAs have been associated with neurodevelopmental (NDDs) and neuropsychiatric disorders, were they are increasingly recognized as key regulators of pathological processes (Nemeth et al., 2024). According to the DSM-5, NDDs include autism spectrum disorders (ASD), intellectual disability (ID), attention deficit hyperactivity disorder (ADHD), communication and motor disorders. These diagnostic categories, defined by specific sets of symptoms, show considerable comorbidity and phenotypic overlap, complicating diagnosis and management of the disorders. In fact, genetic research supports the hypothesis that ID, ASD, ADHD and schizophrenia lie on a neurodevelopmental continuum, rather than representing independent conditions (Morris-Rosendahl and Crocq, 2020).
The phenotypic heterogeneity of ASD and the co-morbid other neurodevelopmental syndromes is mirrored by the large complexity in underlying genetic architecture and altered biologic pathways, which have been studied in detail over the last 4 decades (reviewed here (Choi and An, 2021) and here (Parenti et al., 2020)). Instead, the exploration of long non-coding (lnc) RNAs, of which circRNAs are an important subgroup, and their contribution to the etiology of NDDs is yet in its infancy, and has been, so far, primarily focused on ASD and schizophrenia, but can possibly be extrapolated to other NDDs (Ghafouri-Fard et al., 2022; Jiang et al., 2023; Stott et al., 2023). A comprehensive study utilizing previously published RNAseq data sets from total RNA (ribosomal RNA-depleted RNAs without poly(A)-selection) derived from a large collection of post mortem brain tissue of control and ASD cases (Parikshak et al., 2016; Wu et al., 2016), represents the first systematic investigation of circRNA dysregulation in ASD. In the study, the authors identified 60 circRNAs and three co-regulated modules that were perturbed in ASD. By integrating circRNA, microRNA, and mRNA dysregulation data derived from the same cortical samples, 8170 ASD-associated circRNA/miRNA/mRNA networks were identified. The 2302 putative target genes of these axes were enriched for ASD risk genes and genes encoding inhibitory postsynaptic density (PSD) proteins, but not for genes implicated in monogenic forms of other brain disorders or genes encoding excitatory PSD proteins. Functionally, only circARID1A was tested: upregulated in ASD brain samples and working as miR-204-3p sponge, the corresponding circRNA/miRNA/mRNA regulatory network was further characterized in vitro employing knock-down and over-expression experiments, supporting the notion that circRNAs may serve as efficient miRNA sponges, influencing the expression dynamics of ASD-associated risk genes and leading to synaptic dysfunction and abnormal neural development (Huang et al., 2023). Furthermore, the genomic study by Te-Lun Mai et al. focused on quantitative trait loci (QTL) associated with the expression of nearby circRNAs (circQTL). They integrated RNAseq and genotyping data from post mortem brain tissues of individuals with ASD, to identify circQTLs that cis-regulate nearby circRNAs expression and, in turn, trans-regulate distant gene expression (trans-eGenes). The researchers identified 3,619 circQTLs, constructing 19,804 circQTL-circRNA-trans-eGene regulatory axes. 291 of these circQTLs overlapped with ASD-related genetic variants identified in genome-wide association studies (GWAS), suggesting a potential link between these circQTLs, SFARI risk factor genes, and ASD pathogenesis (Mai et al., 2022). Such findings highlight the complexity of gene regulation in ASD and suggest that circRNAs may serve as key intermediaries in the genetic architecture of the disorder.
On the other hand, additional insights on the importance of circRNAs in NDDs can be derived from studies using animal models. Wang et al. identified a vast array of differentially expressed circRNAs following valproate treatment in the mouse brain. By exploring a circRNA-based competing endogenous RNA (ceRNA) network, the study revealed possible interactions between circRNAs, miRNAs, and mRNAs, highlighting the complex regulatory networks that might potentially contribute to neurodevelopmental pathology (Wang et al., 2021). Similarly, Gasparini et al. explored the differential expression of hippocampal circRNAs, such as circCdh9, in the BTBR mouse model of ASD (Meyza and Blanchard, 2017). Their findings suggest that these circRNAs may contribute to synaptic dysfunctions observed in ASD (Gasparini et al., 2020).
In the context of SCZ, circHOMER1 expression levels were significantly reduced in post mortem orbitofrontal cortex samples of patients, and circHOMER1 levels positively correlated with the age of SCZ onset. CircHomer1a regulated the expression of specific isoforms of synaptic plasticity-related genes with relevance for psychiatric disorders. Knock-down of circHomer1a in the orbitofrontal cortex was sufficient to disrupt cognitive flexibility in vivo (Zimmerman et al., 2020). In SCZ, circRNAs have also been intensely studied as potential class of novel diagnostic and therapeutic biomarkers (Huang et al., 2023; Tan et al., 2021; Yao et al., 2019). For instance, circRNA expression was profiled in plasma samples of very early-onset schizophrenia (VEOS) patients and 235 circRNAs (1 upregulated, 234 downregulated) were shown to be differentially expressed. A circRNA/miRNA/mRNA network was then constructed and identified target genes that were involved in signal transduction, the cytoskeleton and transport pathways. Thus, plasma circRNAs in this network may be potential diagnostic biomarkers for VEOS and could play an important role in the onset and development of VEOS symptoms (Huang et al., 2023).
Taken together, although with much room for further exploration, circRNA dysregulation might lead to aberrant gene expression, contributing to the development and progression of neurodevelopmental and neuropsychiatric disorders. As modulators of altered neurodevelopment, they may also represent promising therapeutic targets, offering new avenues for treating neuropsychiatric conditions or be used as diagnostic or therapeutic biomarkers in easily accessible biofluids.
CIRCRNAS IN THE AGING BRAIN AND NEURODEGENERATIVE DISEASES
Neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD), are marked by the progressive degeneration and loss of neurons in distinct regions of the brain and spinal cord. These conditions are currently irreversible, with no effective treatments available, eventually leading to decline and death of the affected patient. Although, in certain cases, clear genetic causes can be identified, aging still represents an important risk factor for most neurodegenerative diseases (Hou et al., 2019). Thus, in line with the ever increasing life expectancy and increasing numbers of individuals with advanced age, especially in industrialized countries, neurodegenerative disorders are considered a leading cause of death by the World Health Organization (WHO).
Alzheimer’s disease
Global changes in circRNA expression levels in AD have first been explored in detail by Dube et al., demonstrating that collectively, the expression changes of ten circRNAs, in the human post mortem parietal cortex, had a higher predictive value for cognitive impairment and dementia, than, e.g., the number of APOE4 alleles (Dube et al., 2019). Additionally, an association of circRNA expression levels with AD has also been found in other brain regions (Cochran et al., 2021; Lo et al., 2020), such as the frontal lobe, temporal cortex and hippocampus. Importantly, circRNAs from two AD-associated genes, presenilin 1 (PSEN1) and tau have further been studied more in detail. CircPSEN1 levels increase during autosomal-dominant Alzheimer’s disease progression which may be related to neuro-inflammatory events and amyloid beta accumulation (Chen et al., 2022). Instead, after undergoing RNA editing, circular RNAs from the tau pre-mRNA encompassing the microtubule binding sites were shown to be translated into proteins that promote tau aggregation in vitro, and are therefore hypothesized to contribute to tauopathies more in general (Welden et al., 2022).
Maquera et al. provided initial evidence for a role of translated circRNAs in the development of AD. Through RNAseq based analysis of the mRNA and circRNA composition in post mortem human cortical tissues during AD progression, as characterized by the spread of neurofibrillary tangles from the entorhinal cortex (early stages) to the whole brain, they identified circMAN2A1 expression to be correlated with AD progression. Transfection experiments indicated that RNA editing promoted its translation using start codons out of frame with linear mRNAs, which generates novel proteins (Arizaca Maquera et al., 2023).
In a study by Puri et al., RNAseq analysis of neuropathologically confirmed AD brains and controls (n = 2027) identified 4,092 deregulated circRNAs in the hippocampus and 4,912 in the cortex. The study aimed to assess the relationship between circRNA expression patterns and AD clinical and pathological outcomes (Puri et al., 2023). CircRNA expression was correlated with the Clinical Dementia Rating (CDR) and AD-related neuropathological traits, including CERAD neuritic plaque score and Braak stage. Among 48 differentially expressed circRNAs, 69% were significantly associated with all three parameters. Key circRNAs such as circSLC8A1 (linked also with Parkinson’s disease) and circHOMER1, associated with synaptic function and calcium signaling, were significantly downregulated in AD patients, correlating with synaptic loss and cognitive decline. The downregulation of the validated circRNAs following treatment with oligomeric Tau (oTau) highlighted the responsiveness of AD-associated circRNAs in neuro progenitor cells (NPC). CircMAPK9 exhibited downregulation by oTau exposure, independent of its linear transcript counterpart. These observations raised the possibility that some of the changes in circRNA expression in the AD brain might reflect the response to oTau toxicity, consistent with Cervera-Carles et al., who noted similar responses of circRNAs between FTD-tau (but not FTD-TDP-43) and AD (Cervera-Carles et al., 2020).
Using the 5xFAD genetic mouse model, which exhibits early Aβ plaque deposition and progressive cognitive decline (Forner et al., 2021), Wang et al., investigated circRNA alterations at critical disease stages (5 and 7 months). A-tailing RNAseq combined with the CARP algorithm revealed 342 and 467 differentially expressed (DE) circRNAs in the cortex at these time points, with additional 264 DE circRNAs in the hippocampus (Wang et al., 2024). To determine human relevance, they compared these findings with RNAseq data from the Mount Sinai Brain Bank (MSBB), confirming that many DE circRNAs were also dysregulated in AD patient brains. One of the most significantly altered circRNAs, circGigyf2, was highly expressed in healthy brains but showed marked downregulation at 7 months in 5xFAD mice and in human AD cortical regions. Notably, circGigyf2 interacts with CPSF6, a critical RNA-processing factor involved in 3′-end cleavage and polyadenylation. Its loss correlated with increased CPSF6 availability, leading to altered poly-(A)-site (PAS) selection and disrupted gene expression in thousands of transcripts, suggesting a role in AD pathogenesis. They also observed alternative splicing events within circRNAs, affecting their interactions with miRNAs and RBPs. For example, circCcdc50 exhibited exon 4 skipping in the 7-month 5xFAD cortex, impacting miR-335-5p, a miRNA linked to AD-related gene expression changes. More broadly, miRNA sequestration appeared to be dynamically regulated by circRNA clusters, where multiple low-abundance circRNAs collectively influenced miRNA activity. Although individual circRNAs within a cluster may not achieve statistical significance in DE analysis, they can collectively function as a regulatory unit.
Additionally, Li et al. found that circAXL plays a key role in regulating BACE1, a protein associated with amyloid-beta production (Li et al., 2022). Over-expression of circAXL, which, in turn, negatively regulated miR-328, led to increased neuronal apoptosis, reduced neurite outgrowth, and heightened inflammation in AD models. In contrast, miR-328 over-expression had protective effects, suggesting that circAXL and its modulation of BACE1 through miR-328 may serve as potential therapeutic targets for AD.
These findings demonstrate that circRNAs are not passive byproducts of splicing but active regulators of gene expression in AD, as they affect both miRNA function and RNA-processing pathways. Their brain region-specific disruptions observed in both mice and AD patients highlight their potential as biomarkers and therapeutic targets in neurodegeneration.
Parkinson’s disease
Secondly to AD, PD is one of the most common neurodegenerative disorders with loss of dopamine production from substantia nigra dopaminergic neurons, leading to overt motor impairment and psychological decline. RNAseq studies on PD mouse models highlighted several dysregulated circRNAs, among which circSV2b which was further studied. Evidence shows that its over-expression, in PD induced mice, results in the restoration of dopamine synthesis and a normal nigro-striatal function. CircSV2b regulates the activity of mirR-5107-5p which modulates the transcription of Foxk1 mRNA and acts on the Akt1 signaling pathway, participating in PD–related oxidation. These data suggest that circSV2b may not only be investigated to understand the pathogenesis of PD, but could also be a promising candidate for PD treatment or even exploited as a molecular biomarker (Cheng et al., 2022). Furthermore, studies on PD patients revealed an over-expression of circSLC8A1, predicted to bind mir-128, in patients. Over-expression of this circRNA is strongly linked to the oxidative stress, a crucial characteristic of PD and most neurodegenerative disorders (Hanan et al., 2020).
Frontotemporal dementia
The human microtubule-associated protein tau (MAPT) stabilizes microtubules in neurons through up to four microtubule binding repeats, mainly formed by exons 7–12. Exon 10 - encoding the second microtubule-binding repeat - is alternatively spliced in the adult human brain leading to a mixture of tau proteins with 3 or 4 microtubule binding repeats. This ratio can be altered in disease, especially in several forms of frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) (Corsi et al., 2022). Margvelani et al. investigated the impact of FTDP-17 mutations on the formation and translation of circular RNAs derived from the MAPT gene (Margvelani et al., 2023). Interestingly, five FTDP-17 mutations increased the formation of circRNA involving back-splicing from exon 12 to exon 7 (circTau (7,8,9,10,11,12)), while 3 other different mutations elevated the levels of circRNA from exon 12 to exon 10 (circTau(10,11,12)). These circRNAs undergo RNA editing through the interferon-induced ADAR1-p150 isoform which promotes the translation of circTau RNAs.
Atrian et al. further support the role of circRNAs and N6-methyladenosine (m6A) modification, a key epitranscriptome mark affecting RNA stability and processing, in tau-induced neurotoxicity, by using both Drosophila models and human induced pluripotent stem cell (iPSC)-derived neurons. RNAseq analysis found, among others, circMbl to be significantly upregulated in tauopathy models. Depletion of circMbl reduced tau-induced cell death in Drosophila neurons, suggesting that increased circMbl contributes to neurotoxicity. Further experiments revealed an overall increase in m6A levels, which led to enhanced back-splicing and circRNA biogenesis in tau transgenic Drosophila. By m6A-RIP sequencing, tau-induced circMbl upregulation was confirmed to be m6A-dependent with suppression of RNA methylation factors mitigating tau-induced neurotoxicity. Taken together, these findings underscore a complex interplay between RNA editing and FTDP-17 mutations in regulating circRNA dynamics and their potential contribution to disease pathology. On the other hand, they also highlight a novel molecular mechanism where tau-driven m6A modifications might promote circRNA formation and contribute to neurotoxicity, thus opening a possible therapeutic strategy for tauopathies (Atrian et al., 2024).
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting both upper and lower motor neurons, leading to muscle atrophy, speech difficulties, and respiratory failure (Brown and Al-Chalabi, 2017). With an average life expectancy of just 30 months from symptom onset, early and accurate diagnosis is critical (Hardiman et al., 2017). Given the variability in clinical presentation, especially in patients without genetic mutations or familial history, reliable biomarkers are essential for timely detection and intervention. There are very few studies available exploring the role of circRNAs in ALS, with most focusing on their dysregulation rather than their functional significance. For instance, Dolinar et al. identified 274 upregulated and 151 downregulated circRNAs in ALS patients compared to healthy controls using microarray assays. Based on these findings and the functional relevance of their host genes in ALS, 10 circRNAs were selected for further PCR validation in a larger sample set. Of the ones experimentally validated, two are of particular interest based on their host gene identity, namely hsa_circ_0000567, which is derived from SETD3, linked to muscle differentiation, and hsa_circ_0023919, derived from PICALM, which plays a role in clathrin-mediated endocytosis at neuromuscular junctions and has been associated with AD. Notably, all selected circRNAs contain predicted binding sites for one or more RBPs. Further analysis revealed that hsa_circ_0000567, hsa_circ_0023919, and hsa_circ_0088036 were negatively correlated with patient age at blood collection, while hsa_circ_0000567 and hsa_circ_0088036 were also negatively associated with the age of disease onset (Dolinar et al., 2019).
Aquilina-Reid et al. assessed circRNA expression levels in spinal cord tissues and explored the functional interactions between circRNAs, miRNAs and mRNAs in ALS, identifying 92 differentially expressed circRNAs (Aquilina-Reid et al., 2022). TargetScanHuman database based prediction of targeted mRNAs by selected miRNAs, then, revealed 55 genes whose targets were both significantly upregulated and differentially expressed in ALS (Friedman et al., 2009; Garcia et al., 2011; Grimson et al., 2007; Lewis et al., 2005). These genes were enriched for Gene Ontology terms such as “cell-cell signaling by Wnt” and “positive regulation of proteasomal ubiquitin-dependent protein catabolic process,” both linked to ALS pathology (Chen et al., 2012).
Taken together these findings first demonstrate the potential significance of circRNA in ALS progression and for biomarker development, although follow up experiments are needed to validate these initial observations.
Huntington’s disease
Huntington’s disease (HD) is a hereditary, fatal neurodegenerative disorder caused by a CAG trinucleotide expansion within exon 1 of the HTT gene. A polymorphic CAG tract up to 35 repeats is found in unaffected individuals, whereas alleles bearing 39 or more repeats lead to HD symptoms. Among the various dysfunctional mechanisms linked to the disease, RNA processing and alternative splicing (AS) alterations are emerging as crucial regulators of HD (Nguyen et al., 2025). Coherently, as the splicing machinery is also instrumental to circRNA biogenesis, different evidence is suggesting a functional role of circRNAs in HD. An initial study, using a circRNA microarray, compared expression patterns of rat cell lines expressing mutant or wild-type huntingtin (Marfil-Marin et al., 2021). A total of 23 circRNAs were differentially expressed, most of which downregulated. CircRNA/miRNA/mRNAs interactions were predicted, suggesting that changes in these regulatory networks might impact neuronal function and survival in HD. Capitalizing on accurate genetic mouse models of the disease, Ayyildiz et al. examined AS and circRNA biogenesis in HD by RNAseq approach (Ayyildiz et al., 2023). While circRNA expression was generally higher in NPCs compared to embryonic stem cells (ESC), cells expressing mutant huntingtin exhibit a mis-shaped repertoire of linear and back-spliced circular RNA isoforms. A negative correlation between CAG length and circRNA expression was noted in NPCs, suggesting a mutation-dependent disruption of circularization. A significant proportion (32.7%) of differentially expressed circRNAs were found to be modified by m6A. This indicates that mutant huntingtin may impact circRNA biogenesis through m6A-mediated regulation. Interestingly, these splicing defects were most prominent in neural progenitors, with minimal changes observed in ESCs, highlighting the early vulnerability of neural cells to RNA dysregulation in HD. Interestingly, a highly conserved circRNA is also stemming from the HD gene locus itself, circHTT(2,3,4,5,6). CircHTT(2,3,4,5,6) expression significantly correlates with the length of the CAG-repeat tract in exon-1 of HTT in human and mouse HD model systems. Mouse circHtt(2,3,4,5,6), is expressed during embryogenesis and increases during nervous system development. CircHtt(2,3,4,5,6) over-expression experiments in the HD-relevant STHdh striatal cells further revealed its ability to modulate CAG expansion-driven cellular defects in cell-to-substrate adhesion, acting as novel modifier of HD pathology and potential drug target (Morandell et al., 2024). These three studies underscore the potential for targeting splicing, back-splicing and RNA modifications as therapeutic strategies in HD.
CIRCRNAS IN OTHER DISORDERS OF THE CNS
Deregulation of circRNAs has also been described in the context of other disorders of the central nervous system, that are not strictly of neurodevelopmental or neurodegenerative nature. These disorders range from epilepsy, depression and bipolar disorder, the inflammatory disease multiple sclerosis, to brain tumors. All these conditions are similarly complex and heterogeneous in their etiology, phenotypic composition and therapeutic management, as the typical neurodevelopmental and neurodegenerative disorders.
Temporal lobe epilepsy
CircRNAs can regulate synaptogenesis and synaptic transmission, thus they are directly linked with neural network activity and the excitation-inhibition interplay in the brain. In line with this notion, numerous circRNAs have been investigated to provide a better understanding of the pathogenesis of mesial temporal lobe epilepsy (mTLE), the most common form of refractory focal epilepsy. Through high-throughput sequencing of mTLE patients-derived samples, thousands of circRNAs were identified; circSATB1, circSATB2 and cirLRP6 showed an interesting downregulation in the hippocampus of patients when compared to controls. Functionally, circSatb1 regulates dendritic spine morphology and function (Venø et al., 2015). The deregulated expression of circRNAs in mTLE was also confirmed by Gomes-Duarte et al., highlighting aberrant increase in circArhgap4 and circNav3 expression from early to late stage of experimental epilepsy, likely as consequence of recurrent spontaneous seizures. Abnormal electrical brain activity, in turn, could be potentially correlated to the bioavailability of miRNA pathophysiologic drivers, binding targets of the dysregulated circRNAs with predicted miRNA-sponging activity (Gomes-Duarte et al., 2021). The hypothesis that circRNAs may interfere with the abundance and availability of miRNAs in the context of TLE is particularly relevant since different studies previously reported dysregulated miRNA levels in TLE patients’ circulation, miRNAs as disease modifiers as well as their importance for drug resistance in TLE [reviewed here (Guarnieri et al., 2024)].
Depression
Major depressive disorder (MDD) is a very common disorder, severely limiting psychosocial functioning and diminishing quality of life of affected individuals. The WHO ranked MDD as the third cause of burden of disease worldwide and projected that it will rank first by 2030 (Malhi and Mann, 2018). The etiology of MDD is believed to be multifactorial, with biological, genetic, environmental, and psychosocial contributing factors (Cui et al., 2024). Pathophysiologic mechanisms include neuroinflammation and alterations in neuroplasticity and epigenetics. Several long noncoding RNAs, including miRNAs and circRNAs, have been found to be deregulated in MDD, and could represent potential biomarkers for clinical diagnosis and monitoring of the therapeutic outcomes (Shi et al., 2021b). A small pilot study on 129 participants showed that individuals affected by MDD have increased plasma levels of circHIPK2 (Yu et al., 2024), which is consistent with previous findings in a mouse model system of depression (Zhang et al., 2019). In this study, the authors also speculated about a possible involvement of circHIPK2 in the gut-brain axis: Previously implicated in astrocyte activation in brain physiology (Huang et al., 2017), alterations of circHIPK2-regulated astrocyte activity in response to changes in the microbiome could modify the MDD behavioral characteristics (Hao et al., 2022; Zhang et al., 2019).
Furthermore, data from samples of MDD patients and two mouse models of depression (chronic unpredictable stress (CUS) and lipopolysaccharide (LPS) models), revealed increased circMBML1 levels and reduced expression of circFKBP8 (Shi et al., 2021a), hsa_circRNA_103636 (Cui et al., 2016) and circDYM(4,5,6) (Zhang et al., 2020) in peripheral blood samples. Interestingly, overexpression of circDym(4,5,6) in the mouse hippocampus, regulated immune activation by sponging miR-9, which, in turn, led to a consequent decrease of microglial activation upon CUS and LPS treatment, a hallmark of MDD, with depression-like behaviors ameliorated in these mice (Zhang et al., 2020). These findings suggest that, i) peripheral blood circDYM(4,5,6) levels may represent a promising biomarker, and ii) circDYM(4,5,6) over-expression may represent a novel treatment strategy for MDD. While these represent exciting initial observations, follow up studies in independent patient cohorts, alternative mouse models of depression and human in vitro model systems are imperative to assess the true value of these findings for clinical translation.
Bipolar disorder
Bipolar disorder (BD) is a psychiatric disorder characterized by the alternation of depressive and maniacal phases during the lifetime of the affected individuals (Tondo et al., 2017). In recent years, studies explored the role of gene regulation and non-coding RNAs in the pathophysiology of BD. Analyzing the expression of circRNAs in peripheral blood mononuclear cells (PBMCs) from patients with BD, in comparison to samples from a non-psychiatric group, found around 33 circRNAs to be significantly dysregulated (Mahmoudi et al., 2021). Additionally, RNAseq analysis on samples from anterior cingulate cortex of individuals with BD compared to neurotypical controls, identified several dysregulated circRNAs among which, circCCNT2 showed a significant upregulation in the BD cohort (Lin et al., 2021). Many studies focused on the function of circHomer1 as a psychiatric disease-related circular RNA: its expression is reduced in BD as well as other diseases such as SCZ. Using knock-down mouse models, low levels of circHomer1 were shown to be associated with changes in animal cognitive ability and behaviour, possibly explained by circHomer1 ability to modulate the expression of genes involved in synaptic plasticity, thus affecting neuronal function (Zimmerman et al., 2020, 2024).
The differential expression of circNEBL and circEPHA3 - altered in RNAseq data from post-mortem brains of BD patients versus healthy controls - could further provide new insights into the role of circRNAs in BD (Luykx et al., 2019). Specifically, the upregulation of circEPHA3 may be of particular relevance since EPHA3’s role in mediating axon growth (Javier-Torrent et al., 2019) could be linked to the neurodevelopmental aspects of BD.
Multiple sclerosis
Multiple sclerosis (MS) is a complex autoimmune disease of the CNS characterized by demyelination, chronic inflammation, neuronal loss, and axonal damage (Thompson et al., 2018). The most common form, affecting 80% of patients, is relapsing-remitting MS, characterized by attacks followed by complete or partial remissions (Lublin et al., 2014). Although the pathogenic factors underlying MS remain largely unknown, several recent studies pointed to alterations in AS and RNA processing as new molecular mechanisms potentially involved in the pathogenesis. Coherently, some AS events as well as ncRNAs have been proposed as novel biomarkers for MS (D’Ambrosio et al., 2015; Hecker et al., 2019; Paraboschi et al., 2015; Spurlock et al., 2015). While functional investigation of circRNAs has been largely neglected, circRNAs were first implicated in MS by Cardamone et al., identifying the GSMDB derived hsa_circ_0106803 circRNA as upregulated in PBMCs of 30 RR-MS patients compared to 30 healthy controls (Cardamone et al., 2017). Subsequently, Iparraguirre and colleagues detected 406 differentially expressed circRNAs through a microarray analysis on peripheral blood leucocytes of four RR-MS patients and four healthy controls; two downregulated circRNAs, both deriving from the ANXA2 host gene, were validated in an independent cohort of 20 RR-MS patients and 18 healthy controls (Iparraguirre et al., 2017). In addition, through an RNAseq based analysis of blood samples, a global, specific and sex-dependent deregulation of circRNA expression in MS was observed in a cohort of 30 patients and 20 controls, with candidate circRNAs further examined in a second, independent cohort of 70 M cases, revealing 6 upregulated circRNAs (e.g., circPADI4) as potential biomarkers (Iparraguirre et al., 2020). CircRNAs were furthermore shown to be enriched at MS loci, emerging from genome wide studies, with further characterization of hsa_circ_0043813 derived from the MS-associated STAT3 gene (Paraboschi et al., 2018). Similarly, expression analysis in another patient cohort, revealed 166 differentially expressed circRNAs in MS patients, 125 of which were downregulated. One of the top dysregulated circRNAs, hsa_circ_0007990, derives from the PGAP3 gene, relevant for the control of autoimmune responses. Later analysis of two independent replication cohorts confirmed the downregulation of circPGAP3 suggesting its implementation as a possible RNA-based biomarker (Cardamone et al., 2023).
Brain tumor development
CircRNAs play a complex role in cancer development, influencing tumor progression through exosomal transfer and facilitating communication between cancer cells and the surrounding microenvironment. Certain circRNAs can contribute to metastasis by promoting pre-metastatic niches (Dai et al., 2018; Wang et al., 2019). Additionally, the failure of transcription termination and uncontrolled gene transcription into the downstream gene followed by back-splicing can give rise to read-through circRNAs, which incorporate exons from adjacent genes (Liang et al., 2017; Vo et al., 2019). These aberrant circRNAs are associated with oncogenic processes, potentially driving tumor growth and malignant transformation.
Invasion and metastasis of tumor cells are the primary causes of mortality in patients with malignant tumors (Asif et al., 2021). Despite the growing interest in circRNAs in cancer, few studies specifically address their role in brain tumor development (Ahmed et al., 2022; Katsushima et al., 2023; Zhang et al., 2024). Among the multiple pathways implicated in circRNA-mediated tumorigenesis, such as p53, JAK/STAT, and ERK signaling, the PI3K/AKT/mTOR axis is particularly significant.
mTOR is a key downstream signaling molecule in the AMPK, MAPK, and PI3K/AKT pathways, playing a central role in cancer progression (Tee et al., 2003). PI3K activation promotes the transition from PIP2 to PIP3, a process reversed by PTEN, and subsequently leads to mTORC1 and mTORC2 activation, either directly or through Rheb regulation via TSC1/2 inhibition (Ma et al., 2005).
Xin et al. (2019) identified hsa_circ_0067934 as a critical modulator of glioblastoma progression through its regulation of the epithelial-mesenchymal transition (EMT) process and the PI3K/AKT/mTOR signaling pathway. In their study, they analyzed 157 human brain samples from glioblastoma patients and healthy controls. qRT-PCR revealed that hsa_circ_0067934 was significantly overexpressed in glioblastoma tissues compared to adjacent noncancerous tissues. To investigate the functional role of hsa_circ_0067934, siRNA-mediated knock-down experiments were conducted in vitro. The results demonstrated a significant reduction in cell proliferation of glioblastoma cell lines post-transfection, while apoptosis levels increased notably upon hsa_circ_0067934 silencing. Hsa_circ_0067934 knock-down, furthermore, significantly impaired the migratory ability of glioblastoma cells in wound healing assays. At molecular level, hsa_circ_0067934 silencing resulted in a marked decrease of phosphorylated PI3K and phosphorylated AKT, while total PI3K and AKT levels remained unchanged. This suggests that hsa_circ_0067934 promotes glioblastoma progression by activating the PI3K-AKT signaling pathway (Xin et al., 2019).
Moreover, Bian et al., 2018 identified circ-CFH as a novel oncogenic circRNA, upregulated in glioma tissues. Hsa_circ_0015758 (circ-CFH) is a single exon-derived circRNA transcribed from the GRCh37/hg19 fragment of chromosome 1, sharing homology with the protein-coding gene complement factor H (CFH) and functioning as a miR-149 sponge, thereby upregulating AKT1 expression. To investigate the biological role of circ-CFH in glioma cells, siRNA-mediated knock-down was performed. Silencing circ-CFH significantly decreased cell proliferation and cells’ ability to form colonies in vitro, while subcutaneous injection of circ-CFH -suppressing cells into nude mice significantly decreased tumor volume and weight. Finally, the RNA sponging activity of circ-CFH was explored, confirming miR-149 as a direct target through luciferase reporter assays, regulating miR-149-target mRNAs, such as AKT1 mRNA (Bian et al., 2018). Taken together, these studies highlight the possibility for circRNAs targeting in order to modulate the activity of the PI3K/AKTAkt/mTOR signaling pathway in the context of brain tumor development.
CIRCRNAS AS BIOMARKERS FOR BRAIN DISORDERS
Circularity renders RNA largely resistant to exonuclease cleavage and, therefore, circRNAs are extremely stable, as demonstrated by their long half lives in cells (Memczak et al., 2015). Furthermore, they show remarkable tissue specificity in their expression patterns, can be secreted into the extracellular space via extracellular vesicles, - both exosomes (30–100 nm) and microvesicles (100–1,000 nm) (Hon et al., 2019; Lasda and Parker, 2016; Zhao et al., 2024), and have previously been detected in easily accessible biofluids such as saliva, blood and urine (Hutchins et al., 2021; Memczak et al., 2015; Zhao et al., 2018). All these characteristics render circRNAs ideal candidates for being reliable biomarkers. Biomarkers can support diagnosis, provide information about disease prognosis, and progression, and can be used to monitor the efficacy and safety of drug therapy. In fact, when it comes to complex brain disorders, reliable peripheral biomarkers would be extremely useful. Disease relevant circRNAs could enter the blood via blood brain barrier leakage and be measured in biofluids. They could aid 1) diagnosis, which, for instance, is still very difficult in ASD and ALS (Hus and Segal, 2021), 2) disease progression and staging, which is critical for clinical trial design and endpoint assessment, 3) patient care, as sampling is much less invasive when compared with the collection of cerebrospinal fluid, as commonly done in HD (Pellegrini et al., 2022). In line with these requirements, recently, a study utilizing two large publicly available datasets with longitudinal clinical and blood transcriptomic data of PD patients, identified 71 circRNAs that were sufficient to differentiate between genetic PD, at risk-individuals and controls, highlighting the potential of these circRNAs to aid PD diagnosis. Importantly, five circRNAs significantly correlated with PD severity, yet the identified circRNAs had no better predictive value than linear RNA, limiting their utility (Beric et al., 2024). This example, amongst many others discussed above, highlights important considerations in using circRNAs as biomarkers for complex brain disorders. First, most studies that are available to date and propose individual circRNAs as biomarkers are based on small sample sizes, i.e., few patients, and limited datasets, and only few have validated their primary findings in additional, independent patient cohorts. Secondly, gender-differences have not been taken into consideration in the majority of cases, which could hamper their potential for clinical translation. And third, the tissue-origin of the deregulated circRNAs proposed as biomarkers remains unexplored, thus it is unclear whether they truly represent a “window into the diseased brain” or whether their deregulation is a secondary, unspecific result. Therefore, more standardised and carefully designed studies, will clarify their true potential as biomarkers in the future and for other neurologic disorders.
Moving forward: challenges and outstanding questions
The last decade has seen the circRNA research field explode, and experimental evidence highlighting the important regulatory functions of these peculiar molecules for brain physiology and complex neurologic disorders has continuously piled up over the years. Nonetheless, despite the rightful excitement about the discovery of a new regulatory layer that could modulate still untreatable, severe and -in some cases- lethal disorders, measures need to be taken to validate findings derived from RNAseq studies of post mortem human, or model organism brain samples, demonstrating a clear functional role of the deregulated circRNAs in the pathogenesis, and/or disease progression by experimental scrutiny to avoid misinterpreting correlation with causation. The circRNA field thereby faces unique challenges, caused by the -mostly- low expression levels, extremely high sequence similarity with the linear RNA counterparts, as well as high stability of these molecules, in addition to issues related to a lack of standardized protocols and detection tools that limit the precision and specificity of experimental approaches. In Figure 2 we suggest a roadmap in moving the circRNA field from performing RNAseq studies, to being able to eventually translate discoveries back to the clinics in order to benefit patients’ outcomes. Until very recently, the absence of a standardized circRNA nomenclature severely complicated the communication of results and replication of circRNA related data. This issue, however, was recently addressed by Chen et al. proposing guidelines for a unified circRNA nomenclature. Now the scientific community should push for the implementation of these guidelines, to benefit the circRNA research field as a whole (Chen et al., 2023). Additionally, best practice standards have been recently put forward by leading experts in the field, highlighting important pitfalls and considerations when designing experiments to ensure reproducibility of findings (Nielsen et al., 2022). Experimental strategies to identify regulatory functions are, currently, primarily based on circRNA depletion or over-expression approaches (Figure 2, step 2), which can give valuable first insights into the modulatory potential of the deregulated circRNAs. Since specific targeting is challenging when it comes to circRNAs, as their sequence is unique exclusively at the BSJ, extra care needs to be taken to avoid simultaneously altering the levels of linear RNA transcripts and splicing. When it comes to over-expression strategies, circRNAs can be either synthetically produced, or transcribed RNA or over-expression plasmids can be transfected into in vitro model systems. Next to issues relating to immune activation by the synthetic molecules, these strategies often also lead to delivery/production of linear cognate RNAs and extremely high expression levels of the circRNA of interest, far away from any physiological relevant levels. Thus, the results obtained by such over-expression approaches need to be critically evaluated and, ideally, confirmed with a second strategy.
[image: Diagram illustrating circRNA research in neurology. It highlights four steps: 1) Integrating RNAseq data to explore function versus causation. 2) Identifying regulatory functions in brain disorders via RNA interference and over-expression plasmids. 3) Uncovering molecular mechanisms like circRNA-protein interactions and miRNA sponges. 4) Translating research into clinical applications, focusing on pathophysiology and potential biomarkers. Includes visual symbols for each stage.]FIGURE 2 | Moving forward: steps towards integrating results from circRNA basic research with the clinics of complex neurologic disorders. 1. Numerous RNA sequencing studies have found deregulated circRNA expression levels in samples derived from human patients. However, much fewer studies were able to experimentally validate a functional role and its molecular mechanism for the identified circRNAs in the pathophysiologic processes of the respective disorder. Future studies need to address this current gap in knowledge to avoid fallacy of causation. 2. This requires high quality follow up-experiments to identify circRNA regulatory functions. Experimental approaches can be based on circRNA depletion as well as over-expression. Both strategies face methodological difficulties unique to the circRNA field. CircRNA depletion approaches need to be highly specific to exclusively target the circRNA without simultaneously changing the linear RNA counterparts, or other unintended off-targets. Targeting circRNAs is especially difficult as sequence specificity is restricted to the back-splice junction, while genomic removal of sites required for back-splicing may unintentionally also alter linear splicing dynamics. Over-expression approaches, instead, can lead to difficult interpretation, since linear cognate RNAs can be produced (from plasmids), or co-transfected with in vitro transcribed or synthetized circRNAs; unintended immune activation may be induced, while over-expressed circRNA levels may reach extremely high levels leading to cellular effects that could be irrelevant in the physiologic context. 3. If depletion or over-expression of a circRNA of interest produces an effect, the underlying molecular mechanism should be investigated. A number of different molecular mechanisms have been proposed for circRNAs, including sequestration of RNA-binding proteins or activity as protein scaffolds, sponging of miRNAs as well as the production of circRNA related peptides through translation. When molecular mechanisms of function are investigated, it is of utmost importance to first determine endogenous expression levels of the involved components in the disorder of interest, to be able to draw physiologically relevant conclusions. 4. Finally, findings obtained from studying in vivo and in vitro model systems need to be translated back to the clinics in order to be useful for patients suffering from complex neurologic disorders. To that end, evaluation of a true contribution of the circRNA molecular function to the pathophysiologic processes, either on initiation or progression of the disease or modulation thereof, and/or its potential as biomarker as well as novel drug target need to be carefully assessed and tested.
In general, only few circRNA studies have been able to conclusively demonstrate the molecular action of function of the identified DE circRNA, but merely provide a description of the cellular effects of the modulation of their expression. In order to move the field forward, it will be necessary to thoroughly investigate the molecular mechanisms of action of the candidate circRNAs across different disorders (Figure 2, step 3) to objectively assess their true potential as druggable target, therapeutic agent or biomarker. Once these goals have been reached for a specific candidate circRNA, additional challenges need to be overcome. In case the expression of a candidate circRNA is beneficial and counteracts pathophysiological processes, then the circRNA would need to be overexpressed. Should, instead, a reduction of a candidate circRNA demonstrate desirable effects, knock-down or knock-out approaches would be needed. In either case, all the considerations for overexpression and knock-down strategies discussed above, need to be addressed for a successful translation into the clinics. Independently of a desired up-or downregulation, still, the best approach for reaching the brain needs to be identified. This requires a successful crossing of the blood-brain barrier of a therapeutic agent or small molecule, intracranial injections or intrathecal administration, the targeting of a specific brain region or cell type exclusively, while leaving surrounding areas/cells unaffected. Further limitations are arising from the potential toxicity of all viral and non viral approaches, which may either integrate into the host genome and cause insertional mutagenesis or cause inflammation in the brain. Only when all these hurdles are overcome, then, eventually, circRNAs may benefit patients affected by these complex brain disorders for real (Figure 2, step 4), a milestone that has yet to be achieved by this young research field.
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Colorectal cancer (CRC) is one of the most common cancers, with an incidence that has increased significantly over the last 20 years. The World Health Organization (WHO), under its cancer program, identifies CRC as the third most prevalent cancer worldwide with a high mortality rate, especially in patients under the age of 50. Despite advances in surgery, chemotherapy, radiotherapy, and molecular targeted therapy, CRC shares a low survival rate and poor prognosis due to late diagnosis. To address these challenges, research into alternative diagnostic and therapeutic strategies has increasingly focused on molecular mechanisms, including noncoding RNAs (ncRNAs). Circular RNAs (circRNAs), a subclass of endogenous ncRNAs characterized by their covalently enclosed loop structure, demonstrate greater stability than linear RNAs, making them potential candidates for clinical applications. The circRNAs possess differential expressions in cancers and function as tumor suppressive or oncogenic activities. This review discusses the recent findings on circRNAs and their potential for biomarkers and therapeutic targets in CRC. As circRNAs can serve as miRNA sponges, increase or decrease mRNA expression, and function to regulate an oncogenic or tumor suppressor pathway, there may be the possibility for an early diagnosis, prognosis, or therapeutic role of circRNAs in CRC. Highlighting the clinical implications of circRNAs, this review discusses their potential to transform current CRC management strategies and address critical gaps in timely diagnosis and effective treatment. It also emphasized the need for further clinical research to validate their utility and translate these findings into practice.
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1 Overview of the CRC

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and continues to be a leading cause of cancer-related deaths (1). In 2020, there were approximately 1.93 million new cases of CRC reported globally, resulting in nearly 0.94 million deaths. The projected number of new CRC cases worldwide will be 3.2 million by 2040 (2). The development of CRC is influenced by various interactions between genetic and environmental factors, including nutrition, diet, physical inactivity, insulin-like growth factors, and supplements (3). About 20% of colon or rectal tumors are believed to emerge from an inherited mutation in genetic code, including familial adenomatous polyposis (FAP), hereditary non-polyposis 5colorectal cancer (HNPCC), and tumors with a significant family history (4, 5). Obesity has also been shown to be a considerable risk factor in CRC development, and studies repeatedly show that physically inactive individuals are possibly prone to CRC (6). A diet high in protein, red meat, and alcohol and low in fruits, vegetables, and dairy foods further enhances CRC risk. Johnson C.M., et al. (2013) performed a meta-analysis. He summarized a number of modifiable risk factors for CRC incidence, which included higher BMI, cigarette smoking, red meat intake, low fruit and vegetable intake, post-menopausal hormone therapy, and inflammatory bowel disease (IBD) (7).


Early diagnosis is crucial for improving patient outcomes and overall survival rates in CRC (8). As such, discovering new biomarkers and developing better treatment strategies are essential because they will allow for early detection, personalized treatment, and ultimately better management of CRC for better prognoses and quality of life (8). The Centers for Disease Control and Prevention estimates that in 2024, there will be about 97,220 new colon cancer cases and about 43,030 new rectal cancer cases diagnosed in the United States (9). However, the incidence of CRC has been declining for the last few decades. The incidence rate in the United States went from 60.5 cases per 100,000 in 1976 to 46.4 in 2005, and 40.7 between 2009 and 2013 (9). Although this overall trend does not hold for younger populations, between 2003 and 2012, the incidence of CRC declined by approximately 3% annually, and the overall mortality decreased by 51% from its peak in 1976 until 2014. Overall, this progress can mainly be attributed to increased detection via screening and improved therapeutic interventions (9).


It is predicted that in the United States, the incidence rates for colon and rectal cancer for people ages 20–34 years could increase by 90% and 124%, respectively, by the year 2030. For people ages 35–49 years, incidence rates could increase by 27.7% and 46%, respectively (10, 11). CRC is most prevalent in industrialized countries, but incidence rates are rising in low and middle-income countries due to the growing propensity to adopt Western dietary and lifestyle measures (12). The highest incidence rates by country are Australia and New Zealand, followed by European countries and North America (12). Central Eastern Europe demonstrates some of the highest mortality rates for any cancer. Conversely, South Asia and Africa display the lowest incidence and mortality rates but face higher mortality-to-incidence ratios due to a lack of access to screenings and treatments (12). In Italy, CRC incidence increased among men from 30 to 70 per 100,000 between 1970 and 2010, while among women, incidence rates stabilized at approximately 38 per 100,000 in the late 1990s (13). Colon cancer (CC) is more common than rectal cancer (RC) in developed countries, though markedly more common among women (14). Thus, CC is more prevalent than RC (ratios as high as 2 or 3:1). In Europe, there are more than 250,000 new cases of CC each year, corresponding to around 9% of cases diagnosed yearly. Urbanization and industrialization have been key contributors to the increasingly high incidence of CRC cases in developed countries (14, 15). Globally, CRC incidence remains low in Africa and Asia. North America, Europe, and Australia are considered high-risk regions, while Central and South America, Asia, and Africa are classified as low-risk areas (16, 17). CRC prevalence significantly increases with age, rising from approximately 20 cases per 100,000 per year in individuals aged 45–54 years to 55 per 100,000 in those aged 55–64 years, 150 per 100,000 in the 65–74 age group, and 250 per 100,000 among individuals over 75 years (18). CRC survival rates have improved over time, especially in Europe, but with important regional discrepancies; for example, by the late 1990s, the five-year survival rate rose to 54%, although the rate was notably lower in Europe than the higher reported rates in the US (19, 20). The incidence of CRC in Italy in the North was double compared with the South in men and women (21, 22).


Adenocarcinoma is the predominant histological type of colon cancer and makes up 92–95% of tumors in the bowel. Mucinous or colloid adenocarcinomas make up about 17% of tumors in the bowel (23). The rare epithelial cancers (adeno-squamous carcinomas and squamous cell carcinomas (adenoacanthoma) are rarely seen. CRC lesions are assessed for differentiation (well, moderate, poorly), and differentiation is assessed via standard glandular morphology and cytology (23). Poorly differentiated cancers tend to carry a worse prognosis, often secondary to genetic defects, but it is unclear what mutations correlate with this differentiation. Recognizable differentiation was absent in 20–25% of colon malignancies. Polyps, commonly designated precursor lesions for CRC, are mainly recognized in the lower GI tract, the rectum or appendix, but can happen anywhere in the colon (24). Recent developments in the molecular pathophysiology of CRC have led to the opportunity to identify several aspects that can be considered as potential biomarkers, genetic as well as epigenetic and protein-based markers from fecal, serum, and tissue samples. Some examples of key research areas include DNA methylation, microRNAs, circular RNAs, long non-coding RNAs, and exosomes (25).


Although various imaging techniques are available, CT imaging remains the most widely accessible, reliable, and versatile tool for cancer staging and assessing local tumor characteristics (26). While PET/CT colonography, a combination of PET and CT imaging, has also shown great potential for cancer detection and staging. Its proficiency in identifying metastatic lymph nodes is of particular importance in rectal cancer management, in which it is more common for patients to undergo preoperative treatment with node-positive disease (27). Sigmoidoscopy and colonoscopy are utilized extensively for both screening and diagnostic purposes (28). The current most utilized diagnostic biomarker for CRC is the fecal immunochemical test (FIT), the foundation of population-based CRC screening programs intended to reduce CRC mortality (29). Fecal immunochemical tests are also used to diagnose in symptomatic patients and to perform surveillance following adenoma removal (30). FIT’s ability to detect human hemoglobin in stool using antibodies and without necessitating dietary restrictions results in greater participation in screening programs (31). The guaiac fecal occult blood test (g-FOBT) is another commonly utilized method for detecting blood in stool and is a chemical test that relies on peroxidase activity. g-FOBT tests are inexpensive, relatively easy to perform, and readily available (32). Many randomized controlled studies have shown that g-FOBT tests can decrease CRC mortality rates due to tumors being identified earlier. However, there is concern that g-FOBT tests with limited sensitivity for detecting colorectal adenomas may fail to prevent the onset of CRC (33).


Choosing an appropriate therapeutic strategy and determining the dosing regimen continue to be a large challenge in cancer therapy. For CRC, there are different modes of treatment, including surgical intervention, cryosurgery, chemotherapy, radiation therapy, and targeted therapies (34). Physicians use chemotherapy most frequently, which is the administration of different drugs that block cancer cell growth. Still, often, these agents have adverse effects like chemotherapy-induced leukopenia, fatigue, palmar-plantar erythrodysesthesia, chemotherapy-induced gastrointestinal toxicity, chemotherapy-induced oral mucositis, nausea, vomiting, aches, anemia, hematologic complications, and liver impairment (35). Side effects diminish the quality of life, lessen the efficacy of treatment, and cause drug resistance over time. Surgical intervention remains the most essential treatment for CRC, addressing approximately 50% of cases successfully, where recurrence of the cancer after surgery remains one major limitation, leading to poor outcomes and often causing death (34, 35). Even with early detection and treatment advances, patient clinical outcomes remain unfavorable. While radiation and chemotherapy are standard approaches, these methods of treatment have limitations, reinforcing the need for more efficient alternative therapies. As a result, there are more efforts to establish molecular biomarkers for diagnostic and therapeutic purposes (35). There is an urgent need to develop better diagnostic and therapeutic approaches while understanding the molecular mechanisms of CRC progression (36).






2 Role of CircRNAs

The first single-stranded, covalently closed circRNAs were identified in human HeLa cells using electron microscopy in 1979 (37). Subsequent research revealed that numerous species, including viruses, prokaryotic cells, single-celled eukaryotes, and mammals, have evolved to produce circular forms of RNA. High-throughput RNA sequencing and bioinformatics analyses have established circRNAs as a ubiquitous component of the human transcriptome, present across many metazoans (38). CircRNAs exhibit greater stability than linear RNAs due to their resistance to RNases (39). This inherent stability and distinct expression patterns have established circRNAs as biomarkers and potential therapeutic targets, particularly in cancer (39). CircRNAs perform diverse cellular functions, including serving as protein scaffolds, miRNA sponges, and templates for polypeptide translation (40). Despite their biological significance, the precise mechanisms underlying their aberrant expression in diseases such as cancer remain incompletely understood. CircRNAs regulate physiological and pathological processes through interactions with cellular components, often indirectly modulating gene expression. For instance, circRNAs can act as competitive endogenous RNAs (ceRNAs) by sequestering miRNAs, freeing mRNA targets, and influencing critical signaling pathways (40).


Detection and quantification of circRNAs involve northern blotting, RT-qPCR with divergent primers, RNA sequencing (RNA-seq), circRNA profiling, and in situ hybridization targeting the back-splice junction (41). While advances in RNA sequencing technologies have enhanced circRNA identification, challenges remain, such as distinguishing circular from linear transcripts and elucidating their biological roles (42). CDR1as, the antisense transcript of CDR1, a circRNA, was among the first circRNAs investigated for its functional significance. Recent findings indicate that CDR1 interacts with p53 to inhibit pro-metastatic activities by preventing its binding to MDM2 (42). This interaction highlights the ability of circRNAs to influence key regulatory proteins, underscoring their profound potential in tumor biology. The diverse function of CircRNA is represented in 
Figure 1
.
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Figure 1 | 
Functional roles of circRNAs in cellular processes.







2.1 Classification and types of circRNAs

Depending on their genomic origin, circRNAs are organized into various categories: exonic circ RNAs (ecircRNAs), intronic circRNAs (ciRNAs), exon-intron circRNAs (EI ciRNAs), intergenic circRNAs, and tRNA-derived circRNAs (triRNAs) (43). Exonic circRNAs are derived from the exonic sequences of protein-coding genes. They are primarily cytoplasmic, often acting as miRNA sponges to impact gene expression in the post-transcriptional phase (44). Intronic circRNAs are formed at in the intronic region and are located in the nucleus, with ciRNAs being reported to regulate transcription. Exon-intron circRNAs are formed from the components of both exons and introns and can exist in both nuclear and cytoplasmic compartments. The functionality of exon-intron circRNAs is variable in their precise composition and cellular location (43, 44). Intergenic circRNAs originate from non-coding genome regions between annotated genes and can act as a further regulatory layer. Furthermore, a subset of circRNAs is thought to come from tRNA sequences called triRNAs (44). These circRNA subtypes involve different cellular biology processes, including gene regulation and protein interactions. They are potentially relevant to the pathology of many human diseases, indicating their biological and clinical significance (44, 45).


The ecircRNAs, intronic circRNAs, and EIciRNAs are diverse in their cellular localization and functions (45). EcircRNAs are often cytoplasmic and serve primarily as miRNA sponges, sequestering these regulatory miRNAs from influencing their mRNA targets (45). On the other hand, ciRNAs and EIciRNAs are predominatly located within the nucleus and regulate their parental genes transcriptionally. CirRNAs can interact with RNA polymerase II and transcription factors to regulate expression and EIciRNAs not only regulate transcription of their source genes but also interact with RNA polymerase II and the U1 snRNP complex, indicating a role in transcriptional activation (46, 47).






2.2 Biogenesis of circRNAs

Since circRNAs are formed from pre-mRNAs, the standard spliceosome machinery may also regulate their synthesis. The biogenesis of circRNAs and their mechanisms of action remain incompletely understood. While exon skipping is considered a key regulator of circRNA production through alternative splicing, the exact primary process driving circRNA generation has yet to be determined (48). Three distinct theories have been proposed to explain the synthesis of exonic circRNAs, which are the dominant type in eukaryotes: Lariat-driven circularization (exon skipping), Intron-pairing-driven circularization (back splicing), and RNA-binding protein (RBP)-mediated circularization (24).


In exon skipping, non-canonical ‘back splicing’ processes are thought to occur during RNA synthesis. For instance, an early study on the human cytochrome P450 2C18 gene reported a connection between exon skipping and circular RNA isoforms, identifying four alternative circularization patterns and their associated exon-skipped transcripts (49). Back splicing involves a bridging mechanism that reduces the distance between the splice sites of neighboring introns, facilitating the formation of circRNAs. Additionally, the splicing process utilizes specific elements, such as an 11-nucleotide GU-rich sequence at the 5′ splice site and a 7-nucleotide C-rich element at the 3′ branch point of introns, which promote circRNA synthesis (34, 49). A study by Li et al. (2024) identified ZC3H14, a conserved RNA-binding protein, as a new regulator of circRNA biogenesis. ZC3H14 promotes back-splicing binding at exon-intron boundaries (EIBs) and 3’ untranslated regions (UTRs) to encourage recruitment of the spliceosome by dimerization (50). Furthermore, ZC3H14 does not directly impact BSS–3’UTR distance, suggesting that ZC3H14 may play a prominent post-transcriptional silencing role in regulating circRNA biogenesis. The strong binding of ZC3H14 at 3’UTRs stabilizes the interaction with EIBs, bringing splice sites closer and increasing the likelihood of circularization (50). Therefore, these findings expand the current knowledge about the regulation of circRNA biogenesis beyond the previously defined intronic repeat element (50). 
Figure 2
 illustrates the process of pre-mRNA to circRNA, incorporating the spliceosome machinery and three primary circularization mechanisms: RNA-binding protein-mediated circularization, intron-pairing circularization, and lariat circularization. In the lariat circularization mechanism, exon-skipping gives rise to a lariat that is further processed into circRNA. These mechanisms facilitate back-splicing, resulting in covalently stabilized or closed circRNAs forming.
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Figure 2 | 
Mechanisms of circRNA biogenesis. CircRNAs are formed through the back-splicing of precursor mRNA via RNA-binding proteins, intron pairing, or lariat-driven circularization.




It was recently discovered that circRNAs are formed through a back-splicing event during pre-mRNA processing. CircRNAs are considered a specialized product of RNA processing, where spliceosome activity preferentially removes introns from the ring region (51). Unlike canonical splicing, which joins exons linearly, back-splicing covalently links a downstream 5′ splice site to an upstream 3′ splice site, forming a stable circular structure (52). CircRNAs play critical roles in CRC, influencing cell growth, invasion, movement, and apoptosis. Depending on the context, they can function as tumor suppressors or oncogenes (53). This dual functionality is shaped by their interactions with miRNAs, RNA-binding proteins, and chromatin regulators. For example, circRNAs bind and sponge oncogenic or tumor-suppressive miRNAs, thereby modulating the expression of downstream target genes involved in key oncogenic pathways. This miRNA sponge activity regulates gene expression and contributes to chemoresistance and metastasis in CRC (54, 55). 
Figure 3
 illustrates the processing pathways for generating linear mRNA and circRNA from a single pre-mRNA molecule. Canonical splicing produces linear mRNA by joining exons in a sequential order.


[image: Diagram depicting mRNA splicing pathways. Pre-mRNA undergoes non-canonical splicing, forming EcirRNA from exons only, ElciRNA from exons and introns, and CiRNA via lariat formation from introns. Canonical splicing removes introns forming linear mRNA through exon-exon ligation.]
Figure 3 | 
Canonical and non-canonical splicing pathways. Pre-mRNA undergoes canonical splicing to form linear mRNA, or non-canonical splicing to generate circRNAs such as EciRNA, ElciRNA, and CiRNA via different circularization mechanisms.









3 Role of circRNA in CRC diagnosis

CircRNAs are a significant diagnostic biomarker due to their conservative nature, abundance, and tissue-specificity (56). Two RNA types are contained in the circRNA-microRNA code, and they work together to control the expression of genes. As a result, cancer can be predicted early (57). circRNAs have potential use in monitoring therapy effectiveness and determining cancer prognosis (58). Understanding circRNAs and their expression patterns could eventually result in the development of biomarkers for cancer diagnosis, including colon, breast, gastric, lung, and hepatocellular carcinoma (58). 
Figure 4
 shows the systematic workflow for discovering biomarkers using circRNAs and developing diagnostic tools. The first phase consists of subject sample collection, RNA extraction including circRNAs, and then circRNA profiling using RNA sequencing (RNA-Seq) or circRNA microarrays. Candidate circRNA biomarkers are identified based on their differential expression profiles and clinical relevance for potential use as a diagnostic or prognostic tool. The clinical samples from which circRNA biomarkers were selected will be used to undergo clinical evaluation for their diagnostic or prognostic potential.
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Figure 4 | 
Workflow for circRNA biomarker discovery. The process begins with sample collection and RNA extraction, followed by circRNA profiling using RNA-Seq or circRNA microarrays. Candidate biomarkers are identified and evaluated clinically, leading to the development of diagnostic tools.




CircRNAs play a significant role in the initiation and progression of cancer. The formation of circRNAs is believed to result from the binding of RNA-binding proteins and specific repeating sequences in the introns adjacent to the circularizing exons (59). CircRNAs are thought to influence cancer development through multiple mechanisms, including interacting with proteins, sponging miRNAs, altering gene transcription or splicing, and even translating into proteins or short peptides (60). Abnormal expression patterns of circRNAs have been linked to the development of various human malignancies, including colon cancer. Several circRNAs have been identified as abnormally expressed in CRC tissues, regulating carcinogenesis (61). The circRNA circPPP1R12A is highly expressed in CRC patient tissues, and its overexpression correlates with a lower life expectancy (62). Similarly, CRC tissues show overexpression of circPIP5K1A, which promotes cell proliferation and invasion while reducing the expression of the corresponding protein, thereby impairing cell viability. Consequently, circPIP5K1A enhances colon oncogenesis by blocking miR-1273a. Furthermore, higher circCTIC1 expression in CRC tissues has been associated with poor tumor prognosis. CircRNAs can regulate gene expression at multiple levels, as seen in their potential to be translated into peptides or proteins (63).


circRNAs play a pivotal role in CRC progression by interacting with various proteins and miRNAs, thereby influencing key tumorigenic processes such as proliferation, migration, invasion, and epithelial-mesenchymal transition (63). These molecules serve as critical regulators of gene expression, acting as sponges for specific miRNAs, and participate in modulating signaling pathways associated with cancer progression (64). For instance, circ-0053277, significantly upregulated in CRC tissues, functions as a sponge for miR-2467-3p. By sequestering miR-2467-3p, circ-0053277 enhances cell migration, proliferation, and EMT, contributing to increased metastatic potential and poorer clinical outcomes in CRC patients (65). These findings highlight circ-0053277’s role as an oncogenic factor, underscoring its potential as a therapeutic target. Thus, inhibiting circ-0053277 could offer novel strategies to reduce metastatic spread and improve patient prognosis, especially in advanced CRC (64, 65).


Similarly, hsa_circ_0026416 is another circRNA overexpressed in CRC tissues and plasma, acting as a sponge for miR-346 (66). Functional studies have demonstrated its role in promoting CRC growth in both in vivo and in vitro models, emphasizing its contribution to tumorigenesis. Importantly, detecting hsa_circ_0026416 in plasma positions it as a promising non-invasive biomarker. Its potential use in liquid biopsies offers opportunities for early diagnosis, real-time disease monitoring, and personalized therapeutic interventions (66). Additionally, circ-000166 exhibits elevated expression levels in human CRC tissues and colon cancer cell lines (67). This circRNA has been implicated in aggressive cancer behaviors, including enhanced cell migration and invasion, making it a potential target for therapeutic intervention (67). Given its association with advanced CRC stages, targeting circ-000166 could be particularly beneficial for managing aggressive and treatment-resistant cases (67). Collectively, circRNAs demonstrate multifaceted roles in CRC pathogenesis, acting as oncogenic regulators and potential diagnostic or therapeutic targets. Their interactions with miRNAs and proteins, coupled with their detectability in tissues and bodily fluids, establish circRNAs as integral components in the molecular aspect of CRC. Future research focusing on the therapeutic targeting and diagnostic utility of circRNAs, such as Circ-0053277, hsa_circ_0026416, and circ-000166, could pave the way for innovative approaches to CRC management (68).






4 Therapeutic uses of circRNAs in CRC

CircRNAs are emerging as critical regulators in oncogenic molecular pathways, interacting with diverse molecules such as miRNAs and lncRNAs (69). Their ability to influence gene expression and cellular behaviors positions them as significant contributors to tumorigenesis and as potential biomarkers for cancer diagnosis and prognosis (54). Specific circRNAs such as circCCDC66 and ciRS-7 have been identified as prognostic biomarkers in CRC. CircCCDC66 is significantly overexpressed in CRC samples and is closely linked to poor patient prognosis (69). Functional analyses reveal that circCCDC66 modulates key oncogenic processes, including cell proliferation, anchorage-independent growth, invasion, and migration, underscoring its pivotal role in CRC progression (69).


A novel diagnostic biomarker for CRC is serum exosomal circRNA, specifically hsa_circ_0004771, which has been detected in CRC patients. Comparative analysis has revealed 39 differentially expressed circRNAs in CRC tissues, with 28 downregulated and 11 upregulated (70). Such distinct expression patterns highlight the potential utility of circRNAs in differentiating CRC from normal tissue. Another circRNA, CircFADS2, derived from the human FADS2 gene, has been strongly correlated with clinicopathological features in CRC. CircFADS2 is highly expressed in over 187 CRC tissue samples, making it a promising candidate for prognostic research (71). Conversely, hsa_circ_0026344 exhibits significantly reduced expression in CRC tissues compared to adjacent non-tumorous tissues (72). It regulates miR-21 and miR-31, suppressing CRC cell growth and adherence while inducing apoptosis. These findings suggest hsa_circ-0026344’s potential as a tumor suppressor and a therapeutic agent in CRC (72).


CircRNAs also influence chemoresistance in CRC through miRNA sponging. For example, ciRS-7 (circular RNA sponge for miR-7) has been associated with advanced T-stage, lymph node involvement, and distant metastases (73). Its overexpression activates the EGFR/RAF1/MAPK pathway by inhibiting miR-7 activity, highlighting its oncogenic role and potential as a therapeutic target (73). Another circRNA, CircPTK2, promotes EMT and metastasis in CRC cells by binding to vimentin, a key EMT regulator. Elevated CircPTK2 levels correlate with shorter survival rates, as Yang et al. (2020) reported, making it a potential target for metastasis control in CRC (74). Additionally, hsa_circ_0001649 has demonstrated oncogenic activity across various cancers, including liver, ovarian, and prostate cancers, underscoring its broader significance in malignancies (75). These circRNAs represent a multifaceted network of regulatory molecules that drive CRC progression and offer opportunities for innovative diagnostic, prognostic, and therapeutic strategies. Their involvement in EMT, drug resistance, and apoptosis regulation processes further strengthens their potential as crucial targets in CRC management (74, 75).


CircRNAs, known for their potential as microRNA sponges and competitive endogenous RNAs, are emerging as important factors in cancer biology (59). Despite their typically unstable expression in tumor cells, circRNAs have shown significant connections to cancer progression, particularly through interactions with miRNAs and proteins. Increased expression of CiRS-7 in CRC cells allows it to function as a microRNA sponge, sequestering miR-7 and upregulating its targets (76). This regulation affects the expression of epidermal growth factor receptors, which are pivotal in controlling cancer cell proliferation, differentiation, and signaling pathways (76). Additionally, a study by Chen et al. (2019) revealed that circNSUN2 with m6A mutation exhibited enhanced cytoplasmic export through YTHDC1 (41). Further findings demonstrated that the circNSUN2/IGF2BP2/HMGA2 RNA-protein ternary complex stabilized HMGA2 mRNA, facilitating CRC metastatic growth. These results highlight potential clinical and therapeutic implications of m6A modifications in circRNA biology (41).


Chang et al. (2023) demonstrated that introducing artificial circRNAs into mammalian cells promoted the expression of innate immunity-related genes, which protected the Venezuelan equine encephalitis virus (77). Similarly, many circRNAs with oncogenic miRNA and protein-binding sites have shown potential in restoring regulated cancer cell growth or inducing apoptosis (78). For example, circRNA0003906 exhibited diagnostic potential in CRC, with a study using an ROC curve to differentiate 122 CRC tissues from 40 healthy controls (79). In exosomal circRNAs, circPACRGL was significantly elevated in CRC cells, promoting proliferation, migration, and invasion. Meanwhile, circSLC7A6 acted as an apoptosis inhibitor and a regulator of CRC cell invasion and growth (80, 81).


Given the challenges of traditional screening methods, such as stool-based assays’ low sensitivity and specificity, high colonoscopy costs, and limited global compliance, circRNAs represent a valuable alternative (82, 83). Numerous circRNAs have shown strong associations with clinicopathological features, underscoring their potential for guiding CRC prognosis and treatment decisions (84). CircRNAs like hsa_circ_0000504 have shown therapeutic promise in clinical practice, targeting miR-885-3p via the AKT signaling pathway (85). Collectively, circRNAs provide a multifaceted platform for advancing CRC diagnostics, prognostics, and therapeutic interventions, offering hope for more effective and accessible patient care worldwide (64, 85).


Some circRNAs can discriminate between early and advanced CRC stages, indicating potential utility for staging cases and offering prognostic value (86). As a less invasive diagnostic tool, circRNAs may provide an alternative approach to CEA and better performance, e.g., CEA-sensitivity plus circRNA-specificity (87). Specific circRNAs have been associated with early and advanced disease, and circRNAs have roles in tumor growth, progression, and metastases (63). CircRNAs play roles in chemotherapy resistance and may modify a patient’s response to treatment decisions and targeted therapies. They also have the potential to be a biomarker of predicting therapy response and monitoring disease progression (54). For example, circ-0084615 and circ-0006174 have influenced tumor growth and metastasis by sequestering microRNAs, while other circRNAs such as CDR1as and circHIPK3 influence CRC progression through sponging tumor-suppressing miRNAs, and promoting oncogenic signaling pathways (53). These research findings demonstrate the roles of circRNAs in CRC as a whole, but also find the potential application of circRNAs in CRC as a diagnostic, prognostic and therapeutic target (53, 54).


Oxaliplatin is a standard chemotherapeutic treatment for colon cancer, but there have been instances of therapeutic resistance, whose potential can be mediated by circRNAs (88). CircRNA hsa_circ_0076691 is overexpressed in oxaliplatin resistant colon cancer cells. It contributes to oxaliplatin resistance by acting as a molecular sponge for miR-589-3p, decreasing its available concentrations while upregulating its downstream target FGF9 (89). For instance, by sequestering miRNAs, circRNAs such as hsa_circ_0076691 adapt miRNA roles in normal regulatory networks controlling cell survival and apoptosis, which is vital for oxaliplatin-induced cytotoxicity. Consequently, circRNAs such as hsa_circ_0076691 can mitigate drug-induced apoptosis, allowing tumor cells to survive and promote chemoresistance (89). This further emphasizes their potential as therapeutic targets; e.g., by inhibiting circRNAs like hsa_circ_0076691, the sensitivity to oxaliplatin can be improved (89).


This is a similar scenario for circRNAs when it comes to 5-FU. 5-FU is an essential chemotherapeutic agent for colon cancer. The development of 5-FU resistance highly reduces its clinical utility, and circRNAs drive 5-FU resistance through direct or indirect mechanisms, particularly through regulating signaling pathways, sponging miRNA, or drug efflux (90). For example, overexpression of circNRIP1 promoted the progression of CRC, while its silencing sensitized CRC cells to 5-FU by sponging miR-532-3p (91). An additional circRNA, circACC1, was linked to increased AMPK activity (92). Increased AMPK activity contributes to increased resistance by promoting pro-survival signaling. Overall, circRNA have a significant involvement of circRNAs in chemotherapy drug resistance (92). 
Table 1
 demonstrates various circRNAs identified in CRC, their sample types (e.g., blood, plasma, tissue) and their reported sensitivity and specificity as diagnostic biomarkers (93–100).



Table 1 | 
Diagnostic performance of circRNAs in CRC.




	circRNA

	Sample Type

	Sensitivity

	Specificity

	Reference






	circ_0013958
	Tissue
	High
	Moderate
	(93)



	circ_0001445
	Plasma
	Moderate
	Moderate
	(94)



	circ_0001178
	Plasma
	High
	High
	(95)



	circ_0000826
	Tissue
	High
	High
	(96)



	circ_0001313
	Tissue
	High
	Moderate
	(97)



	circ_0026344
	Tissue
	High
	Moderate
	(72)



	circ_0035445
	Plasma
	High
	Moderate
	(98)



	circ_0082182
	Tissue
	High
	High
	(99)



	circ_0001313
	Tissue
	High
	Moderate
	(100)









The ncRNAs, which include circRNAs, miRNAs, and lncRNAs, have become important candidates for diagnostic and prognostic biomarkers for CRC (101). CircRNAs are an exciting subclass of ncRNA that can be considered primarily due to their structure. CircRNAs form discrete covalently closed-loop structures, allowing increased stability and insensitivity to exonuclease digestion. Their half-life can be extremely long in circulation and is abundant compared to other RNA types (102). miRNAs can have distinct advantages for non-invasive cancer diagnostics, even though they are less stable than circRNAs. miRNAs are small, endogenous ncRNAs that regulate gene expression post-transcriptionally, and they are commonly dysregulated in colon cancer (103). Many miRNAs can be studied from body fluids like blood, stool, and urine to promote minimally invasive diagnostic screening and monitoring approaches. miRNAs can be considered tumor suppressors or oncogenes, where their expression levels have been shown to alter throughout stages of CRC development and disease progression (104). The long sequence and complex secondary structures of lncRNAs allows them to bind and interact with DNA, RNA, and proteins, influencing gene expression at the epigenetic, transcriptional, and post-transcriptional levels (105). Dysregulated lncRNAs are involved in tumor proliferation, invasion, metastasis, and treatment resistance in colon cancer. Similarly, both lncRNAs and circRNAs can act as miRNA molecular sponges that can modulate the activities of miRNA-mRNA networks, thereby regulating oncogenic signaling pathways (106).


CircRNAs are stable and more resistant to degradation than linear RNAs, which aids in their use as robust biomarkers; miRNAs are detectable in a non-invasive manner and represent dynamic changes in-state of disease; lncRNAs potentially offer more information than miRNAs due to their considerable range of functional roles in CRC and can give a better understanding of the highly connected regulations of transcription and translation in CRC (107, 108). In addition, the interactions between each class of ncRNAs could add to regulatory pathways and may allow for combinatorial biomarkers (109). Targeting these on developing diagnostic tests that will be sensitive and specific to ncRNAs and CRC may help improve the cancer diagnosis, prediction of disease progression, and treatment regimens based on patients’ specific needs (110).






5 Challenges in using circRNAs for CRC diagnosis

Despite the promising potential of circRNAs as diagnostic biomarkers for CRC, several limitations exist in clinical applications. The detection and quantification of circRNAs remains challenging, with many techniques still being developed (111). While next-generation sequencing allows for transcriptome-wide circRNA identification, the reliability of these methods requires meticulous study design and execution (112). Validating circRNAs, particularly demonstrating their circularity and confirming the back-splice junction, presents technical hurdles. The variable abundance of circRNAs, with some highly expressed and others present in low quantities, may affect their consistency as biomarkers (113). Furthermore, the stability and conservation of circRNAs can vary depending on specific conditions, potentially impacting their effectiveness across diverse patient populations. Our understanding of the regulatory mechanisms controlling circRNA synthesis remains limited, thus complicating the efforts to predict or manipulate their expression (113). For instance, the role of environmental factors and microbiota in circRNA expression regulation remains underexplored, posing challenges in developing circRNA-based personalized diagnostics (114).


Integrating circRNA analysis into standard clinical workflows is a significant challenge, as current detection methods are often expensive and technically demanding (115). Ensuring cost-effectiveness and scalability will be critical for the widespread use of circRNA as a biomarker for CRC. Additionally, invasive tissue sampling methods for circRNA detection limit their applicability, underscoring the need for further research into non-invasive approaches, such as liquid biopsies (115, 116). Another critical gap is the lack of robust computational tools for large-scale circRNA analysis. Though promising, AI and machine learning techniques are not yet fully optimized to handle the complexity of circRNA datasets, which may impede their integration into clinical practice (117). Moreover, many circRNAs have been identified, and the functional and clinical significance of most remains unclear, necessitating further research, especially clinical studies, to establish their relevance in CRC diagnosis and therapeutics. Targeted circRNA delivery mechanisms, such as nanoparticle-based systems, are still under development, and their safety and efficacy require validation in preclinical and clinical settings. Addressing these constraints is critical for advancing circRNA-based CRC diagnostics and therapies (118).






6 CircRNAs in CRC: future perspectives and concluding insights

Early detection of CRC is crucial for its prevention and significantly impacts long-term patient survival. Numerous dysregulated circRNAs have been identified as potential targets for addressing chemoradiation resistance in CRC treatment. In summary, circRNAs offer potential for the early detection, prognosis, and treatment of CRC. Their utility as non-invasive biomarkers, combined with their involvement in key oncogenic pathways like the AKT signaling pathway, underscores their value in overcoming chemoradiation resistance. CircRNA-based therapeutics, particularly combined with treatments such as 5-FU, hold significant potential. Additionally, advancements in nucleic acid-editing technologies, such as CRISPR, further enhance their therapeutic relevance. Integrating multi-omics approaches and AI-driven models in future research could lead to personalized, more effective diagnostic strategies, ultimately improving long-term outcomes for CRC patients.


Our understanding of circRNAs has been further enhanced by insights from other cancers, revealing conserved oncogenic mechanisms. Cross-cancer studies underscore the potential of circRNAs as universal diagnostic and therapeutic targets, paving the way for multi-cancer diagnostic platforms. Additionally, the influence of environmental and lifestyle factors on circRNA expression opens new avenues for integrating personalized prevention strategies into CRC management. Furthermore, circRNAs have shown promise in predicting treatment response and monitoring therapy potential in CRC. However, despite these findings, significant challenges remain in translating circRNA research into clinical practice, including the need for standardized detection methods, validation in larger patient cohorts, and a deeper understanding of circRNA’s role. Future integration of multi-omics approaches and advanced computational tools, such as AI-based predictive models, could improve circRNA-based diagnostics and enhance personalized CRC treatment.


In conclusion, circRNAs represent a promising frontier in CRC research, offering potential solutions for early detection, personalized treatment, and improved patient outcomes. The synergy between circRNA research and cutting-edge technologies holds the potential of CRC management, ultimately reducing the global burden of this disease. CircRNAs such as ciRS-7, circCCDC66, and hsa_circ_0026416 appear to be effective diagnostic and prognostic factors in CRC given their stability and expression. Their ability to mediate critical pathways and resistance to chemotherapy extensions indicates that circRNAs could be novel targets for CRC. Detection of hsa_circ_0026416 via liquid biopsy will help to develop a non-invasive detection method for early CRC diagnosis and monitoring. Thus circRNAs could serve as a potential way for RNA-based therapeutics and personalized treatment in CRC.








Author contributions

SN: Methodology, Visualization, Writing – original draft. KS: Methodology, Writing – original draft, Investigation. SPK: Investigation, Writing – original draft, Visualization. AB: Visualization, Methodology, Supervision, Writing – review & editing. SK: Writing – review & editing. AD: Writing – review & editing. SP: Conceptualization, Data curation, Investigation, Resources, Software, Visualization, Writing – original draft, Writing – review & editing.







Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.






Acknowledgments

We want to thank the Chettinad Academy of Research and Education, Chettinad Hospital, and Research Institute for providing the facilities.







Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.







Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.







References

	

Al-Joufi, F, Setia, A, Salem-Bekhit, M, Sahu, R, Alqahtani, F, Widyowati, R, et al. Molecular pathogenesis of colorectal cancer with an emphasis on recent advances in biomarkers, as well as nanotechnology-based diagnostic and therapeutic approaches. Nanomaterials. (2022) 12:169. doi: 10.3390/nano12010169





	

Xi, Y, and Xu, P. Global colorectal cancer burden in 2020 and projections to 2040. Trans Oncol. (2021) 14:101174. doi: 10.1016/j.tranon.2021.101174





	

Saha, B, Adhikary, S, Banerjee, A, Radhakrishnan, AK, Duttaroy, AK, and Pathak, S. Exploring the relationship between diet, lifestyle and gut microbiome in colorectal cancer development: A recent update. Nutr Cancer. (2024) 76:1–26. doi: 10.1080/01635581.2024.2367266. T, R. A.




	

Underhill, ML, Germansky, KA, and Yurgelun, MB. Advances in hereditary colorectal and pancreatic cancers. Clin Ther. (2016) 38:1600–21. doi: 10.1016/j.clinthera.2016.03.017





	

Jasperson, KW, Tuohy, TM, Neklason, DW, and Burt, RW. Hereditary and familial colon cancer. Gastroenterology. (2010) 138:2044–58. doi: 10.1053/j.gastro.2010.01.054





	

Jayasekara, H, English, DR, Haydon, A, Hodge, AM, Lynch, BM, Rosty, C, et al. Associations of alcohol intake, smoking, physical activity and obesity with survival following colorectal cancer diagnosis by stage, anatomic site and tumor molecular subtype. Int J Cancer. (2017) 142:238–50. doi: 10.1002/ijc.31049





	

Johnson, CM, Wei, C, Ensor, JE, Smolenski, DJ, Amos, CI, Levin, B, et al. Meta-analyses of colorectal cancer risk factors. Cancer Causes Control. (2013) 24:1207–22. doi: 10.1007/s10552-013-0201-5





	

Andrew, AS, Parker, S, Anderson, JC, Rees, JR, Robinson, C, Riddle, B, et al. Risk factors for diagnosis of colorectal cancer at a late stage: a population-based study. J Gen Internal Med. (2018) 33:2100–5. doi: 10.1007/s11606-018-4648-7





	

Roshandel, G, Ghasemi-Kebria, F, and Malekzadeh, R. Colorectal cancer: epidemiology, risk factors, and prevention. Cancers. (2024) 16:1530. doi: 10.3390/cancers16081530





	

Bailey, CE, Hu, C-Y, You, YN, Bednarski, BK, Rodriguez-Bigas, MA, Skibber, JM, et al. Increasing disparities in the age-related incidences of colon and rectal cancers in the United States, 1975-2010. JAMA Surg. (2015) 150:17–22. doi: 10.1001/jamasurg.2014.1756





	

Ferlizza, E, Solmi, R, Sgarzi, M, Ricciardiello, L, and Lauriola, M. The roadmap of colorectal cancer screening. Cancers. (2021) 13:1101. doi: 10.3390/cancers13051101





	

Cheng, L, Eng, C, Nieman, LZ, Kapadia, AS, and Du, XL. Trends in colorectal cancer incidence by anatomic site and disease stage in the United States from 1976 to 2005. Am J Clin Oncol. (2011) 34:573–80. doi: 10.1097/coc.0b013e3181fe41ed





	

Siegel, RL, Miller, KD, Fedewa, SA, Ahnen, DJ, Meester, RGS, Barzi, A, et al. Colorectal cancer statistics, 2017. CA: A Cancer J Clin. (2017) 67:177–93. doi: 10.3322/caac.21395





	

Petre-Mandache, C-B, Margaritescu, DN, Mitrut, R, Kamal, A-M, Padureanu, V, Cucu, M-G, et al. Risk factors and genetic predisposition in colorectal cancer: A study on young and old adults. Curr Health Sci J. (2021) 47:84–8. doi: 10.12865/CHSJ.47.01.13





	

Siegel, R, Ward, E, Brawley, O, and Jemal, A. Cancer statistics, 2011: the impact of eliminating socioeconomic and racial disparities on premature cancer deaths. CA: A Cancer J Clin. (2011) 61:212–36. doi: 10.3322/caac.20121





	

Edwards, BK, Ward, E, Kohler, BA, Eheman, C, Zauber, AG, Anderson, RN, et al. Annual report to the nation on the status of cancer, 1975-2006, featuring colorectal cancer trends and impact of interventions (risk factors, screening, and treatment) to reduce future rates. Cancer. (2010) 116:544–73. doi: 10.1002/cncr.24760





	

Berrino, F, De Angelis, R, Sant, M, Rosso, S, Lasota, MB, Coebergh, JW, et al. Survival for eight major cancers and all cancers combined for European adults diagnosed in 1995–99: results of the EUROCARE-4 study. Lancet Oncol. (2007) 8:773–83. doi: 10.1016/s1470-2045(07)70245-0





	

Coleman, MP, Gatta, G, Verdecchia, A, Estève, J, Sant, M, Storm, H, et al. EUROCARE-3 summary: cancer survival in Europe at the end of the 20th century. Ann Oncol. (2003) 14:v128–49. doi: 10.1093/annonc/mdg756





	

Engholm, G, Mette, A, Brewster, DH, Gaard, M, Holmberg, L, Hartley, R, et al. Colorectal cancer survival in the Nordic countries and the United Kingdom: Excess mortality risk analysis of 5 year relative period survival in the period 1999 to 2000. Int J Cancer. (2007) 121:1115–22. doi: 10.1002/ijc.22737





	

Verdecchia, A, Francisci, S, Brenner, H, Gatta, G, Micheli, A, Mangone, L, et al. Recent cancer survival in Europe: a 2000–02 period analysis of EUROCARE-4 data. Lancet Oncol. (2007) 8:784–96. doi: 10.1016/s1470-2045(07)70246-2





	

Labianca, R, Beretta, GD, Kildani, B, Milesi, L, Merlin, F, Mosconi, S, et al. Colon cancer. Crit Rev Oncology/Hematology. (2010) 74:106–33. doi: 10.1016/j.critrevonc.2010.01.010





	

Cappell, MS. Pathophysiology, clinical presentation, and management of colon cancer. Gastroenterol Clinics North America. (2008) 37:1–24. doi: 10.1016/j.gtc.2007.12.002





	

Leufkens, AM, Leeuwen, van, M, and Siersema, PD. Diagnostic accuracy of computed tomography for colon cancer staging: A systematic review. Scandinavian J Gastroenterol. (2011) 46:887–94. doi: 10.3109/00365521.2011.574732. A.A.J.




	

Veit-Haibach, P, Kuehle, CA, Beyer, T, Stergar, H, Kuehl, H, Schmidt, J, et al. Diagnostic accuracy of colorectal cancer staging with whole-body PET/CT colonography. JAMA. (2006) 296:2590–0. doi: 10.1001/jama.296.21.2590





	

Ravichandran, SN, Kumar, MM, Das, A, Banerjee, A, Veronica, S, Sun-Zhang, A, et al. An updated review on molecular biomarkers in diagnosis and therapy of colorectal cancer. Curr Cancer Drug Targets. (2023) 24(6):595–611. doi: 10.2174/0115680096270555231113074003





	

Bhoopathy, J, Vedakumari, SW, Pravin, YR, and Prabhu, AD. Radiopaque silk sericin nanoparticles for computed tomography imaging of solid tumors. ACS Appl Bio Materials. (2025) 8(6):5007–14. doi: 10.1021/acsabm.5c00230





	

Pin-Vieito, N, Puga, M, Fernández-de-Castro, D, and Cubiella, J. Faecal immunochemical test outside colorectal cancer screening? World J Gastroenterol. (2021) 27:6415–29. doi: 10.3748/wjg.v27.i38.6415





	

Daly, JM, Levy, BT, Merchant, ML, and Wilbur, J. Mailed fecal-immunochemical test for colon cancer screening. J Community Health. (2010) 35:235–9. doi: 10.1007/s10900-010-9227-8





	

Navarro, M, Nicolas, A, Ferrandez, A, and Lanas, A. Colorectal cancer population screening programs worldwide in 2016: An update. World J Gastroenterol. (2017) 23:3632. doi: 10.3748/wjg.v23.i20.3632





	

Issa, IA, and Noureddine, M. Colorectal cancer screening: An updated review of the available options. World J Gastroenterol. (2017) 23:5086. doi: 10.3748/wjg.v23.i28.5086





	

Pox, C. Colon cancer screening: which non-invasive filter tests? Digestive Dis. (2011) 29:56–9. doi: 10.1159/000331127





	

Knezevic, CE, and Clarke, W. Cancer chemotherapy. Ther Drug Monit. (2020) 42:6–19. doi: 10.1097/ftd.0000000000000701





	

Banerjee, A, Pathak, S, Subramanium, VD, G., D, Murugesan, R, and Verma, RS. Strategies for targeted drug delivery in treatment of colon cancer: current trends and future perspectives. Drug Discov Today. (2017) 22:1224–32. doi: 10.1016/j.drudis.2017.05.006





	

Zhang, Q, Zhang, C, Ma, J-X, Ren, H, Sun, Y, and Xu, J-Z. Circular RNA PIP5K1A promotes colon cancer development through inhibiting miR-1273a. World J Gastroenterol. (2019) 25:5300–9. doi: 10.3748/wjg.v25.i35.5300





	

Hsu, M-T, and Coca-Prados, M. Electron microscopic evidence for the circular form of RNA in the cytoplasm of eukaryotic cells. Nature. (1979) 280:339–40. doi: 10.1038/280339a0





	

Chen, L, Huang, C, Wang, X, and Shan, G. Circular RNAs in eukaryotic cells. Curr Genomics. (2015) 16:312–8. doi: 10.2174/1389202916666150707161554





	

Kos, A, Dijkema, R, Arnberg, AC, van der Meide, PH, and Schellekens, H. The hepatitis delta (δ) virus possesses a circular RNA. Nature. (1986) 323:558–60. doi: 10.1038/323558a0





	

Ford, E, and Ares, M. Synthesis of circular RNA in bacteria and yeast using RNA cyclase ribozymes derived from a group I intron of phage T4. Proc Natl Acad Sci. (1994) 91:3117–21. doi: 10.1073/pnas.91.8.3117





	

Li, A, Wang, WC, McAlister, V, Zhou, Q, and Zheng, X. Circular RNA in colorectal cancer. J Cell Mol Med. (2021) 25:3667–79. doi: 10.1111/jcmm.16380





	

Salzman, J, Gawad, C, Wang, PL, Lacayo, N, and Brown, PO. Circular RNAs are the predominant transcript isoform from hundreds of human genes in diverse cell types. PloS One. (2012) 7:e30733. doi: 10.1371/journal.pone.0030733





	

Chen, R, Chen, X, Xia, L, Zhang, JX, Pan, Z, Ma, X, et al. N6-methyladenosine modification of circNSUN2 facilitates cytoplasmic export and stabilizes HMGA2 to promote colorectal liver metastasis. Nat Commun. (2019) 10. doi: 10.1038/s41467-019-12651-2





	

Hou, L-D, and Zhang, J. Circular RNAs: An emerging type of RNA in cancer. Int J Immunopathology Pharmacol. (2017) 30:1–6. doi: 10.1177/0394632016686985





	

Li, J, Xu, Q, Huang, Z, Mao, N, Lin, Z, Cheng, L, et al. CircRNAs: a new target for the diagnosis and treatment of digestive system neoplasms. Cell Death Dis. (2021) 12:1–13. doi: 10.1038/s41419-021-03495-0





	

Long, F, Li, L, Xie, C, Ma, M, Wu, Z, Lu, Z, et al. Intergenic circRNA circ_0007379 inhibits colorectal cancer progression by modulating miR-320a biogenesis in a KSRP-dependent manner. Int J Biol Sci. (2023) 19:3781–803. doi: 10.7150/ijbs.85063





	

Yang, L, Fu, J, and Zhou, Y. Circular RNAs and their emerging roles in immune regulation. Front Immunol. (2018) 9:2977. doi: 10.3389/fimmu.2018.02977





	

Liu, K-S, Pan, F, Mao, X-D, Liu, C, and Chen, Y-J. Biological functions of circular RNAs and their roles in occurrence of reproduction and gynecological diseases. Am J Trans Res. (2019) 11:1.




	

Huang, A, Zheng, H, Wu, Z, Chen, M, and Huang, Y. Circular RNA-protein interactions: functions, mechanisms, and identification. Theranostics. (2020) 10:3503–17. doi: 10.7150/thno.42174





	

Ikeda, Y, Morikawa, S, Nakashima, M, Yoshikawa, S, Taniguchi, K, Sawamura, H, et al. CircRNAs and RNA-binding proteins involved in the pathogenesis of cancers or central nervous system disorders. Non-coding RNA. (2023) 9:23. doi: 10.3390/ncrna9020023





	

Louis, C, Leclerc, D, and Coulouarn, C. Emerging roles of circular RNAs in liver cancer. JHEP Rep. (2022) 4:100424. doi: 10.1016/j.jhepr.2021.100413





	

Li, Q, Yang, G, Ren, B, Liu, X, Tang, L-Q, Shi, Q, et al. ZC3H14 facilitates backsplicing by binding to exon-intron boundary and 3′ UTR. Mol Cell. (2024) 84(22):4314–33. doi: 10.1016/j.molcel.2024.10.001





	

Zhou, W-Y, Cai, Z-R, Liu, J, Wang, D-S, Ju, H-Q, and Xu, R-H. Circular RNA: metabolism, functions and interactions with proteins. Mol Cancer. (2020) 19. doi: 10.1186/s12943-020-01286-3





	

Margvelani, G, Maquera, KAA, Welden, J, Rodgers, D, and Stamm, S. Translation of circular RNAs. Nucleic Acids Res. (2024) 53(1). doi: 10.1093/nar/gkae1167





	

Cao, Y, He, Y, Liao, L, and Xu, L. Circular RNAs perspective: exploring the direction of immunotherapy for colorectal cancer. Front Oncol. (2025) 15:1554179. doi: 10.3389/fonc.2025.1554179





	

Hashemi, M, Khosroshahi, EM, Daneii, P, Hassanpoor, A, Eslami, M, Koohpar, ZK, et al. Emerging roles of circRNA-miRNA networks in cancer development and therapeutic response. Non-Coding RNA Res. (2024) 10:98–115. doi: 10.1016/j.ncrna.2024.09.006





	

Yang, Y, Meng, W-J, and Wang, Z-Q. MicroRNAs (miRNAs): Novel potential therapeutic targets in colorectal cancer. Front Oncol. (2022) 12:1054846. doi: 10.3389/fonc.2022.1054846





	

Garlapati, P, Ling, J, Chiao, PJ, and Fu, J. Circular RNAs regulate cancer-related signaling pathways and serve as potential diagnostic biomarkers for human cancers. Cancer Cell Int. (2021) 21. doi: 10.1186/s12935-021-02017-4





	

Verduci, L, Strano, S, Yarden, Y, and Blandino, G. The circ RNA -micro RNA code: emerging implications for cancer diagnosis and treatment. Mol Oncol. (2019) 13(4):669–80. doi: 10.1002/1878-0261.12468





	

Xu, T, Wang, M, Jiang, L, Ma, L, Wan, L, Chen, Q, et al. CircRNAs in anticancer drug resistance: recent advances and future potential. Mol Cancer. (2020) 19. doi: 10.1186/s12943-020-01240-3





	

Tang, X, Ren, H, Guo, M, Qian, J, Yang, Y, and Gu, C. Review on circular RNAs and new insights into their roles in cancer. Comput Struct Biotechnol J. (2021) 19:910–28. doi: 10.1016/j.csbj.2021.01.018





	

Hussen, BM, Abdullah, SR, Jaafar, RM, Rasul, MF, Aroutiounian, R, Harutyunyan, T, et al. Circular RNAs as key regulators in cancer hallmarks: New progress and therapeutic opportunities. Crit Rev Oncology/Hematology. (2025) 207:104612. doi: 10.1016/j.critrevonc.2024.104612





	

Zhang, Y, Luo, J, Yang, W, and Ye, W-C. CircRNAs in colorectal cancer: potential biomarkers and therapeutic targets. Cell Death Dis. (2023) 14:1–13. doi: 10.1038/s41419-023-05881-2





	

Zheng, X, Chen, L, Zhou, Y, Wang, Q, Zheng, Z, Xu, B, et al. A novel protein encoded by a circular RNA circPPP1R12A promotes tumor pathogenesis and metastasis of colon cancer via Hippo-YAP signaling. Mol Cancer. (2019) 18. doi: 10.1186/s12943-019-1010-6





	

Yang, J, Fan, Q, Wang, Y, Liu, Y, Xu, X, Liang, Y, et al. CircRNAs in colorectal cancer: potential roles, clinical applications, and natural product-based regulation. Front Oncol. (2025) 15:1525779. doi: 10.3389/fonc.2025.1525779





	

Ameli-Mojarad, M, Ameli-Mojarad, M, Hadizadeh, M, Young, C, Babini, H, Nazemalhosseini-Mojarad, E, et al. The effective function of circular RNA in colorectal cancer. Cancer Cell Int. (2021) 21. doi: 10.1186/s12935-021-02196-0





	

Ghafouri-Fard, S, Taheri, M, Hussen, BM, Vafaeimanesh, J, Abak, A, and Vafaee, R. Function of circular RNAs in the pathogenesis of colorectal cancer. Biomedicine Pharmacotherapy. (2021) 140:111721. doi: 10.1016/j.biopha.2021.111721





	

Liang, Y, Shi, J, He, Q, Sun, G, Gao, L, Ye, J, et al. Hsa_circ_0026416 promotes proliferation and migration in colorectal cancer via miR-346/NFIB axis. Cancer Cell Int. (2020) 20. doi: 10.1186/s12935-020-01593-1





	

Hao, Q, and Zhang, Z. hsa_circRNA_000166 Facilitated Cell Growth and Limited Apoptosis through Targeting miR-326/LASP1 Axis in Colorectal Cancer. Gastroenterol Res Pract. (2020) 2020:1–9. doi: 10.1155/2020/8834359





	

Malviya, A, and Bhuyan, R. Circular RNAs in cancer: roles, mechanisms, and therapeutic potential across colorectal, gastric, liver, and lung carcinomas. Discover Oncol. (2025) 16. doi: 10.1007/s12672-025-01743-9





	

Chen, J, Yang, J, Fei, X, Wang, X, and Wang, K. CircRNA ciRS-7: a novel oncogene in multiple cancers. Int J Biol Sci. (2021) 17:379–89. doi: 10.7150/ijbs.54292





	

Artemaki, PI, Scorilas, A, and Kontos, CK. Circular RNAs: A new piece in the colorectal cancer puzzle. Cancers. (2020) 12:2464. doi: 10.3390/cancers12092464





	

Xiao, Y-S, Tong, H-Z, Yuan, X-H, Xiong, C-H, Xu, X-Y, and Zeng, Y-F. 
CircFADS2: A potential prognostic biomarker of colorectal cancer. Exp Biol Med. (2020) 245:1233–41. doi: 10.1177/1535370220929965





	

Yuan, Y, Liu, W, Zhang, Y, Zhang, Y, and Sun, S. CircRNA circ_0026344 as a prognostic biomarker suppresses colorectal cancer progression via microRNA-21 and microRNA-31. Biochem Biophys Res Commun. (2018) 503:870–5. doi: 10.1016/j.bbrc.2018.06.089





	

Liu, L, Liu, F-B, Huang, M, Xie, K, Xie, Q-S, Liu, C-H, et al. Circular RNA ciRS-7 promotes the proliferation and metastasis of pancreatic cancer by regulating miR-7-mediated EGFR/STAT3 signaling pathway. Hepatobiliary Pancreatic Dis Int. (2019) 18:580–6. doi: 10.1016/j.hbpd.2019.03.003





	

Yang, H, Li, X, Meng, Q, Sun, H, Wu, S, Hu, W, et al. CircPTK2 (hsa_circ_0005273) as a novel therapeutic target for metastatic colorectal cancer. Mol Cancer. (2020) 19. doi: 10.1186/s12943-020-1139-3





	

Li, W, Song, Y, Zhang, H, Zhou, Z, Xie, X, Zeng, Q, et al. Decreased expression of hsa_circ_00001649 in gastric cancer and its clinical significance. Dis Markers. (2017) 2017:1–6. doi: 10.1155/2017/4587698





	

Weng, W, Wei, Q, Toden, S, Yoshida, K, Nagasaka, T, Fujiwara, T, et al. Circular RNA ciRS-7—A promising prognostic biomarker and a potential therapeutic target in colorectal cancer. Clin Cancer Res. (2017) 23:3918–28. doi: 10.1158/1078-0432.ccr-16-2541





	

Louis, C, Leclerc, D, and Coulouarn, C. Emerging roles of circular RNAs in liver cancer. JHEP Rep. (2021) 4:100413. doi: 10.1016/j.jhepr.2021.100413





	

 Zhao, W, Dong, M, Pan, J, Wang, Y, Zhou, J, Ma, J, et al. Circular RNAs: A novel target among non-coding RNAs with potential roles in Malignant tumors (Review). Mol Med Rep. (2019) 20(4):3463–74. doi: 10.3892/mmr.2019.10637





	

Zhuo, F, Lin, H, Chen, Z, Huang, Z, and Hu, J. The expression profile and clinical significance of circRNA0003906 in colorectal cancer. OncoTargets and Therapy
. Volume. (2017) 10:5187–93. doi: 10.2147/ott.s147378





	

Chang, L-C, Chiu, H-M, Wu, M-S, and Shen, T-L. The role of small extracellular vesicles in the progression of colorectal cancer and its clinical applications. Int J Mol Sci. (2022) 23:1379. doi: 10.3390/ijms23031379





	

Molibeli, KM, Hu, R, Liu, Y, Xiong, D, and Tang, L. Potential clinical applications of exosomal circular RNAs: more than diagnosis. Front Mol Biosci. (2021) 8:769832. doi: 10.3389/fmolb.2021.769832





	

AmeliMojarad, M, AmeliMojarad, M, and Wang, J. The function of novel small non-coding RNAs (piRNAs, tRFs) and PIWI protein in colorectal cancer. Cancer Treat Res Commun. (2022) 31:100542. doi: 10.1016/j.ctarc.2022.100542





	

Long, F, Lin, Z, Li, L, Ma, M, Lu, Z, Jing, L, et al. Comprehensive landscape and future perspectives of circular RNAs in colorectal cancer. Mol Cancer. (2021) 20. doi: 10.1186/s12943-021-01318-6





	

He, Z, and Zhu, Q. Circular RNAs: Emerging roles and new insights in human cancers. Biomedicine Pharmacotherapy. (2023) 165:115217–7. doi: 10.1016/j.biopha.2023.115217





	

Gao, Y, Wang, J, and Zhao, F. CIRI: an efficient and unbiased algorithm for de novo circular RNA identification. Genome Biol. (2015) 16. doi: 10.1186/s13059-014-0571-3





	

Li, R-D, Guan, M, Zhou, Z, Dong, S-X, and Liu, Q. The role of circRNAs in the diagnosis of colorectal cancer: A meta-analysis. Front Med. (2021) 8:766208. doi: 10.3389/fmed.2021.766208





	

Zhang, S, Sun, J, Gu, M, Wang, G, and Wang, X. Circular RNA: A promising new star for the diagnosis and treatment of colorectal cancer. Cancer Med. (2021) 10:8725–40. doi: 10.1002/cam4.4398





	

Luo, Z-D, Wang, Y-F, Zhao, Y-X, Yu, L-C, Li, T, Fan, Y-J, et al. Emerging roles of non-coding RNAs in colorectal cancer oxaliplatin resistance and liquid biopsy potential. World J Gastroenterol. (2023) 29:1–18. doi: 10.3748/wjg.v29.i1.1





	

Tang, L, Deng, X, Guan, M, and Zhong, L. USF1-activated hsa_circ_0076691 induces oxaliplatin resistance via facilitating FGF9 expression in miR-589-3p-dependent manners. Non-Coding RNA Res. (2025) 13:15–28. doi: 10.1016/j.ncrna.2025.04.003





	

Blondy, S, David, V, Verdier, M, Mathonnet, M, Perraud, A, and Christou, N. 5-Fluorouracil resistance mechanisms in colorectal cancer: From classical pathways to promising processes. Cancer Sci. (2020) 111:3142–54. doi: 10.1111/cas.14532





	

Liu, F, Li, R, Zhang, R, He, M, and Zhang, Y. Knockdown of circNRIP1 sensitizes colorectal cancer to 5-FU via sponging miR-532-3p. Oncol Rep. (2021) 46. doi: 10.3892/or.2021.8169





	

Li, Q, Wang, Y, Wu, S, Zhou, Z, Ding, X, Shi, R, et al. CircACC1 regulates assembly and activation of AMPK complex under metabolic stress. Cell Metab. (2019) 30:157–173.e7. doi: 10.1016/j.cmet.2019.05.009





	

Ding, H-X, Zhi, LV, Yuan, Y, and Xu, Q. The expression of circRNAs as a promising biomarker in the diagnosis and prognosis of human cancers: a systematic review and meta-analysis. Oncotarget. (2017) 9:11824–36. doi: 10.18632/oncotarget.23484





	

Radanova, M, Mihaylova, G, Tasinov, O, Ivanova, DP, Stoyanov, GS, Nazifova-Tasinova, N, et al. New circulating circular RNAs with diagnostic and prognostic potential in advanced colorectal cancer. Int J Mol Sci. (2021) 22:13283–3. doi: 10.3390/ijms222413283





	

Zhou, Q, Ju, L-L, Ji, X, Cao, Y-L, Shao, J-G, and Chen, L. Plasma circRNAs as biomarkers in cancer. Cancer Manage Res. (2021) 13:7325–37. doi: 10.2147/cmar.s330228





	

Zhang, Z, Fan, W, Gao, Q, Han, Y, Ma, J, Gao, W, et al. Hsa_Circ_0000826 inhibits the proliferation of colorectal cancer by targeting AUF1. J Genet Genomics = Yi Chuan Xue Bao. (2023) 50:192–203. doi: 10.1016/j.jgg.2022.07.006





	

Ye, D, Wang, S, Huang, Y, and Chi, P. A 3-circular RNA signature as a noninvasive biomarker for diagnosis of colorectal cancer. Cancer Cell Int. (2019) 19. doi: 10.1186/s12935-019-0995-7





	

Liu, R, Deng, P, Zhang, Y, Wang, Y, and Peng, C. Circ_0082182 promotes oncogenesis and metastasis of colorectal cancer in vitro and in vivo by sponging miR-411 and miR-1205 to activate the Wnt/β-catenin pathway. World J Surg Oncol. (2021) 19. doi: 10.1186/s12957-021-02164-y





	

Wang, L, Peng, X, Lu, X, Wei, Q, Chen, M, and Liu, L. Inhibition of hsa_circ_0001313 (circCCDC66) induction enhances the radio-sensitivity of colon cancer cells via tumor suppressor miR-338-3p. Pathology Res Pract. (2019) 215:689–96. doi: 10.1016/j.prp.2018.12.032





	

Zhoulideh, Y. Non-coding RNAs and exosomal ncRNAs in colorectal cancer. Egyptian J Med Hum Genet. (2025) 26. doi: 10.1186/s43042-025-00646-2





	

Zhang, P, Wu, W, Chen, Q, and Chen, M. Non-coding RNAs and their integrated networks. J Integr Bioinf. (2019) 16. doi: 10.1515/jib-2019-0027





	

Liu, X, Zhang, Y, Zhou, S, Dain, L, Mei, L, and Zhu, G. Circular RNA: An emerging frontier in RNA therapeutic targets, RNA therapeutics, and mRNA vaccines. J Controlled Release: Off J Controlled Release Soc. (2022) 348:84–94. doi: 10.1016/j.jconrel.2022.05.043





	

Longo, F, Gattuso, G, Spoto, G, Ricci, D, Vitale, ACV, Lavoro, A, et al. The multifaceted role of microRNAs in colorectal cancer: pathogenesis and therapeutic implications. Non-Coding RNA Res. (2025) 14:65–95. doi: 10.1016/j.ncrna.2025.05.012





	

Chattopadhaya, A, Kural, S, Verma, A, Gupta, P, Tiwari, H, Singh, S, et al. Urinary miRNAs in bladder cancer. Clinica Chimica Acta. (2025) 567:120113. doi: 10.1016/j.cca.2024.120113





	

Statello, L, Guo, C-J, Chen, L-L, and Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat Rev Mol Cell Biol. (2021) 22:96–118. doi: 10.1038/s41580-020-00315-9





	

Chen, S, and Shen, X. Long noncoding RNAs: functions and mechanisms in colon cancer. Mol Cancer. (2020) 19. doi: 10.1186/s12943-020-01287-2





	

Yang, L-X, Li, H, Cheng, Z-H, Sun, H-Y, Huang, J-P, Li, Z-P, et al. The application of non-coding RNAs as biomarkers, therapies, and novel vaccines in diseases. Int J Mol Sci. (2025) 26:3055–5. doi: 10.3390/ijms26073055





	

Farzam, OR, Najafi, S, Amini, M, Rahimi, Z, Dabbaghipour, R, Zohdi, O, et al. Interplay of miRNAs and lncRNAs in STAT3 signaling pathway in colorectal cancer progression. Cancer Cell Int. (2024) 24. doi: 10.1186/s12935-023-03202-3





	

Eldakhakhny, B, Sutaih, AM, Siddiqui, MA, Aqeeli, YM, Awan, AZ, Alsayegh, MY, et al. Exploring the role of noncoding RNAs in cancer diagnosis, prognosis, and precision medicine. Non-Coding RNA Res. (2024) 9:1315–23. doi: 10.1016/j.ncrna.2024.06.015





	

Uppaluri, KR, Challa, HJ, Gaur, A, Jain, R, Krishna Vardhani, K, Geddam, A, et al. Unlocking the potential of non-coding RNAs in cancer research and therapy. Trans Oncol. (2023) 35:101730. doi: 10.1016/j.tranon.2023.101730. K, S. M.




	

Zhang, J, Chen, S, Yang, J, and Zhao, F. Accurate quantification of circular RNAs identifies extensive circular isoform switching events. Nat Commun. (2020) 11. doi: 10.1038/s41467-019-13840-9





	

Guria, A, Sharma, P, Srikakulam, N, Baby, A, Natesan, S, and Pandi, G. Cost-effective transcriptome-wide profiling of circular RNAs by the improved-tdMDA-NGS method. Front Mol Biosci. (2022) 9:886366. doi: 10.3389/fmolb.2022.886366





	

Zhang, Z, Yang, T, and Xiao, J. Circular RNAs: promising biomarkers for human diseases. EBioMedicine. (2018) 34:267–74. doi: 10.1016/j.ebiom.2018.07.036





	

Zhu, Z, Huang, J, Li, X, Xing, J, Chen, Q, Liu, R, et al. Gut microbiota regulate tumor metastasis via circRNA/miRNA networks. Gut Microbes. (2020) 12:1788891. doi: 10.1080/19490976.2020.1788891





	

Mi, Z, Zhongqiang, C, Caiyun, J, Yanan, L, Jianhua, W, and Liang, L. Circular RNA detection methods: A minireview. Talanta. (2022) 238:123066. doi: 10.1016/j.talanta.2021.123066





	

Zhou, C, Balmer, L, Song, M, Mahara, G, Wu, K, Wang, W, et al. Identification of circRNA biomarkers in osteosarcoma: An updated systematic review and meta-analysis. Non-Coding RNA Res. (2024) 9:341–9. doi: 10.1016/j.ncrna.2024.01.007





	

Vromman, M, Anckaert, J, Bortoluzzi, S, Buratin, A, Chen, C-Y, Chu, Q, et al. Large-scale benchmarking of circRNA detection tools reveals large differences in sensitivity but not in precision. Nat Methods. (2023) 20:1159–69. doi: 10.1038/s41592-023-01944-6





	

Das, U, Banerjee, S, Sarkar, M, Fathah Muhammad, L, Soni, TK, Saha, M, et al. Circular RNA vaccines: Pioneering the next-gen cancer immunotherapy. Cancer Pathogenesis Ther. (2024). doi: 10.1016/j.cpt.2024.11.003











Glossary



CRC: 
Colorectal Cancer



CircRNA: 
Circular RNA



ncRNA: 
Non-coding RNA



miRNA: 
MicroRNA



lncRNA: 
Long Non-coding RNA



ceRNA: 
Competing Endogenous RNA



RBP: 
RNA-Binding Protein



RT-qPCR: 
Reverse Transcription Quantitative Polymerase Chain Reaction



RNA-seq: 
RNA Sequencing



EMT: 
Epithelial-Mesenchymal Transition



FIT: 
Fecal Immunochemical Test



g-FOBT: 
Guaiac Fecal Occult Blood Test



CEA: 
Carcinoembryonic Antigen



EGFR: 
Epidermal Growth Factor Receptor



CDR1as: 
Cerebellar Degeneration-Related Protein 1 Antisense



PET/CT: 
Positron Emission Tomography/Computed Tomography



CT: 
Computed Tomography



ROC: 
Receiver Operating Characteristic



AUC: 
Area Under the Curve



EV: 
Extracellular Vesicle



BSS: 
Back-Splice Site



EIB: 
Exon-Intron Boundary



UTR: 
Untranslated Region



m6A: 
N6-Methyladenosine



HMGA2: 
High Mobility Group AT-Hook 2



IGF2BP2: 
Insulin-like Growth Factor 2 mRNA Binding Protein 2



YTHDC1: 
YTH Domain Containing 1



HNPCC: 
Hereditary Non-Polyposis Colorectal Cancer



FAP: 
Familial Adenomatous Polyposis



IBD: 
Inflammatory Bowel Disease



5-FU: 
5-Fluorouracil



AMPK: 
AMP-Activated Protein Kinase



snRNA: 
Small Nuclear RNA



CTIC1: 
Colorectal Tumor Initiating Cell-1 (circCTIC1)



AKT: 
Protein Kinase B (PKB/AKT pathway)



MAPK: 
Mitogen-Activated Protein Kinase



RAF1: 
Proto-oncogene serine/threonine-protein kinase



CRISPR: 
Clustered Regularly Interspaced Short Palindromic Repeats



DNA: 
Deoxyribonucleic Acid



RNA: 
Ribonucleic Acid



snRNP: 
Small Nuclear Ribonucleoprotein



UTRs: 
Untranslated Regions



OS: 
Overall Survival



CI: 
Confidence Interval



NCT: 
National Clinical Trial.
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Background

Hepatocellular carcinoma (HCC) remains a leading cause of cancer-related death, with limited response rates to immunotherapy. Identifying novel biomarkers to predict prognosis and guide treatment is urgently needed.



Methods

Using TCGA-LIHC data, we identified migrasome-related long non-coding RNAs (MRlncRNAs) associated with HCC prognosis and constructed a two-lncRNA signature (LINC00839 and MIR4435-2HG) through LASSO-Cox regression. The model was validated in an independent cohort (n = 100). Multi-omics analyses were conducted to explore correlations with immune infiltration, immune checkpoints, TMB, MSI, and therapeutic sensitivity. Clinical sample validation and functional assays were performed to verify biological relevance. We knocked down MIR4435-2HG in HCC cells to assess its impact on proliferation, migration, EMT phenotype, and PD-L1 expression.



Results

The MRlncRNA signature effectively stratified HCC patients by prognosis and immunotherapy responsiveness. High-risk patients exhibited elevated immunosuppressive cell infiltration and immune checkpoint expression. Functional validation revealed that MIR4435-2HG promotes malignant behaviors and immune evasion by regulating EMT and PD-L1. Single-cell analysis showed its enrichment in cancer-associated fibroblasts, suggesting a role in tumor-stroma crosstalk and immune suppression.



Conclusion

MRlncRNAs, particularly MIR4435-2HG, contribute to HCC progression and an immunosuppressive tumor microenvironment. This study establishes a robust prognostic model and identifies potential targets for precision immunotherapy in HCC.




Keywords: hepatocellular carcinoma, migrasome-related long non-coding RNAs, immune microenvironment, prognostic signature, immunotherapy


INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common and lethal malignancies worldwide, ranking as the sixth most prevalent cancer and the third leading cause of cancer-related deaths globally (Bray et al., 2018). The development of HCC is closely associated with chronic liver diseases, including hepatitis B and C virus infections, alcoholic liver disease, and non-alcoholic fatty liver disease, which induce persistent liver inflammation and fibrosis, ultimately leading to carcinogenesis (Gilles et al., 2022; Sung et al., 2021). Despite advances in diagnostic techniques, HCC is often asymptomatic in its early stages, and by the time clinical symptoms manifest, the disease is typically at an advanced stage with a high risk of local recurrence and distant metastasis. This poses significant challenges for early diagnosis and effective treatment (Yang et al., 2023). Current therapeutic options for HCC, including surgical resection, local therapies, and systemic chemotherapy, offer limited benefits for advanced-stage patients, highlighting the urgent need for novel targeted therapies and immunotherapeutic strategies to improve patient outcomes (Liu et al., 2023; Sadagopan and He, 2024).

In recent years, the discovery of migrasomes, a novel cellular structure formed during cell migration, has shed new light on tumor biology. Migrasomes are extracellular vesicles released by migrating cells, enriched with proteins and signaling molecules that play critical roles in regulating the tumor microenvironment (TME). These structures facilitate intercellular communication and influence tumor progression by promoting cancer cell invasion, metastasis, and drug resistance (Jiang et al., 2023; Deng et al., 2024). In HCC, migrasome-related genes (MRGs) have been implicated in tumor progression, where they enhance cell migration, invasion, and metastasis by modulating cell signaling and the dynamic interactions within the TME (Zhang K. et al., 2024). Furthermore, MRGs may also regulate immune cell infiltration, thereby influencing immune evasion mechanisms and contributing to tumor growth and metastasis (Zhang R. et al., 2024).

Long non-coding RNAs (lncRNAs), once considered “junk DNA,” have emerged as crucial regulators of gene expression, chromatin remodeling, and post-transcriptional modifications. They play pivotal roles in various cellular processes, including proliferation, migration, and invasion, and are increasingly recognized for their involvement in cancer progression (Gupta et al., 2010; Han et al., 2022; Li et al., 2023). In HCC, specific lncRNAs, such as HOTAIR and MALAT1, have been shown to drive tumor progression and metastasis (Kadian et al., 2024; Jia et al., 2024). Moreover, lncRNAs modulate the tumor immune microenvironment by influencing the function and distribution of immune cells, such as tumor-associated macrophages, thereby playing a role in immune evasion and response to immunotherapy (Tomczak et al., 2015; Yu et al., 2012). Given their regulatory roles, lncRNAs hold great promise as diagnostic, prognostic, and therapeutic biomarkers in HCC.

In this study, we systematically analyzed migrasome-related long non-coding RNAs (MRlncRNAs) in hepatocellular carcinoma (HCC) and developed a robust 2-lncRNA prognostic signature (LINC00839 and MIR4435-2HG) using TCGA data and LASSO–Cox regression. This signature was validated in clinical tissues and HCC cell lines, and was significantly associated with overall survival and immune-related features. Functional assays confirmed that MIR4435-2HG promotes proliferation, EMT, and PD-L1–mediated immune evasion. Moreover, MRlncRNA expression correlated with immune cell infiltration, immune checkpoint activation, and response to immune checkpoint inhibitors (ICIs), as evaluated by the TIDE algorithm.

Collectively, our findings reveal that MRlncRNAs contribute to HCC progression and immunosuppressive remodeling of the tumor microenvironment. This work identifies novel biomarkers for prognosis and immunotherapy prediction and offers mechanistic insights into the migrasome–lncRNA–immunity axis, paving the way for personalized therapeutic strategies in HCC.



MATERIALS AND METHODS


Data sources and preprocessing

Twelve migrasome-related genes (MRGs) were initially retrieved from the GeneCards database (https://www.genecards.org/) using the keyword “migrasome”. These genes were further filtered and confirmed based on prior published studies that experimentally validated their roles in migrasome biogenesis and function, including TSPAN4, NDST1, CPQ, and ITGAV (Supplementary Table S1). Gene expression profiles and corresponding clinical information for liver hepatocellular carcinoma (LIHC) patients were downloaded from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) (Tomczak et al., 2015), including data from 372 LIHC tumors and 50 normal liver tissues. Clinical variables included age, sex, stage, grade, TNM classification, and overall survival (OS) time and status (Supplementary Table S2). Expression data were normalized to transcripts per million (TPM). All data preprocessing and visualization were conducted in R software (v4.4.1) using the “ggplot2” package. The Wilcoxon test was applied for comparisons of gene expression between tumor and normal samples.



Identification of migrasome-related lncRNAs (MRlncRNAs)

To identify MRlncRNAs, we extracted lncRNA and mRNA expression profiles from the TCGA-LIHC dataset. Pearson correlation analysis was conducted between the expression of the 12 MRGs and all lncRNAs using the “limma” package. LncRNAs were considered migrasome-related if they met the threshold of |correlation coefficient| > 0.55 and P < 0.001. In total, 191 MRlncRNAs were identified based on this criterion. Co-expression relationships were visualized using the “ggplot2” and “ggalluvial” packages in R.



Construction of prognostic model based on MRlncRNAs

Univariate Cox regression analysis was performed on the 191 MRlncRNAs to identify candidates significantly associated with overall survival (P < 0.05), yielding 16 prognosis-related MRlncRNAs. To further optimize the model and avoid overfitting, LASSO (Least Absolute Shrinkage and Selection Operator) Cox regression with 10-fold cross-validation was conducted and repeated 1000 times. This process ultimately selected two MRlncRNAs—LINC00839 and MIR4435-2HG—as the most stable predictors with the highest prognostic contribution and minimal AIC value. These two lncRNAs were used to construct the final risk model. All model-building procedures were performed using R packages including survival, caret, glmnet, and timeROC, and visualized with ggplot2.



Construction and Validation of prognostic model

Risk scores for each patient were calculated using a multivariate Cox regression model based on the expression levels and coefficients of the prognostic MRlncRNAs, following the formula:




Riskscore
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∑
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 Coefficient 
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×
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The TCGA-LIHC cohort was randomly divided into a training set and a testing set in a 1:1 ratio. Patients were then stratified into high-risk and low-risk groups using the median risk score as the cutoff. Kaplan–Meier survival analysis and time-dependent ROC curve analysis were performed to evaluate the model’s predictive ability, using the survival, survminer, and timeROC packages in R. To further validate the robustness and generalizability of the model, we applied the same risk score formula to an independent clinical tissue cohort (n = 100) collected from our institution. This external cohort was randomly split into validation set 1 (n = 50) and validation set 2 (n = 50). Patients in each validation set were classified into high- and low-risk groups based on the median risk score, and survival analyses were conducted accordingly. Univariate and multivariate Cox regression analyses were also performed to determine the independent prognostic value of the risk score, with results presented using forest plots (generated by the forestplot package). The predictive performance of the MRlncRNA-based model was further assessed by comparing 1-, 3-, and 5-year ROC AUCs across the TCGA and clinical validation cohorts. Additional subgroup analyses were performed based on clinical parameters such as age, gender, grade, and stage. The R packages rms, pec, and dplyr were utilized for these evaluations.



Establishment and calibration of prognostic nomogram

Based on the results of multivariate Cox proportional hazards analysis, a nomogram was developed to predict the 1-, 3-, and 5-year overall survival. Calibration curves for 1-year, 3-year, and 5-year survival were plotted to assess the consistency between the predicted and observed outcomes. Furthermore, a C-index curve was generated to confirm the predictive accuracy of the nomogram. The R packages used for these analyses include survival, regplot, rms, and survcomp.



Functional enrichment analysis

Differentially expressed genes (DEGs) between high- and low-risk groups were obtained using the Limma package in R. The adjusted P-values were used to control for false positives in the TCGA database analysis, with “Adjusted P < 0.05 and |log2FC| ≥ 1” set as the cutoff for selecting differentially expressed genes. The clusterProfiler package was used to analyze the Gene Ontology (GO) functional enrichment of DEGs and their pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG). The GO analysis focused on three aspects: Biological Process (BP), Cellular Component (CC), and Molecular Function (MF). Additionally, Gene Set Enrichment Analysis (GSEA) was used to identify potential biological pathways (http://software.broadinstitute.org/gsea/index.jsp) (Powers et al., 2018).



Genetic variations

The cBioPortal database (http://www.cbioportal.org/) (Gao et al., 2013) provides visualization tools for cancer genomic data analysis. Using TCGA data, the genomic landscape of MRlncRNAs was explored, and their mutation frequency in LIHC was assessed. The impact of MRlncRNAs mutations on LIHC patient survival was also studied. Additionally, we analyzed the effect of MRlncRNAs mutations on clinical variables, including the Buffa Hypoxia Score, Winter Hypoxia Score, Aneuploidy Score, Ragnum Hypoxia Score, Fraction Genome Altered, Last Communication Contact from Initial Pathologic Diagnosis Date, and Neoplasm Histologic Grade.



Immune cell infiltration analysis

The correlation between MRlncRNAs and immune cell infiltration was calculated using ssGSEA and CIBERSORT algorithms. Results were visualized using R software’s ggplot2 package. For immune scoring, the immunedeconv package in R and CIBERSORT algorithms (Newman et al., 2015) were used to compare the degree of immune cell infiltration between high- and low-risk groups via the Wilcoxon test. Additionally, single-sample gene set enrichment analysis (ssGSEA) (Hänzelmann et al., 2013) in the GSVA package [1.46.0] helped quantify the infiltration levels of immune cell types and the accumulation of 24 common immune cells. The Wilcoxon rank sum test was used to compare immune cell infiltration levels between high- and low-risk groups. The estimate package [1.0.13] in R was used to calculate immune cell abundance (immune score), stromal cell infiltration level (stromal score), and the combined score (ESTIMATE score).



Immunotherapy response analysis

Risk scores and the correlation with immune checkpoint-related genes were visualized using the R packages “ggplot2” and “pheatmap”. Expression differences of immune checkpoint-related genes between high and low-risk score groups were analyzed, alongside the correlation between the expression of two prognostic MRlncRNAs and three clinically important immune checkpoint genes (CD274, CTLA4, PDCD1). Additionally, the prognostic significance of combining risk scores with these three immune checkpoints (CD274, CTLA4, PDCD1) in LIHC patients was assessed. Key immune checkpoint-related genes in this study included CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15. The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm was used to predict potential immune checkpoint-blocking responses, with the results visualized using “ggplot2”. Distributions of TIDE data were compared between high and low-risk score groups. Finally, clinical tissue samples were used to predict the response of risk scores to immunotherapy.



Single-cell sequencing data analysis

The Tumor Immune Single Cell Center (TISCH) (http://tisch.comp-genomics.org/) is a database for single-cell RNA sequencing (scRNA-seq) focused on the tumor microenvironment (TME) (Sun et al., 2021). The t-distributed stochastic neighborhood embedding (t-SNE) and heatmap of GSE125449 were generated using the TISCH database to explore the impact of MRlncRNA expression on the TME in LIHC. Furthermore, Spearman’s correlation method was applied to examine the relationship between MRlncRNAs and markers of cancer-associated fibroblasts (CAFs) and epithelial-mesenchymal transition (EMT).



TMB, MSI, and potential drug screening analysis

To evaluate the clinical applicability of our risk model, we visualized the distribution of TMB and MSI scores across high and low-risk groups using stacked bar charts. Wilcoxon rank-sum tests were employed to compare TMB and MSI scores between these groups in the TCGA cohort, with results visualized using “ggplot2”. The “survminer” R package was used to calculate the optimal TMB cutoff, and patients with SARC in the TCGA cohort were classified into high and low TMB/MSI groups. Kaplan-Meier survival curves were used to assess prognostic differences. Additionally, drug sensitivity differences between high- and low-risk groups were analyzed using the limma, ggpubr, and pRRophetic R packages for prospective drug screening (Geeleher et al., 2014).



Human sample collection

Tissue samples were provided by Peking University Shenzhen Hospital, including 100 pairs of liver cancer and adjacent non-tumor tissues, along with corresponding clinical and follow-up data. All patients underwent pathological diagnosis, and tissue samples were embedded in 10% formalin and stored under standard conditions. Archived samples collected between 2017 and 2019 and stored in the institutional biobank were used in this study. Comprehensive clinical information, including 5-year overall survival data, was retrieved from the hospital’s longitudinal medical records. The use of these archived samples for additional molecular validation experiments was approved by the Ethics Committee of Peking University Shenzhen Hospital (Approval No. 2024–116). Written informed consent was obtained from all patients prior to initial sample collection. All procedures complied with relevant ethical guidelines and institutional regulations.



Cell culture conditions

The human normal hepatocyte cell line THLE-2 (CL-0833) was purchased from Procell Life Science & Technology Co., Ltd (Wuhan, China) and cultured in Procell’s specialized medium (CM-0833), a complete formulation designed for THLE-2 growth, containing basal medium supplemented with growth factors and hormones including epidermal growth factor (EGF) and insulin. Liver cancer cell lines HepG2, Huh7, and Hep3B were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin. All cells were incubated at 37 °C with 5% CO2 in a humidified atmosphere.



RNA extraction and RT-qPCR

Total RNA was extracted using the Quick-RNA MiniPrep Kit (Zymo Research, Catalog No. R1054) according to the manufacturer’s instructions. RNA concentration and purity were assessed spectrophotometrically using a NanoDrop 2000 (Thermo Fisher Scientific). Reverse transcription was performed with 1 μg of total RNA using the miScript SYBR Green PCR Kit (Qiagen, Germany) on a LightCycler 96 real-time PCR system (Roche Diagnostics GmbH, Mannheim, Germany). PCR conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Gene expression levels were normalized to GAPDH and calculated using the 2-△△CT method. Primer sequences are listed in Table 1.


TABLE 1 | The primers sequences utilized in RT-qPCR.




	Real-time quantitative PCR primer sequence





	Gene
	Sequence (5′- 3′ on minus strand)



	
GAPDH

	Fwd: GAG​TCC​ACT​GGC​GTC​TTC​AC



	Rev: ATGACGAACATGGGGGCA



	
LINC00839

	Fwd: GAA​CCT​GTG​GCA​TCC​ATC​TC



	Rev: CTC​CAG​CAA​CCC​CTC​AAC​C



	
MIR4435-2HG

	Fwd: CGG​AGC​ATG​GAA​CTC​GAC​AG



	Rev: CAA​GTC​TCA​CAC​ATC​CGG​GC










Cell transfection and knockdown of MIR4435-2HG

Short hairpin RNAs targeting MIR4435-2HG (sh-MIR4435-2HG) and corresponding negative control (sh-NC) were designed and synthesized by GeneRulor Biotechnology Co., Ltd. (Zhuhai, China). HepG2 and Huh7 cells were transfected using Lipofectamine™ 3000 (Invitrogen, USA) according to the manufacturer’s protocol. After 48 h, knockdown efficiency was evaluated by quantitative real-time PCR (qRT-PCR), and the most efficient sequence (sh-MIR4435-2HG#2) was selected for subsequent functional experiments.



Cell proliferation assay

Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) (Dojindo, Japan). Transfected cells were seeded in 96-well plates (3 × 103 cells/well) and incubated for 0, 24, 48, and 72 h. At each time point, 10 μL of CCK-8 solution was added per well, followed by 2 h incubation at 37 °C. Absorbance at 450 nm was measured using a microplate reader (Bio-Rad, USA).



Wound healing assay

After transfection, cells were grown to near confluence in 6-well plates, and a scratch was made using a 200 μL pipette tip. Detached cells were removed with PBS, and serum-free medium was added. Wound closure was imaged at 0 h and 24 h using a phase-contrast microscope. Migration rate was analyzed using ImageJ.



Transwell migration and invasion assays

Cell migration and invasion abilities were evaluated using Transwell chambers (8 μm pore size, Corning, USA). For migration assays, 2 × 104 cells in serum-free medium were seeded in the upper chamber. For invasion assays, chambers were precoated with Matrigel (BD Biosciences), and 5 × 104 cells were seeded. The lower chamber contained 10% FBS as a chemoattractant. After 24 h incubation, cells on the upper membrane were removed, and migrated or invaded cells were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and counted under a microscope.



Western blot analysis

Total protein was extracted using RIPA buffer supplemented with protease inhibitors, and concentrations were determined using the BCA assay. Equal amounts of protein (30 μg) were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, USA). After blocking with 5% BSA, membranes were incubated overnight at 4 °C with primary antibodies: Anti-E-Cadherin (ab40772, Abcam, United Kingdom, 1:1000), Anti-Vimentin (ab92547, Abcam, United Kingdom, 1:1000), Anti-PD-L1 recombinant antibody (ab205921, Abcam, United Kingdom, 1:1000), and Anti-GAPDH (ab8245, Abcam, 1:5000) as an internal control. After washing, membranes were incubated with HRP-conjugated secondary antibodies (1:5000, Abcam) for 1 h at room temperature. Protein bands were visualized using an ECL chemiluminescence substrate (Thermo Fisher Scientific) and imaged with a Tanon 5200 Multi chemiluminescence imaging system. Band intensities were quantified using ImageJ software and normalized to GAPDH.



Statistical analysis

All statistical analyses were conducted using R (v4.2.1) (https://www.r-project.org/). The Student’s t-test was applied for normally distributed data, while the Wilcoxon test was used for non-normally distributed variables. Spearman’s correlation analysis was conducted to explore the relationships between variables. Chi-square or Fisher’s exact test was used for clinical feature analysis. Kaplan-Meier survival analysis, along with univariate and multivariate Cox regression analyses, were employed for prognostic assessment. P-values <0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). All sections of the study were analyzed using specific datasets, R packages, and databases.




RESULTS


Identification of Prognostic MRlncRNAs and Construction of Prognostic Features

The study flowchart is depicted in Figure 1. Expression levels of 12 MRGs were analyzed in 372 LIHC patients and 50 normal liver tissue samples from the TCGA-LIHC dataset. Co-expression analysis identified 191 lncRNAs significantly associated with migrasomes (Supplementary Table S3). Univariate Cox regression analysis revealed 16 MRG-lncRNAs significantly correlated with the survival prognosis of LIHC patients (P < 0.05) (Figure 2B). A prognostic model was developed using LASSO Cox regression based on these MRlncRNAs (Figures 2C,D). Multivariate Cox regression analysis further assessed the correlation of two MRlncRNAs, resulting in a risk score formula: RiskScore = LINC00839 × 0.299+MIR4435-2HG×0.818.
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FIGURE 1 | 
Flowchart of the present study.


[image: Five-panel figure including:  A. A color-coded network map showing connections between migrasome and lncRNA.  B. A forest plot listing gene names with corresponding p-values and hazard ratios.  C. A line graph of partial likelihood deviance versus log lambda, showing data points with error bars.  D. A plot of coefficients against log lambda with curves in different colors representing various genes.  E. A heatmap showing correlation levels between genes and specific markers, with significance indicated by asterisks.  ]


FIGURE 2 | 
Identification of Prognostic MRlncRNAs and Construction of Prognostic Features. (A) Co-expression analysis of MRGs and lncRNAs; (B) Prognostic value of MRlncRNAs based on univariate Cox regression analysis (P < 0.05); (C) LASSO coefficient plot of prognostic MRlncRNAs; (D) Plot of the 10-fold cross-validation error rate; (E) Heatmap displaying the correlation between MRlncRNAs and MRGs.



Expression and prognostic value of MRlncRNAs

The expression and prognostic performance of candidate MRlncRNAs were further evaluated within the TCGA discovery cohort. Compared to normal tissues, LINC00839 and MIR4435-2HG were significantly upregulated in liver cancer tissues (Figure 3A). ROC curve analysis showed that both lncRNAs had high diagnostic accuracy, with AUC values exceeding 0.7 (Figure 3B). Kaplan-Meier survival curves demonstrated that high LINC00839 expression was associated with poorer overall survival (OS; P = 0.033, HR = 1.45 [1.03–2.05]) and disease-specific survival (DSS; P = 0.073, HR = 1.50 [0.96–2.33]) (Figure 3C). Conversely, high MIR4435-2HG expression correlated with significantly worse OS (P < 0.001, HR = 2.15 [1.50–3.08]) and progression-free interval (PFI; P = 0.005, HR = 1.53 [1.14–2.05]) (Figure 3D). These findings suggest that MRlncRNAs are promising biomarkers for LIHC diagnosis and prognosis. Univariate and multivariate Cox regression analyses further identified MIR4435-2HG as an independent prognostic factor for LIHC (Table 2).
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FIGURE 3 | 
Expression and Prognostic Value Analysis of Prognostic MRlncRNAs in LIHC Patients. (A) Comparison of prognostic MRlncRNAs expression in liver tumors and normal tissues in TCGA databases; (B) ROC curves assessing the diagnostic potential of MRlncRNAs expression in LIHC; (C) Survival curves of OS, PFI, and DSS comparing high and low expression of LINC00839 in LIHC; (D) Survival curves of OS, PFI, and DSS comparing high and low expression of MIR4435-2HG in LIHC. *P < 0.05; **P < 0.01; ***P < 0.001.


TABLE 2 | Cox regression analysis of MRlncRNAs in prognosis prediction.




	Characteristics
	Total (N)
	Univariate analysis
	Multivariate analysis



	Hazard ratio (95% CI)
	P Value
	Hazard ratio (95% CI)
	P Value





	Age
	373
	
	
	
	



	≤ 60
	177
	Reference
	
	
	



	>60
	196
	1.205 (0.850–1.708)
	0.295
	
	



	Gender
	373
	
	
	
	



	Female
	121
	Reference
	
	
	



	Male
	252
	0.793 (0.557–1.130)
	0.200
	
	



	Histologic grade
	368
	
	
	
	



	G1&G2
	233
	Reference
	
	
	



	G3&G4
	135
	1.091 (0.761–1.564)
	0.636
	
	



	Pathologic stage
	349
	
	
	
	



	Stage I&Stage II
	259
	Reference
	
	Reference
	



	Stage III&Stage IV
	90
	2.504 (1.727–3.631)
	
< 0.001

	1.299 (0.177–9.518)
	0.797



	Pathologic T stage
	370
	
	
	
	



	T1&T2
	277
	Reference
	
	Reference
	



	T3&T4
	93
	2.598 (1.826–3.697)
	
< 0.001

	2.241 (0.304–16.546)
	0.429



	Pathologic N stage
	258
	
	
	
	



	N0
	254
	Reference
	
	
	



	N1
	4
	2.029 (0.497–8.281)
	0.324
	
	



	Pathologic M stage
	272
	
	
	
	



	M0
	268
	Reference
	
	Reference
	



	M1
	4
	4.077 (1.281–12.973)
	
0.017

	1.965 (0.602–6.412)
	0.263



	LINC00839
	373
	
	
	
	



	Low
	187
	Reference
	
	
	



	High
	186
	1.306 (0.923–1.848)
	0.132
	
	



	MIR4435-2HG
	373
	
	
	
	



	Low
	187
	Reference
	
	Reference
	



	High
	186
	2.147 (1.497–3.079)
	
< 0.001

	2.189 (1.395–3.433)
	
< 0.001











Establishment and validation of the prognostic MRlncRNA model

The 370 TCGA-LIHC samples were randomly divided into training and validation sets. Patients were categorized into high-risk and low-risk groups based on median risk scores. As risk scores increased, mortality risk also increased, and survival time decreased (Figures 4A–F). Heatmaps illustrated the differential expression patterns of lncRNAs between risk groups (Figures 4G–I). Kaplan-Meier curves showed that high-risk patients exhibited significantly lower OS across all sample groups (P < 0.05, Figures 4J–L). The AUCs for 1-, 3-, and 5-year OS predictions in the entire cohort were 0.727, 0.654, and 0.701, respectively (Figure 4M). Similar results were observed in the training set (Figure 4N) and test set (Figure 4O), validating the predictive accuracy of our risk model.
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FIGURE 4 | 
Establishment and Validation of Prognostic MRlncRNAs Features. (A–C) Distribution of risk scores for each patient in the TCGA-LIHC cohort, training cohort, and test cohort; (D–F) Distribution of overall survival status for each patient in the TCGA-LIHC cohort, training cohort, and test cohort; (G–I) Heatmap showing the expression of two prognostic MRlncRNAs in the TCGA-LIHC cohort, training cohort, and test cohort; (J–L) Kaplan-Meier survival curves for high-risk and low-risk groups comparing overall survival in the TCGA-LIHC cohort, training cohort, and test cohort; (M–O) Time-dependent ROC curves for 1-, 3-, and 5-year OS in the TCGA-LIHC cohort, training cohort, and test cohort.



Correlation with clinicopathological features

The association between risk scores and clinicopathological features was analyzed in the TCGA-LIHC cohort. Significant correlations were observed between risk scores and tumor grade, stage, and T status (Figure 5A; Supplementary Table S4). Subgroup survival analysis revealed that the high-risk group had significantly poorer survival across various clinical subgroups, suggesting that these factors play a critical role in LIHC prognosis (Figure 5B).
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FIGURE 5 | 
Association Between Risk Score and Clinicopathological Characteristics. (A) Circos plot showing the clinical factors between high and low-risk score groups; (B) Survival curve comparing high and low-risk score groups in different LIHC subgroups.



Development and validation of a prognostic nomogram

Univariate and multivariate Cox regression analyses identified T status (HR = 2.625, P < 0.001), N status (HR = 1.473, P = 0.043), M status (HR = 1.676, P = 0.007), and risk score (HR = 1.219, P < 0.001) as prognostic factors for OS in LIHC. The nomogram integrating risk score and T status was constructed to predict 1-, 3-, and 5-year OS in LIHC patients. ROC analysis of the nomogram demonstrated good predictive accuracy, with AUC values of 0.636 for the risk score model and 0.654 for the T status model (Figure 6C). The nomogram’s calibration curve confirmed a strong concordance between predicted and observed OS (Figure 6G), with AUCs of 0.721, 0.727, and 0.781 for 1-, 3-, and 5-year OS predictions, respectively (Figure 6H).


[image: A set of eight visualizations related to survival analysis in a medical study.   A and B: Forest plots showing hazard ratios with associated p-values for various clinical factors, including age, gender, grade, T, N, M, and risk score, represented by green and red boxes.  C: ROC curves displaying sensitivity versus 1-specificity for risk, age, gender, grade, T, and M with corresponding AUC values.  D: Line chart showing AUC over five years for different clinical factors.  E: Concordance index plot over ten years for risk score, age, gender, grade, T, N, and M.  F: Nomogram for predicting survival, showing points for different clinical factors.  G: Calibration plot comparing observed versus nomogram-predicted overall survival percentages at one, three, and five years.  H: ROC curves for one-year, three-year, and five-year survival predictions, indicating corresponding AUC values.]


FIGURE 6 | 
Construction and Validation of a Predictive Nomogram. (A,B) Univariate and multivariate Cox regression analysis of clinical variables in LIHC; (C) ROC curves for risk scores and various clinical pathological parameters (age, gender, Grade, T, N, M); (D) Time-dependent AUC curve showing the risk score’s performance in predicting OS; (E) Consistency index of the risk score and other clinical pathological variables; (F) Nomogram for predicting 1-, 3-, and 5-year OS of LIHC patients; (G) Calibration curve of the OS nomogram model in the discovery group, with the diagonal dotted line representing the ideal nomogram; (H) ROC curves for predicting 1-, 3-, and 5-year OS.



Functional enrichment analysis of high- and low-risk MRlncRNAs

A total of 755 DEGs were identified between high- and low-risk MRlncRNA groups. GO analysis indicated that these DEGs were enriched in biological processes such as nuclear division, chromosome segregation, and mitotic division (Figure 7A). Cellular components included chromosomal regions and kinetochores, while molecular functions were enriched in microtubule binding and ATP-dependent DNA helicase activity. KEGG pathways were mainly associated with the cell cycle, microRNAs in cancer, and p53 signaling (Figure 7B). GSEA showed that genes in the high-risk group were primarily involved in the cell cycle, DNA replication, and neuroactive ligand-receptor interactions, while genes in the low-risk group were enriched in complement and coagulation cascades, fatty acid metabolism, and bile acid biosynthesis (Figure 7C).


[image: Panel A shows a circular plot representing ontology categories with color-coded sections for biological processes, cellular components, and molecular functions. Panel B displays a dot plot showing gene set enrichment analysis with gene ratios on the x-axis and various pathways on the y-axis, colored by p-value. Panel C includes two line graphs comparing enrichment scores in high and low-risk groups, with pathways labeled.]


FIGURE 7 | 
Functional Enrichment Analysis Between High and Low-Risk Groups. (A) GO enrichment results; (B) KEGG pathways; (C) GSEA analysis.



Genetic alteration analysis of MRlncRNAs

Genetic alterations of MRlncRNAs were analyzed using the cBioPortal database. Mutations in LINC00839 and MIR4435-2HG were detected in 175 of 348 sequenced LIHC samples (Figure 8A). Clinical analysis revealed significant differences between the mutation and non-mutation groups in Buffa Hypoxia Score, Winter Hypoxia Score, Aneuploidy Score, Ragnum Hypoxia Score, Fraction Genome Altered, Last Communication Contact, and Neoplasm Histologic Grade (Figure 8B). Survival analysis showed that genetic alterations of prognostic MRlncRNAs were significantly associated with shorter overall survival (OS, P = 0.0390), but not with progression-free survival (PFS, P = 0.250) or disease-free survival (DFS, P = 0.174) (Figure 8C). Compared to low-expression patients, high-expression patients had higher proportions of Tumor Mutational Burden (TMB) and Microsatellite Instability (MSI) (Figure 8D). TMB, MSI, and mRNAsi scores were significantly higher in the high-risk group (Figure 8E). Survival analysis indicated that high TMB and MSI scores were associated with poorer OS (Figure 8F). Additionally, survival analysis combining risk score with TMB and MSI revealed that patients in the low TMB + low-risk score group had better OS than those in the high TMB + high-risk score group (P < 0.001), and the low MSI + low-risk score group had better OS than the high MSI + high-risk score group (P < 0.001) (Figure 8G).
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FIGURE 8 | 
Genetic Alterations Associated with MRlncRNAs. (A) Oncoprint displaying somatic mutations in the LIHC tumor cohort; (B) Correlation between MRlncRNA alterations and various clinicopathological factors in LIHC, including Buffa Hypoxia Score, Winter Hypoxia Score, Aneuploidy Score, Ragnum Hypoxia Score, Fraction Genome Altered, Neoplasm Histologic Grade, and Last Communication Contact from Initial Pathologic Diagnosis Date; (C) Genetic alterations of MRlncRNAs in LIHC tissues correlated with shorter OS, PFS, and DFS in patients; (D) Distribution of TMB and MSI scores in high-expression and low-expression groups; (E) Differences in TMB and MSI between high and low-risk score groups in LIHC; (F) Kaplan-Meier survival curves for high and low TMB, MSI groups in LIHC; (G) Kaplan-Meier survival curves of four groups classified by risk score and TMB, MSI in LIHC.



Immune cell infiltration analysis

Using CIBERSORT, ssGSEA, and ESTIMATE algorithms, the correlation between risk score and immune cell infiltration was analyzed. Immune infiltration scores showed marked differences between high- and low-risk MRlncRNA groups (Figure 9A). The stacked bar chart depicted the immune cell infiltration proportions between high and low expression groups (Figure 9B). The CIBERSORT algorithm revealed that naive B cells, memory B cells, and resting mast cells were more abundant in the low-risk group, while follicular helper T cells and M0 macrophages were more abundant in the high-risk group. Risk score was positively correlated with eosinophils, activated CD4 T cells, follicular helper T cells, memory B cells, and M0 macrophages, and negatively correlated with naive B cells, monocytes, M2 macrophages, resting CD4 T cells, resting mast cells, activated NK cells, CD8 T cells, resting NK cells, and M1 macrophages. Additionally, ssGSEA analysis showed higher expression of B cells, CD8 T cells, cytotoxic cells, dendritic cells (DC), eosinophils, immature DC, mast cells, neutrophils, NK CD56dim cells, NK cells, plasmacytoid DC (pDC), Tγδ cells, and regulatory T cells (TReg) in the low-risk group, while T helper cells and Th2 cells were more expressed in the high-risk group (Figures 9C,D). Correlation analysis also indicated that risk score was negatively correlated with immune scores (Figure 9E). Prognostic analysis revealed that patients in the low ESTIMATE + high-risk score group had worse OS than those in the high ESTIMATE + low-risk score group (P < 0.001) (Figure 9F).


[image: Panel A displays heat maps showing z-scores of immune cell types across different risk groups using CIBERSORT and ssGSEA. Panel B presents stacked bar charts highlighting the proportion of immune cell types in low and high LINC00839 and MIR4435-2HG groups. Panel C provides box plots comparing immune cell proportions between risk groups for both methods. Panel D illustrates correlation plots of immune cell types with risk scores using CIBERSORT and ssGSEA. Panel E includes violin plots showing various immune scores against risk status. Panel F shows Kaplan-Meier survival curves for different scoring systems over time.]


FIGURE 9 | 
Relationship Between Risk Score and Immune Infiltration in the Tumor Microenvironment. (A) Heatmap of immune cell scores between high and low-risk score groups using CIBERSORT, ssGSEA, and ESTIMATE algorithms; (B) Percent abundance of tumor-infiltrating immune cells between high and low expression groups of two prognostic MRlncRNAs, with different colors representing various immune cell types; (C) Comparison of immune scores between high and low-risk score groups using CIBERSORT and ssGSEA; (D) Correlation analysis between risk score and immune infiltration using CIBERSORT and ssGSEA; (E) Differences in ESTIMATE between high and low-risk score groups; (F) Kaplan-Meier curves of four groups classified by risk score and three ESTIMATE scores in LIHC.



Single-cell RNA sequencing (ScRNA-seq) data analysis

Analysis of ScRNA-seq data from the LIHC_GSE125449 dataset in the TISCH database identified 14 cell clusters and eight cell types, highlighting the distribution and abundance of various TME-related cells (Figures 10A,B). A bubble plot visualized the expression of key marker genes across different cell types (Figure 10C). The pie chart showed higher expression in malignant cells, fibroblasts, and endothelial cells (Figure 10D). The distribution of LINC00839 and MIR4435-2HG expression in different cell types revealed that MIR4435-2HG had higher infiltration in TME-related cells than LINC00839 (Figures 10F,G). Further analysis showed that LINC00839 and MIR4435-2HG were significantly associated with cancer-associated fibroblasts (CAFs) and epithelial-mesenchymal transition (EMT) markers (Figures 10H,I). These results suggest that MRlncRNAs may promote fibrosis activation and contribute to LIHC metastasis via EMT.


[image: Multiple visualizations feature clusters, charts, and plots related to cell types and gene expression. Panels A and B are scatter plots showing distinct clusters. Panel C displays a dot plot illustrating expression data. Panel D is a pie chart indicating the proportion of various cell types. Panel E is a stacked bar chart showing cell type distribution across patients. Panel F contains two scatter plots for LINC00839 and MIR4435-2HG expression. Panel G is a series of violin plots comparing gene expression across cell types. Panels H and I show triangular correlation matrices for CAF and EMT analyses, highlighting color-coded correlation coefficients.]


FIGURE 10 | 
Expression of MRlncRNAs in Different Immune Cell Types in LIHC. (A) Clustering of cell types from scRNA-seq data; (B) Annotation of different immune cell types in LIHC tissues (LIHC_GSE125449); (C) Expression levels of marker genes in each cell cluster; (D) Pie chart showing the percentage of each cell type; (E) Percentage of each cell subtype in different patients; (F) Expression distribution of LINC00839, MIR4435-2HG in various cell types using single-cell resolution from the LIHC_GSE125449 dataset; (G) Violin plots showing the expression of LINC00839 and MIR4435-2HG in LIHC cells; (H,I) Correlation between LINC00839, MIR4435-2HG and CAFs or EMT-related markers.



Immunotherapy response analysis

Heatmap analysis showed significant differences in the distribution of immune checkpoint genes and TIDE scores between high- and low-risk groups (Figure 11A). Expression analysis of eight immune checkpoint-related genes revealed higher expression of CTLA4, HAVCR2, PDCD1, TIGIT, and ITPRIPL1 in the high-risk group (Figure 11B). The relationship between risk score and three key immune checkpoints (CD274, PDCD1, CTLA4) showed positive correlations (P < 0.05) (Figure 11C). Survival analysis indicated that patients with high immune checkpoint expression in the high-risk group had poorer OS compared to those with low checkpoint expression in the low-risk group (Figure 11D). To predict immune treatment response, TIDE scores and clinical sample data were used. Compared to the low-risk group, the high-risk group showed higher TIDE and Exclusion scores, and lower Dysfunction scores (Figure 11E). Kaplan-Meier analysis showed that the high-risk and high-TIDE group had the worst prognosis (Figure 11F). In an external clinical cohort of 80 liver cancer samples, patients in the low-risk group had higher rates of complete or partial remission (CR/PR) with immune checkpoint inhibitors (AUC >0.7) (Figures 11G,H). These findings suggest that low-risk patients are more likely to benefit from immune checkpoint inhibitor (ICI) therapy, showing better post-treatment survival rates.


[image: Heatmaps, box plots, survival curves, and a correlation matrix illustrate gene expression and risk levels in tissue samples. Panels show associations between gene markers, survival probabilities, TIDE scores, risk stratification, and response to anti-PD-1/PD-L1 therapy. Statistical significance is noted with p-values.]


FIGURE 11 | 
Immune Response Analysis. (A) Heatmap of immune checkpoint gene expression and TIDE scores between high and low-risk score groups, with different colors representing expression trends across different samples; (B) Expression distributions of eight immune checkpoint-associated genes between high and low-risk score groups in LIHC; (C) Correlation between risk score and clinical immune checkpoint-related genes in LIHC; (D) Kaplan-Meier survival curves for four groups classified by risk score and CD274, PDCD1, CTLA expression; (E) TIDE score evaluation of risk scores in response to immunotherapy in LIHC; (F) Kaplan-Meier survival plots of overall survival for high and low TIDE scores; (G,H) Differences in MRlncRNAs expression and risk score between patients with SD/PD and CR/PR in clinical tissue samples; ROC analysis of MRlncRNAs expression and risk score for predicting ICI responsiveness in clinical tissue samples (NR: non-responders; R: responders to immunotherapy).



Chemotherapy drug sensitivity

Chemotherapy drug sensitivity analysis for low-risk and high-risk groups revealed that the high-risk group had significantly lower IC50 values for multiple drugs, including 5-Fluorouracil, Doxorubicin, and Paclitaxel (Supplementary Figure S1). These results suggest that these drugs may be effective for treating high-risk LIHC patients.



Cell and clinical sample validation

To validate the expression and prognostic value of MRlncRNAs, we first performed RT-qPCR analysis in 100 paired hepatocellular carcinoma (HCC) and adjacent normal tissue samples. Both LINC00839 and MIR4435-2HG were significantly upregulated in tumor tissues (Figure 12A). Using the same cohort, patients were stratified into high- and low-risk groups based on the MRlncRNA-based risk score. Kaplan-Meier analysis revealed that high-risk patients had significantly poorer overall survival (OS) compared to low-risk patients (HR = 2.66, 95% CI: 1.47–4.79, P = 0.001; Figure 12B). Time-dependent ROC analysis showed strong predictive performance, with AUCs of 0.824, 0.851, and 0.878 for 1-, 3-, and 5-year OS, respectively (Figure 12C), and consistent accuracy over time (Figure 12D). Decision curve analysis (DCA) further demonstrated the clinical utility of the risk model for survival prediction (Figure 12E). To assess the robustness of the model, we randomly divided the 100-sample cohort into two equal subsets (Validation Set one and Validation Set two; each n = 50). In both subsets, the risk score effectively distinguished high-risk patients with significantly shorter OS (Supplementary Figure S2A, D). ROC curves yielded high AUCs in both sets: 0.833, 0.860, and 0.872 for Validation Set 1 (Supplementary Figure S2B); and 0.844, 0.855, and 0.856 for Validation Set 2 (Supplementary Figure S2E). DCA confirmed the model’s predictive benefit across both subsets (Supplementary Figure S2C, F, H). Moreover, RT-qPCR analysis in HCC cell lines (Hep3B, Huh7, and HepG2) and the normal hepatocyte line (THLE-2) confirmed significant overexpression of both MRlncRNAs in tumor cells, consistent with the clinical findings (Figure 12F). Together, these results validate the MRlncRNA-based risk model across bulk tissue samples and cell lines, underscoring its translational potential for clinical prognostication in HCC.


[image: Panel A shows two violin plots comparing relative mRNA expression of LINC00839 and MIR4435-2HG in adjacent and tumor tissues, with statistically significant differences. Panel B presents Kaplan-Meier curves indicating survival probability differences between high and low risk scores. Panel C is a ROC curve demonstrating sensitivity and specificity over time, with AUC values for one, three, and five years. Panel D shows consistent AUC values over four years. Panel E presents a decision curve analysis. Panel F displays bar graphs of relative mRNA expression across four cell lines for LINC00839 and MIR4435-2HG, with marked statistical significance.]


FIGURE 12 | 
Clinical Sample and Cell Experiment Validation. (A) Relative expression of MRlncRNAs in normal and glioma tissues; (B) Overall survival curve for high- and low-risk HCC patients; (C) Time-dependent ROC curves for MRlncRNAs at 1, 3, and 5 years; (D) Time-dependent AUC curves; (E) Decision curve analysis for 3-year OS in clinical samples; (F) Differential expression of MRlncRNAs in HCC cell lines and normal cell lines.



MIR4435-2HG knockdown suppresses proliferation, migration, invasion, EMT, and PD-L1 expression in HCC cells

To validate the oncogenic function of MIR4435-2HG in hepatocellular carcinoma, we conducted a series of in vitro experiments in HepG2 and Huh7 cells. qRT-PCR confirmed efficient knockdown of MIR4435-2HG using three independent shRNAs, among which sh-MIR4435-2HG one exhibited the highest silencing efficiency and was selected for subsequent functional assays (Figure 13A). Cell proliferation was significantly inhibited upon MIR4435-2HG knockdown, as demonstrated by CCK-8 assays at 24, 48, and 72 h (Figures 13B,C). Wound healing assays revealed that MIR4435-2HG silencing impaired cell migration capacity at 24 h (Figures 13D,F). In addition, Transwell assays showed a marked reduction in both migratory and invasive abilities of HepG2 and Huh7 cells (Figures 13E,G,H). At the molecular level, Western blot analysis showed that MIR4435-2HG knockdown induced a mesenchymal–epithelial transition (MET)-like phenotype, as evidenced by upregulation of E-cadherin and downregulation of Vimentin (Figures 13I,J). Notably, the immune checkpoint molecule PD-L1 was also significantly downregulated in MIR4435-2HG–silenced cells, suggesting a potential role of this lncRNA in immune evasion. Together, these findings demonstrate that MIR4435-2HG promotes malignant phenotypes and immune escape in HCC, supporting its functional relevance in the migrasome-related lncRNA signature.


[image: Composite image depicting experimental results on HepG2 and Huh7 cells. (A) Bar graph showing relative expression of MIR4435-2HG. (B-C) Line graphs illustrating OD values over time. (D) Scratch assays at 0 and 24 hours. (E) Microscopy images of migration and invasion assays for both cell lines. (F-H) Bar graphs quantifying migration and invasion rates. (I) Western blot for E-cadherin, Vimentin, PD-L1, and GAPDH. (J) Bar graph of relative protein expression. Graphs indicate comparative results between sh-N.C. and sh-MIR4435-2HG, highlighting significant differences.]


FIGURE 13 | 
MIR4435-2HG knockdown suppresses proliferation, migration, invasion, EMT, and PD-L1 expression in HCC cells. (A) qRT-PCR showing knockdown efficiency of MIR4435-2HG in HepG2 and Huh7 cells using three shRNAs. (B,C) CCK-8 assays showing that MIR4435-2HG knockdown significantly inhibited cell proliferation in HepG2 (B) and Huh7 (C) cells at 24, 48, and 72 h. (D) Wound healing assay revealed impaired migration at 24 h in sh-MIR4435-2HG cells. (E) Transwell assays showed decreased migration and invasion. (F–H) Quantification of migration rates and cell numbers in HepG2 and Huh7. (I) Western blot showed increased E-cadherin and decreased Vimentin and PD-L1 upon MIR4435-2HG knockdown. GAPDH served as internal control. (J) Densitometric analysis of protein expression. Data are presented as mean ± SD; ***P < 0.001.




DISCUSSION

HCC remains a highly aggressive malignancy with poor prognosis, largely due to its molecular heterogeneity and immunosuppressive TME, which limit the efficacy of conventional and immune-based therapies. Migrasomes—recently identified as migration-dependent extracellular vesicles—have been implicated in tumor progression and immune modulation by transporting factors such as PD-L1 and TGF-β (Jiang et al., 2023; Deng et al., 2024). However, their interaction with lncRNAs, especially in the context of HCC, remains poorly understood. To address this gap, we conducted a systematic analysis of MRlncRNAs, aiming to uncover novel prognostic biomarkers and immune modulators.

By integrating transcriptomic and clinical data from TCGA-LIHC, we identified 191 candidate MRlncRNAs via Pearson correlation with 12 curated migrasome-related genes (|R| > 0.55, P < 0.001), of which 16 were associated with survival. LASSO Cox regression revealed a robust 2-lncRNA prognostic signature—LINC00839 and MIR4435-2HG—that minimized cross-validation error. This signature showed strong predictive accuracy (5-year AUC = 0.701 in TCGA, 0.872 in external cohort), indicating its broad applicability. RT-qPCR confirmed upregulation of both lncRNAs in HCC tissues and cell lines, using THLE-2 as the control, supporting the clinical relevance of our model. To elucidate functional relevance, we performed knockdown experiments targeting MIR4435-2HG in HepG2 and Huh7 cells. Silencing significantly suppressed proliferation, migration, and invasion, while increasing E-cadherin and decreasing Vimentin and PD-L1 expression, suggesting EMT reversal and reduced immune escape. These findings establish MIR4435-2HG as a key driver of both tumor aggressiveness and immunosuppressive remodeling. Additionally, LINC00839 is known to promote migration via hypoxia-induced FMNL2 activation (Xie et al., 2022), further linking MRlncRNAs to migrasome biogenesis and adaptive TME regulation. Collectively, our data support a model in which MRlncRNAs orchestrate EMT, immune checkpoint expression, and migrasome-related communication to drive HCC progression and immune evasion.

Our study revealed a strong association between high MRlncRNA expression and an immunosuppressive TME in HCC. Specifically, patients in the high-risk group exhibited elevated infiltration of M2 macrophages and regulatory T cells (Tregs), whereas low-risk patients showed enrichment of cytotoxic T lymphocytes and dendritic cells, indicating more active anti-tumor immunity (Guo et al., 2021; Song et al., 2025). These shifts suggest that MRlncRNAs contribute to immune evasion by shaping the immune landscape. Mechanistically, knockdown of MIR4435-2HG significantly reduced PD-L1 expression and suppressed EMT markers, directly linking MRlncRNAs to both immune checkpoint activation and tumor cell plasticity. M2 macrophages and Tregs—abundant in high-risk patients—are known to secrete IL-10 and TGF-β, which promote immune suppression and EMT (Kalluri, 2016). This supports a CAF–EMT–MRlncRNA regulatory axis that orchestrates immune exclusion, stromal remodeling, and PD-L1–mediated T cell inhibition (Wu et al., 2021). Further analysis revealed significantly higher expression of immune checkpoints (PDCD1, CTLA4, TIGIT, CD274) in high-risk patients. Integration of the MRlncRNA risk score with the TIDE algorithm markedly improved prediction of immunotherapy responsiveness, surpassing existing lncRNA-based models (Qin et al., 2023a). As immune checkpoint inhibitors (ICIs) become the frontline treatment for advanced HCC, accurate biomarkers such as MRlncRNA signatures are urgently needed to stratify patients and predict immunotherapy response, particularly given the complex clinical contexts such as liver transplantation, where ICIs pose potential risks of graft rejection (Sensi et al., 2024). While elevated TMB and MSI typically predict ICI benefit, high-risk patients in our cohort—despite high TMB/MSI—had poor outcomes, suggesting that MRlncRNA-driven immune suppression may offset these immunogenic features (Holder et al., 2024; Qi et al., 2024). This paradox highlights the complexity of the HCC microenvironment: heightened tumor immunogenicity may be neutralized by MRlncRNA-enhanced immune evasion. Collectively, our findings underscore the utility of MRlncRNAs as biomarkers of immune escape and resistance to immunotherapy in HCC.

Beyond their prognostic relevance, MRlncRNAs are functionally linked to the migrasome–CAF axis, a novel pathway contributing to tumor–stromal crosstalk and immune evasion in HCC. Migrasomes are recently identified migration-dependent extracellular vesicles involved in intercellular communication and immune regulation (Qiao et al., 2023). Several MRGs used in our co-expression analysis—TSPAN4, NDST1, and ITGAV—have been experimentally validated as essential for migrasome biogenesis and matrix interactions. Emerging studies show that HCC-derived migrasomes can carry immunosuppressive factors such as PD-L1 and TGF-β, fostering Treg differentiation and immune escape (Qin et al., 2023b). Although we did not directly localize MRlncRNAs within migrasomes, bioinformatic co-expression and functional associations strongly suggest a mechanistic interplay. MIR4435-2HG, for instance, is highly enriched in CAFs, as revealed by our scRNA-seq analysis (Cui et al., 2023). CAFs are key stromal components known to secrete TGF-β and IL-6, remodel the ECM, and promote immune suppression and tumor invasion (Qin et al., 2025). Moreover, MIR4435-2HG has been shown to regulate B3GNT5, a glycosyltransferase implicated in vesicle-mediated invasiveness (Qin et al., 2024). These findings support the hypothesis that MRlncRNAs—especially MIR4435-2HG—may influence migrasome biogenesis or cargo selection and potentiate CAF-driven immunosuppressive remodeling of the tumor microenvironment. This highlights a unique stromal regulatory circuit in HCC and suggests that MRlncRNAs may serve not only as prognostic biomarkers but also as therapeutic targets for disrupting the CAF–migrasome–immunity axis.

In addition to immune modulation, MRlncRNAs appear to orchestrate several tumor-promoting processes including EMT, metabolic reprogramming, and hypoxia adaptation. Our study revealed that MRlncRNAs are closely associated with EMT markers, supporting their role in promoting tumor invasiveness and metastasis in HCC. LINC00839 has been reported to upregulate SNAI2 and ZEB1, while MIR4435-2HG enhances expression of mesenchymal markers like Vimentin and N-cadherin, contributing to EMT activation (Xie et al., 2022; Guo et al., 2021). Notably, EMT also facilitates immune escape through PD-L1 upregulation, further implicating MRlncRNAs in immunosuppressive remodeling (Zhang et al., 2023). Moreover, MRlncRNAs may participate in cancer metabolic rewiring (Sun et al., 2022; Ghosh et al., 2021). Our enrichment analysis revealed associations with lipid metabolism and bile acid biosynthesis pathways, which are known to support tumor growth and immune evasion (Watterson and Coelho, 2023). Notably, many of the pathways associated with MRlncRNAs—including Wnt/β-catenin, mTOR, and MAPK—are well-established drivers of HCC progression and therapeutic resistance, as highlighted in recent reviews (Altaf et al., 2022). In particular, MIR4435-2HG may promote lipid metabolism, enabling HCC cells to thrive in nutrient- or oxygen-deprived conditions (Guo et al., 2021). This metabolic advantage may synergize with immune escape mechanisms to foster a more aggressive tumor phenotype. Hypoxia, a hallmark of advanced HCC, further amplifies these effects. We found that LINC00839 is upregulated under hypoxic conditions, promoting migration and invasion (Xie et al., 2022). This is consistent with earlier studies indicating that hypoxia-induced lncRNAs facilitate tumor adaptation and therapy resistance (Giraud et al., 2021; Pu et al., 2024). Therefore, MRlncRNAs may integrate hypoxia signaling, EMT progression, and metabolic alterations into a unified network that sustains tumor aggressiveness and immune evasion.

Our findings have several important clinical implications. First, the MRlncRNA-based risk score model provides a robust tool for prognostic stratification in HCC patients, enabling more personalized treatment strategies. Second, the association between MRlncRNAs and immune cell infiltration suggests that these lncRNAs may serve as therapeutic targets for enhancing anti-tumor immunity. For example, targeting MRlncRNAs with RNA interference (RNAi) or antisense oligonucleotides (ASOs) could potentially reverse the immunosuppressive TME and improve responses to ICIs. Future studies should focus on validating these findings in larger, multi-center cohorts and exploring the therapeutic potential of targeting MRlncRNAs in preclinical models. Additionally, the role of MRlncRNAs in other cancer types should be investigated to determine whether their functions are conserved across different malignancies. Finally, the development of MRlncRNA-targeted therapies will require careful consideration of delivery methods to ensure specificity and minimize off-target effects.

Despite the promising findings, this study has several limitations. First, both the TCGA-LIHC dataset and our external validation cohort (n = 100) were retrospectively collected, which may introduce selection bias. To address this, we expanded the clinical cohort and performed internal validation by dividing it into two independent subsets, each demonstrating robust and consistent prognostic performance. Nonetheless, future studies using prospectively collected, multi-center cohorts are essential to validate the generalizability of our MRlncRNA-based model. Second, while previous studies on lncRNAs in HCC have focused on canonical oncogenic molecules like HOTAIR or MALAT1, our work is the first to systematically characterize MRlncRNAs in this context. Through integrated multi-omics approaches—encompassing transcriptomic screening, prognostic modeling, clinical validation, and scRNA-seq—we uncovered a novel CAF–EMT–immune checkpoint regulatory axis potentially modulated by migrasome signaling. Importantly, we provided direct experimental support: silencing MIR4435-2HG impaired tumor proliferation, migration, invasion, and reversed EMT and immune evasion phenotypes (upregulation of E-cadherin; downregulation of Vimentin and PD-L1). Finally, our 2-lncRNA signature (LINC00839 and MIR4435-2HG) demonstrated strong prognostic power and mechanistic relevance. Its integration with the TIDE algorithm significantly enhanced the prediction of immunotherapy response, outperforming existing lncRNA-based models. In contrast to models focused solely on tumor-intrinsic features, our signature reflects both metabolic reprogramming and immune exclusion. These findings highlight the translational potential of MRlncRNAs—and by extension, the migrasome–CAF–immune checkpoint axis—as promising therapeutic targets in HCC.



CONCLUSION

In summary, we developed and validated a novel 2-lncRNA signature (LINC00839 and MIR4435-2HG) associated with tumor progression and immune suppression in HCC. Using 100 clinical samples and functional assays, we confirmed that MIR4435-2HG promotes EMT and PD-L1–mediated immune evasion. Our integrative model, combining MRlncRNA expression with the TIDE algorithm, enhances immunotherapy response prediction beyond existing signatures. Moreover, scRNA-seq and in vitro data support a potential CAF–EMT–immune checkpoint axis driven by MRlncRNAs. These findings highlight the translational potential of targeting migrasome-related lncRNAs for improving prognostic assessment and immunotherapy outcomes in HCC.
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Country circRNA Chemotherapeutic  Target  Other

regulation  agent miRNA  downstream
targets
i Gaoetal. | China Laryngeal circPARD3 Upregulated Cisplatin miR- PRKCI
(2020) squamous cell 145-5p
carcinoma (LSCC)
2 Wuetal | China Oral squamous | circ-ILF2 Upregulated Cisplatin miR-1252 | KLF8
(2023) cell carcinoma (hsa_circ_001428)
(0sCO)
3 Gaoetal | China Oral squamous | circ-PKD2 Downregulated | Cisplatin miR-646 | Atgl3
(2022) cell carcinoma
(05C0)
4 Gaoetal  China Laryngeal hsa_circ_0005033 | Upregulated Cisplatin miR-107 | IGFIR
(2022) squamous cell
carcinoma (LSCC)
5 Wenhao China Oral squamous | circAPIM2 Upregulated Cisplatin mik- ATGIA
et al. (2023) cell carcinoma 1249-3p
(0sCC)
6 Yanand Xu | China Oral squamous | circANKSIB Upregulated Cisplatin mik- TGE- p1
(2021) cell carcinoma 515-5p
(oscc
7 Wuetal. | China Laryngeal hgl9_circ 0005033  Upregulated Cisplatin miR4521 | -
(2018a) squamous cell
carcinoma (LSCC)
8 Wangetal. | China HNSCC subtype | circTPST2 Upregulated Cisplatin miR- Nucleolin
(2023) not specified 770-5p
9 Livetal. | China Oral squamous | circPUMI1 Upregulated Cisplatin miR- NK cells & NAPILL
(2024) cell carcinoma 770-5p
(05CC)
10 Hung etal. | Taiwan Oral squamous | hsa_circ_0000190 | Downregulated | Cisplatin - -
(2022) cell carcinoma
(0sCC)
1 Fengetal. | China Laryngeal circPGAM1 Upregulated Cisplatin miR376a | ATG2A
(2021) squamous cell
carcinoma (LSCC)
2 Tanetal. | China Oral squamous | circ_0001971 Upregulated Cisplatin miR-194 & | -
(2020) cell carcinoma, miR-204
(0sCO)
13 Hongetal. | China Nasopharyngeal | circCRIMI Upregulated Docetaxel miR-422a | FOXQl
(2020) carcinoma
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Expression

: Diagnosis Prognosis Clinical significance
in PCa
LINCO01088 1 Profitable Disease-free survival — (67)
RHPN1-AS1 1 Profitable _ — (78)
DANCR 1 Profitable Overall 5-year survival Pathological grade and tumor metastasis (34)
MBNL1-AS1 1 Profitable — — (31)
ZEB1-AS1 i Profitable — — 77)
HCG11 1 Profitable — Tumor metastasis (90)
Associated )
GAS5 with SNPs — Overall survival Gleason score and tumor stage (93)
SNHG3 it Profitable Overall survival - (65)
LncRINA SNHG1 1 Profitable Overall survival T stage (12,29)
CASC11 1§ Profitable — Gleason score (26)
CHRF - - - - (52)
LINC00963 CRPCtvs. ADPC Profitable - - (58)
Overall survival and
PCATI CRPCvs. ADPC Profitable veral sutvival an - (84)
recurrence-free survival
NEAT1 1 Profitable . Tumor metastasis and PSA recurrence (94)
1 , lymphati de fe d
MALATI 1 Profitable Tumior écurrence take | O eson 809re, Iymphatic node transfer an (41,76)
Quercetin therapy
LINC00460 1 Profitable — T stage and Gleason score 17) ‘
Profitabl
SNHG25 1 ¢ i ;5) Disease-free survival - 7)
Histologic grade, preoperative PSA level,
Profitable Biochemical recurrence- pathologic stage, Gleason score, lymph
IncRNA-ATB 95,
ne t (AUC=0.931) free survival node metastasis, vascular lymphatic ©5)
infiltration, and biochemical recurrence
PIncRNA-1 1 Profitable — T stage (96)
LINCO1296 1 Profitable Biochemical re'currence— Preol?erative PSA level, lymph node 7
free survival metastasis, Gleason score, and tumor stage
AC245100.4 ik Profitable - - (98)
MIR4435-2HG 1 Profitable — — (99)
Radiotherapy-
istant cell :
UCAL e Profitable - Radiotherapy sensitivity (54)
radiotherapy-
sensitive cells
SPRY4-IT1 1 Profitable - Gleason score (83)
GDPD4-2 i Profitable — Astragaloside IV-PESV therapy (100)
miR-139-5p — — — - (@)
miR-151 § Profitable — Chemosensitivity (28)
TNM stage, t ize, Gl , and
miR-101-3p " — _ stage, tumor size, Gleason score, an 61
preoperative PSA level
miR-129 1 Profitable = — (101)
miR-101 — = = — (102)
miR-4638-5p CRPC|vs. ADPC Profitable - - [C2Y]
B is- 1 , T , N s M 3
WiR-133a-3p ! B roBdiii one metastasis Gleason score, T stage, N stage, M stage, @)
free survival and bone metastases
MicroRNA-7 1 Profitable — — (27)
miR-218 1 Profitable - Tumor metastasis (35, 68, 70)
—— 1 Profitable Overall sumval,. Gleason score, T st?ge‘ PSA recurrence, ©3)
(AUC=0.9) recurrence-free survival and genistein treatment
miRNA
Chemoresistant cells
miR-21 1 vs. Profitable — chemotherapy resistance (103)
chemosensitive cells
miR-182 1 Profitable o Distant metastasis, lymph vnode metastasis, ©®
and tumor size
MicroRNA-149 s — - — (104)
miR-125b 1 Profitable — — (11)
miR-22 1 Profitable — — (11)
miR-19b P — s — (45)
miR-23b - - - - (45)
miR-26a — — — — (45)
miR-92a = = = — (45, 105)
miR-151a-3p i Profitable — — (101)
miR-188-5p — — free survival and L e yp (106)
s infiltration, biochemical recurrence,
overall survival i
and chemosensitivity
miR-605 1 Profitable — — (107)
miR-137 - - — - (64)
miR-106a-5p 1 Profitable — — (74)
miR-106b — — - Prolactin therapy (13)
miR-27a i Profitable - — (89)
MR35 . Profitable Biochemical recurrence- Gleason score, T stage, )
free survival biochemical recurrence
Profitabl
CircSMARCC1 1 ( AI;‘(?: 0.7163) — Gleason score, and T stage (108)
ircRNA
ere circMBOAT2 T Profitable Disease-free survival Gleason score and T stage (1)
cir-ITCH i Profitable = — (71)
piR-001773 1 Profitable = Gleason score and T stage (109)
piRNA
piR-017184 1 Profitable o Gleason score (109)

1 represents elevated levels of ncRNA in cancerous tissues compared to non-cancerous tissues. | represents that ncRNA is reduced in cancerous tissues compared to non-cancerous tissues. vs.
represents a lower content of the former than of the latter. 1vs. represents a higher content of the former than the latter.
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MALATL Up HCC Sponged miR-1-3p, upregulating B-related | Promoted cell viability and growth Li et al. (2023b)
factor 2 expression
MALATL Up Multiple Acted as a ceRNA of miR-152 and miR-16 to | Facilitated angiogenesis and tumor growth | Yan et al. (2023a)
myeloma upregulate the expression of VEGFA
MIRIOOHG | Up Lung cancer | MIRI0OHG targeted the miRNA-5590-3p/ | Facilitated cell proliferation, invasion, and | Min et al. (2024)
DCBLD2 cascade migration
TINCR Down Pancreatic Suppressed the Wnt/p-catenin signaling Inhibited EMT Wei and Zhu
cancer pathway (2024)
CCAT5 Up Gastric cancer | CCATS was transactivated by the Wnt/p- | Accelerated tumor growth, metastasis and | Liu et al. (2024)
catenin/TCF3 cascade resistance to oxaliplatin
Linc01056 | Down HCC Knockdown of linc01056 activated PPARa, | resensitizing cancer cell to sorafenib Chan et al. (2024)

leading to elevated fatty acid metabolism and
abrogated glycolysis
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LncRNAs Mechanism and Effect

TUGL TUG, upregulated by METTL3-mediated m6A, regulates PD-L1 and CD47 by
sponging miR-141/miR-340 and interacting with YBX1; its knockdown
inhibits tumor growth, enhances CD8+T/M1 macrophage infiltration, activates

CD8+T via PD-L1, and boosts macrophage phagocytosis through CD47.

LINCO1116 LINCO01116 inhibits RAD18-mediated ubiquitination, stabilizes EWSRI,
upregulates PPARA and FABP1, promotes long-chain fatty acid uptake (e.g.,

linoleic acid), induces T cell dysfunction, and drives HCC progression.

CRNDE CRNDE drives HCC progression by enhancing tumor growth, recruiting G-
MDSCs, and inhibiting T cell invasion via TLR3 binding, NF-«B activation,

and CXCL3 upregulation.

HOTTIP HOTTIP promotes HCC cell viability by suppressing miR-205; HOTTIP
knockdown or miR-205 upregulation inhibits HCC proliferation, while miR-

205 downregulation reverses HOTTIP knockdown effects.

MIAT MIAT and PD-L1 are upregulated in HCC; MIAT promotes STAT3 by
inhibiting miR-411-5p, increasing PD-L1 transcription. MIAT knockdown
enhances T cell cytotoxicity, while miR-411-5p inhibition reverses STAT3 and

PD-LI reduction.

AC099850.3 AC099850.3 promotes tumorigenesis via the PRR11/PI3K/AKT axis, correlates
positively with T helper cells and MO macrophages but negatively with M2
macrophages, monocytes, NK cells, and CD8+ T cells, and is strongly linked to

immune checkpoint molecules like PD-1 and PD-LI.

GAS5 IncRNA-GASS levels are reduced in PBMC-CD4+ T cells and tumor tissues
compared to healthy controls and adjacent non-tumor tissues. Del/Del
genotype increases IncRNA-GAS5 expression, lowers postoperative pain, and
improves survival. IncRNA-GAS5 negatively correlates with IL-6, IL-17, and

Th17 polarization index (RORYT/CD3).

XIST XIST is associated with high tumor and peritumoral CD4 inflammation,
higher CD25+ cell counts (p=0.01), and elevated intratumoral

CD25 expression.

NEAT1 NEAT! and Tim-3 are upregulated in HCC patients’ PBMCs. NEAT1
downregulation inhibits CD8+T cell apoptosis and enhances cytotoxicity, while

miR-155 interference promotes Tim-3 upregulation.

E2F1 E2F1 positively correlates with memory CD4+T cells, memory B cells,
eosinophils, and T helper cells but negatively with monocytes, initial B cells,
and resting memory CD4+T cells. It is also positively linked to immune

checkpoints (PDCD1, CTLA4, LAG3) and potentially sensitive to 39 drugs.

AIFM2-1 Lnc-ATFM2-1 reduces HBV clearance by CD8+T cells via miR-330-3p
inhibition and CD244 accumulation; Lnc-AIFM2-1-siRNA, miR-330-3p

mimic, or CD244-siRNA restore CD8+T cell function.

MIAT MIAT in HCC negatively correlates with tumor purity but positively with
immune cells (B cells, T lymphocytes, macrophages) and checkpoint molecules
(PD-1, PD-L1, CTLA4). MIAT-TF interactions regulate genes (JAK2, SLC6A6,
KCND1, MEIS3, RIN1) to influence the immune microenvironment and are

linked to sensitivity to anticancer drugs, particularly Sorafenib.

LINCO1132 LINCO1132 overexpression drives cell growth, proliferation, invasion, and
metastasis by interacting with NRF1 to upregulate DPP4. Silencing LINC01132
induces CD8+ T cell infiltration, enhancing anti-tumor immunity when

combined with anti-PD-L1 therapy.

Lnc-Tim3 Lnc-Tim3 is upregulated in tumor-infiltrating CD8 T cells, inversely
correlating with IFN-y and IL-2 production. It drives CD8 T cell exhaustion
and survival by binding to Tim-3, blocking BAT3 interaction, inhibiting Lek/
NFATI/AP-1 signaling, and promoting nuclear Bat3-mediated activation of

p300-dependent anti-apoptotic genes (MDM2, Bcl-2).

PCEDI1B-AS1 PCEDI1B-AS1 inhibits PD-Ls expression by sponging hsa-miR-194-5p,
inducing PD-Ls-mediated T cell immunosuppression. HCC exosomes
containing PCED1B-AS1 enhance PD-Ls in recipient cells while suppressing T
cells and macrophages. Blood exosome PCED1B-AS1 correlates with PD-Ls

expression in HCC.

XIST Somatic CD4+T cell infiltration, especially resting memory CD4+T cell
infiltration, was positively correlated with IncRNA and its related mirnas,

while Th1 CD4+T cell infiltration was negatively correlated.

GIHCG GIHCG is overexpressed in HCC, correlating with poor clinicopathological
features, shorter survival, and reduced infiltration of memory CD4+/CD8+ T

cells, NK cells, macrophages, dendritic cells, neutrophils, and monocytes.

LINC00261 LINC00261, MiR105-5p, and selectin L(SELL) may be potential new

biomarkers for patient prognosis and immunotherapy.

SNHG3 SNHG3 promotes PD1 expression by regulating ASF1B. Ultimately, elevated
ASFI1B predicted poor outcomes for HCC patients in subgroups with B cells,

CD8+ T cells, or neutropenia, and in subgroups with CD4+ T cell enrichment.

FENDRR FENDRR regulates GADD45B by competitively binding miR-423-5p, which
targets GADD45B. FENDRR and GADD45B are downregulated in HCC, while
miR-423-5p is upregulated. FENDRR overexpression and miR-423-5p
downregulation inhibit HCC proliferation, promote apoptosis, and regulate

Treg-mediated immune escape.

CTD-2510F5.4 CTD-2510F5.4 overexpression promotes HCC proliferation, invasion, and
metastasis, correlating with poor prognosis, higher TP53 mutation, increased
Treg infiltration, elevated immune checkpoint expression, and impaired
immunity. Low CTD-2510F5.4 enhances sensitivity to immunotherapy and

anti-angiogenic therapy, while high expression favors chemotherapy response.

€

cal significance

TUGI1-siRNA combined with PD-L1 antibody can
effectively inhibit tumor growth, providing a new
target and strategy for HCC immunotherapy.

The LINC01116-EWSR1-PPARA-FABPI axis may be
a new target for cancer immunotherapy.

The CRNDE - NF-kB - CXCL3 axis plays an
important role in promoting the immunosuppressive
environment and tumor progression in HCC.

LncRNA HOTTIP regulates the carcinogenic
mechanism of miR-205 in HCC and provides a
potential target for the treatment of HCC.

This study suggests a new IncRNA-mediated immune
escape mechanism of HCC cells, and the MIAT/miR-
411-5p/STAT3/PD-L1 pathway may be a new
therapeutic target for HCC.

AC099850.3 promotes HCC malignancy and serves as
a potential biomarker and therapeutic target
for immunotherapy.

LncRNA-GASS5 expression and its promoter
1s145204276 polymorphism are prognostic biomarkers
for predicting postoperative pain in patients

with hepatectomy.

LncRNA XIST is expressed in CHB-HCC and strongly
correlates with inflammatory TME, particularly CD25+
Treg presence and quantity.

NEATI downregulation, via the miR-155/Tim-3
pathway, inhibits CD8+T cell apoptosis and enhances
cytotoxicity against HCC, highlighting its potential as
an immunotherapy target.

This study provides an important direction for the
study of E2F1, which may contribute to the
identification of HCC related molecular biotherapy
and immunotherapy targets.

Lnc-ATFM2-1 acts as a ceRNA for miR-330-3p,
upregulating CD244 to promote HBV immune escape,
revealing IncRNA-miRNA-mRNA interactions in
immune evasion. It highlights Lnc-AIEM2-1 and
CD244 as potential targets for CHB diagnosis

and treatment.

This study provides a meaningful attempt to reveal the
immune escape mechanism of HCC and find the
effectiveness of targeted drugs.

LINC01132 promotes the development of HCC
through the NRF1/DPP4 axis, and targeted silencing of
LINCO1132 is expected to enhance the effect of anti-
PD-L1 immunotherapy.

Lnc-Tim3 drives T cell exhaustion, weakening anti-
tumor immunity, and may impact the efficacy of
therapies targeting acquired immune

system regulation.

PCEDI1B-AS1 enhances the expression and function of
PD-Ls through spongification of hsa-miR-194-5p and
induces immunosuppression of HCC.

These findings provide new insights into the
mechanism of immune dysregulation of CD4+T cells
in HCC.

GIHCG can be used as a biomarker to predict
prognosis in HCC patients and is associated with
immune cell infiltration in HCC.

The findings provide important insights into the
selection of the LINC00261/MiR105-5p/SELL signaling
pathway as a novel marker associated with overall
survival of HCC and may impact the effectiveness of
HCC immunotherapy.

It was found that the novel IncRNA SNHG3/miR-214-
3p/ASF1B axis may promote HCC recurrence by
regulating immune infiltration.

miR-423-5p up-regulates GADD45B, thereby
inhibiting Treg-mediated immune escape of HCC cells.

CTD-2510F5.4 is crucial in HCC progression and
immune regulation, warranting further study as a
prognostic biomarker and treatment response

predictor to develop personalized HCC therapies.
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MNXI-ASI | Up MNXI-AS1 NSCLC MNXI-AS1 directly triggers the Promotes cell proliferation | Zhu et al. (2022)
phase separation of IGE2BP1, and tumor growth
maintaining E2F1 and c-Myc mRNA
stability
TAZ-AS202 | Up TAZ-AS202 NSCLC TAZ-AS202 upregulates Promotes tumor growth and | Gobbi et al. (2023)
E2F1 expression, enhancing metastasis
EPHB2 and activating EPH-Ephrin
pathway
HIT Up HIT NSCLC Upregulates E2F1 expression Promotes cancer porgression | Park et al. (2018)
EPEL Up EPEL NSCLC Upregulates E2F1 expression Promotes cancer porgression | Yu et al. (2017)
SVIL-ASL Down SVIL-ASL LUAD SVIL-AS1 is induced by METTL3,  Promotes cell apoptosis Hu et al. (2022)
which facilitates E2F1 degradation
GASS Down GAS5 NSCLC GASS inhibits E2F1 expression Promotes cell apoptosis Shi et al. (2015)
GAS6-AS1 | Down GAS6-ASL NSCLC Suppresses GLUT expression by Inhibits glycolysis and tumor | Luo et al. (2021)
interacting with E2F1 growth
SBE2-AS1 Up SBF2-AS1 LUAD Sponges miR-338-3p and miR-362-  Promotes cancer progression | Chen et al. (2019)
3p to upregulate E2F1 expression
PTTG3P Up E2F1 NSCLC E2F1 transcriptionally activates Promotes cancer progression | Wang et al. (2023b)
PTTG3P, which interactes with
ILE3 to stabilize MAP2K6 mRNA.
SNHG3 Up E2F1 NSCLC E2F1 induces SNHG3 expression,  Promotes tumor EMT and | Shi et al. (2020)
thus activating TGF-B and IL-6/ metastasis
JAK2/STAT3 pathways
SBE2-ASL Up E2F1 NSCLC E2F1 induces SBE2-AS1 expression, | Promotes tumor metastasis | Wang and Wang
which upregulates GRB2 through (2020)
sequestering miR-362-3p
MCF2L-AST | up E2F1 NSCLC E2F1 induces MCF2L-AS1 Promotes gefitinib resistance | Shan et al. (2022)
expression, which binds to
ELAVLI and stabilizes
CCNDI mRNA
FTHIP3 Up E2F1 NSCLC Recruits LSD1 and epigenetically Promotes gefitinib resistance | Zheng et al. (2020)
suppresses TIMP3 expression
LINC00847 | Up E2F1 NSCLC LINC00847 is transcriptionally Promotes cancer progression | Li et al. (2021a)
activated by E2F1 and modulates
miR-147a/IFITM1 axis
LINCO0662 | Up LINC00662 NSCLC Sponges miR-320d to enhance Promotes cancer progression | Lv et al. (2021)
E2F1 expression
LINC00511 | Up LINC00662 Breast LINCO0511 sponges miR-185-3p,  Aggravates the sphere- Lu et al. (2018)
cancer recovering E2F1 expression and formation ability and stemness
promoting Nanog transcription of cancer
MALAT1 up MALAT1 Breast Targets miR-124/CDK4/ Promotes cancer progression | Feng et al. (2016)
cancer E2F1 signaling pathway
DANCR up E2F1 Breast E2F1-responsive DANCR Promotes cancer progression | Yan et al. (2024)
cancer Sequesteres miR-34c-5p to aggravate
E2F1 transcription
RP11- Up E2F1 Breast E2F1 promotes RP11- Promotes enzastaurin Giro-Perafita et al.
19E11.1 cancer 19E111 transcription resistance (2020)
AGPG Up AGPG Breast AGPG physically activates E2F1 via  Promotes tumor growth and | Yu et al. (2023)
cancer interacting with PURa and blocking  endocrine resistance
the binding of E2F1 to PURa
ERINA Up ERINA Breast ERINA is directly transactivated by ~ Promotes tamoxifen and Fang et al. (2020b)
cancer the ER bindingsite and interfers with  palbociclib resistance
the interaction between
E2F1 and RB1
CDKN2B- Up CDKN2B-AS1 HCC CCDKN2B-AS1 interacts with Promotes cancer progression | Tao et al. (2023)
AS1 E2F1 and exacerbates the
transcription of GNAZ
LINCO1089 | Up E2F1 HCC E2F1-induced LINC01089 binds to  Promotes EMT and metastasis | Su et al. (2023)
hnRNPM, which undermines N6-
methyladenosine-mediated
DIAPH3 mRNA stability and elicits
ERK/Snail signaling pathway
LINCO1004 | Up E2F1 HCC E2F1 activates the transcription of  Promotes EMT and metastasis | Li et al. (2023¢)
LINC01004
KDM4A-AS1 | Up E2F1 HCC Elevated KDM4A-AS] expression  Promotes cancer progression | Shen et al. (2023)
mediated by E2F1 stabilizes AURKA
via recruiting ILF3, provoking PI3K/
AKT pathway
Inc-APUE Up Inc-APUE HCC Inc-APUE sequesteres miR-20b and  Promotes cancer progression | Li et al. (2021b)
ameliorates the repression of
E2F1 expression
SNHG6 Up SNHG6 HCC Sponges miR-204-5p to upregulate  Promotes cancer progression | Chen et al. (2021)
E2F1
LINC00852 | Up LINC00852 HCC Sponges miR-625 to upregulate E2F1  Promotes cancer progression | Chen (2022)
ZEBI-ASL Up ZEBI-AS1 HCC Sponges miR-299-3p to upregulate  Promotes cancer progression | Mu et al. (2021)
E2F1
DUBR Up DUBR HCC SPI-transcribed IncRNA DUBR Promotes cancer stemness and | Liu et al. (2022b)
recruited E2F1 and enhanced CIP2A  oxaliplatin resistance
expression, whereas DUBR also
sequesteres miR-520d-5p to enhance
the stability of E2F1 mRNA and
elicits Notchl signaling pathway
HI9 Up H19 CRC H19 activates E2F1 signaling pathway ~ Promotes cell proliferation | Ohtsuka et al. (2016)
and tumor growth
NEATL Up NEAT1 CRC NEATI abrogates KDM5A Promotes cancer progression | Shen et al. (2021)
expression via interacting with E2F1,
which suppressed the KDM5A/
H3K4me3-mediated repression of
Cul4A expression, resulting in
activated Wt signaling pathway
LINC01703 | Up LINCO1703 CRC LINCO1703 promotes PI3K/AKT Promotes cell proliferation | Xu et al. (2024)
signaling pathway via miR-205-5p/  and migration
E2F1 axis
CRNDE Up CRNDE CRC CRNDE sponges miR-136 and Promotes cancer metastasis | Gao et al. (2017)
indirectly targets E2F1 and oxaliplatin resistance
DLGAPI- Up DLGAPI-AS2 rectal DLGAPI-AS2 enhances the Promotes radiotherapy Xiao et al. (2022)
AS2 cancer radiotherapy resistance of rectal resistance
cancer cells by interacting with
E2F1 to increase CD151 expression
through activating the AKT/mTOR/
cyclinDI signaling pathway
EGFR-AS1 | Up EGFR-ASI Gastric EGFR-AS1 promotes TUBAIC Promotes tumor growth and | Wang et al. (2023c)
cancer expression, which aggravates ‘metastasis
E2F1 expression and facilitates the
G1 phase to the S phase transition
NNT-AS1 Up NNT-ASL Gastric NNT-AS1 sponges miR-424 and Promotes cancer progression | Chen et al. (2018)
cancer elevates E2F1 expression
GASS Down GAS5 Gastric GASS disturbs E2F1 expression, and  Inhibits cancer progression | Sun et al. (2014),
cancer modulates miR-34c expression, Gupta et al. (2022)
which leads to the repressed
P38MAPK signaling pathway
PINIP1 Up PINIPL Gastric CREBI activates Promotes cancer progression | Wang et al. (2024)
cancer PINIP1 transcription, which
upregulates YBXI expression,
resulting in enhanced E2F1 and
PINI expression
HOXAL1-AS | Up E2F1 Gastric E2F1 mediates the transcription of  Promotes cancer progression | Sun et al. (2016)
cancer HOXAL1-AS, which establishes a
mechanistic model comprising the
crosstalk between E2F1/HOXA11-
AS/miR-1297/EZH2 axis and LSD1/
HOXA11-AS/EZH2 complex
LSINCTS Up E2F1 Gastric E2F1 induces LSINCTS expression  Promotes cell proliferation, | Niu et al. (2020)
cancer growth, and EMT
HCG18 Up E2F1 Gastric E2F1 induces HCGIS expression Promotes cell proliferation, | Qi et al. (2018)
cancer growth, and EMT
SLCI6AI- Up SLCI6AL-AS1 Bladder SLCI6A1-AS interacts with E2F1 to Promotes aerobic glycolysis | Logotheti et al. (2020)
AS1 cancer enhance the expression of SLCI6A1/  and exacerbates fatty acid -
MCT1 and PPARA. oxidation, favoring an invasive
phenotype
TMPO-ASL | Up E2F1 Bladder E2F1-induced TMPO-ASI fuels the  Promotes cell proliferation | Zhang et al. (2021)
cancer binding of E2F1 to OTUBI, enhances ~and aggressiveness
the deubiquitination and stability of
E2F1, which unveils a novel TMPO-
ASI/E2F1/OTUBI regulatory
program
GAS5 Down GAS5 Prostate GASS facilitates the transcription of  Inhibits cell proliferation and | Luo et al. (2017)
cancer P275"" by recruiting E2F1 to its tumor growth

promoter
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Cox-2 IncRNA Cox-2 is highly expressed in M1 macrophages; its knockdown reduces pro- LncRNA Cox-2 inhibits immune escape (77)
inflammatory factors (IL-12, iNOS, TNF-o) in M1 and increases anti-inflammatory factors and tumor growth of HCC by inhibiting
(IL-10, Arg-1, Fizz-1) in M2. It also weakens M1’s ability to inhibit HCC proliferation, the polarization of M2-
invasion, and migration while enhancing M2’s pro-tumor effects. type macrophages.

MMPA TAMs promote HCC aerobic glycolysis and proliferation via exosomal IncMMPA, which LncMMPA plays an important role in (70)
polarizes M2 macrophages and upregulates ALDHIA3 mRNA by sponging miR-548, ‘malignant transformation and metabolic
enhancing glucose metabolism and cell growth. reprogramming of HCC by regulating

miR-548/ALDH1A3 pathway.

TUC339 HCC exosomes containing TUC339 are absorbed by macrophages; TUC339 inhibition Tumor-derived exosomal IncRNA (71)
enhances proinflammatory cytokine production, co-stimulatory molecule expression, and TUC339 regulates macrophage behavior,
phagocytosis, while its overexpression suppresses these functions. TUC339 is highly revealing a key mechanism of tumor-
expressed in M2 macrophages and regulates M1/M2 polarization, impacting cytokine immune cell communication via
receptor interactions, chemokine binding, toll-like receptor signaling, phagocytosis, exosomal IncRNAs.

cytoskeletal regulation, and cell proliferation.

ELMO1-AS1 High levels of ELMO1-AS1 are associated with better treatment outcomes and may be an ELMO1-AS1 may be an important (78)
independent prognostic marker for HCC. Overexpression of ELMOL-ASI can inhibit the regulator of liver cancer progression and
proliferation, migration and invasion of HCC cells, and its target may be ELMOL. has potential as a prognostic marker and

therapeutic target.

HMMR-AS1 HMMR-ASI is upregulated in HCC, correlating with poor prognosis; its inhibition These findings provide new ideas for the | (74)
suppresses tumor growth. It promotes M2 macrophage polarization and HCC progression study of HCC pathogenesis and the
by competitively binding miR-147a to stabilize ARID3A. HIF-10: enhances HMMR-AS1 development of targeted therapies.
transcription and exosome secretion under hypoxia.

FALL FALI-enriched exosomes induce M2 macrophage polarization, enhancing HCC FALL in exosomes promotes HCC (72)
proliferation, invasion, and clonal formation while reducing apoptosis and sorafenib progression by inducing M2-type
sensitivity. FAL interference reverses these effects by inhibiting the Wnt/B-catenin pathway. = polarization in macrophages and
FALl-enriched exosomal macrophages also promote tumor growth in mouse models. activating the Wnt/beta-catenin

signaling pathway.

MEG3 MEGS3 overexpression promotes M1 macrophage polarization, increases Th1 cytokines, and MEG3 regulates the TME of HCC by (79)
reduces CSF-1 and PD-1/PD-Ls, inhibiting HCC growth, invasion, and migration. MEG3 influencing macrophage polarization and
knockdown (KD) induces M2 polarization, elevates Th2 cytokines, CSF-1, and PD-1/PD-Ls, T cell immune balance, and becomes a
and promotes tumor growth. In vivo, MEG3 OE inhibits tumor growth and PD-1/PD-Ls potential therapeutic target.

while enhancing Th1 immunity, whereas MEG3 KD has the opposite effect.

miR4458HG miR4458HG promotes HCC proliferation, activates glycolysis, and induces TAM MiR4458HG is considered to be a pro- (76)
polarization by stabilizing target mRNAs (e.g., HK2, SLC2A1) via IGF2BP2 binding. HCC-  cancer factor in HCC, and targeting this
secreted miR4458HG exosomes increase ARG1 expression, further driving M2 pathway may provide new strategies for
macrophage polarization. HCC patients with high

glucose metabolism.

HEIH HCC exosomes deliver HEIH to macrophages, inducing M2 polarization and promoting This study reveals the novel role of (73)
HCC proliferation, migration, and invasion. HEIH acts as a miR-98-5p sponge, upregulating | tumor-derived exosomal IncRNA HEITH
STATS3, as confirmed in tumor xenograft models. in regulating macrophages via the miR-

98-5p/STATS3 axis, advancing
understanding of TME-immune cell
interactions in HCC therapy.

MEG3 MEGS3 promotes M1 polarization and inhibits M2 polarization of BMDM by binding HuR, ~ MEGS3 inhibits HCC progression by (80)
which suppresses CCLS5 transcription. MEG3 overexpression inhibits HCC metastasis, binding to HuR and upregulating CCLS.
invasion, and angiogenesis by blocking M2 polarization. MEG3 suppresses tumorigenesis by
enhancing M1 and inhibiting M2 polarization, while CCL5 absence in M2 macrophages
reverses MEG3’s inhibitory effects on migration, invasion, and lumen formation.

MAAS HBeAg secreted by HBV+HCC cells up-regulates MAAS expression in M2 macrophages by / (81)
influencing m6A modification of MAAS, and then transfers to HBV+HCC cells via
exosomes to promote their proliferation and target c-Myc

MEG3 MEGS3 expression rises during LPS/IEN-y-induced M1 polarization but declines during IL4/ | LncRNA MEGS3 inhibits the polarization | (82)
IL13-induced M2 polarization. MEG3 overexpression suppresses M2 markers in vitro and in | of M2 macrophages through the miR-
vivo by binding miR-145-5p to upregulate DAB2, inhibiting M2-induced HCC metastasis, 145-5p/DAB2 axis, thereby inhibiting the
angiogenesis, and tumor growth. development of HCC.

CRNDE Conditioned medium (CM) of M2 cells and CRNDE overexpressed MO macrophages CRNDE regulates metabolic (83)

promoted HCC cell survival, migration, and invasion, while CRNDE knockdown of M0 cell reprogramming of M2 macrophages
through the ERK pathway, thereby

CM reversed this effect. CRNDE overexpressed MO cells promoted tumor growth and the promoting the proliferation, migration
expression of Ki67 and CD206. and invasion of HCC.

TP73-AS1 TP73-AS1 negatively regulates miR-539, and its knockdown inhibits MMP-8 expression and LncRNA TP73-AS1 promotes the (84)
M2 macrophage polarization. miR-539 overexpression also suppresses M2 polarization by expression of MMP-8 by negatively
downregulating MMP-8. MMP-8 knockdown limits M2 polarization by inhibiting TGF-B1 regulating miR-539, and then activates
signaling. TP73-AS1 knockdown or miR-539 overexpression inhibits HCC tumor growth TGF-B1 signaling pathway to induce
and M2 macrophage infiltration. polarization of M2 macrophages

in HCC.

MA301 Lnc-MA301 is upregulated during M2-to-M1 polarization of U937 macrophages. In HCC, Lnc-MA301 may play a regulatory role (85)

its expression is lower than in adjacent tissues and correlates with poor prognosis. Lnc- in the development and metastasis

MA301 activation inhibits HCC proliferation, migration, EMT, and lung metastasis in mice of HCC.
by interacting with caprin-1 via the Akt/Erkl pathway.

PART1 PART1 and TLR4 are upregulated, while miR-372-3p is downregulated in HCC. PART1 HCC cell-derived EVs may inhibit miR- (75)
promotes HCC proliferation, migration, invasion, and EMT by binding miR-372-3p, which 372-3p through PARTI transport,
negatively regulates TLR4. PART1-containing EVs or miR-372-3p inhibition induces M2 thereby up-regulating TLR4 and
macrophage polarization. PART1 EVs drive HCC progression and M2 polarization via the promoting M2 polarization of
miR-372-3p/TLR4 axis. macrophages in HCC.

LINC00662 LINC00662 activates Wnt/B-catenin signaling in macrophages via WNT3A secretion, driving = Targeting LINC00662 may provide a (86)
M2 polarization, This promotes HCC tumor growth and metastasis by enhancing Wnt/B- new therapeutic strategy for HCC.

catenin signaling and M2 macrophage polarization.

MALATI MALAT! knockdown reduces VEGF-A production, impairs HUVEC angiogenesis, and This study reveals the mechanism by (87)
promotes M1 macrophage polarization. MALAT] interacts with miR-140, which targets which MALATT acts as a promoter of
VEGF-A, and their levels are negatively correlated in HCC. miR-140 inhibition increases HCC, possibly by inhibiting miR-140.
VEGF-A, enhances HUVEC angiogenesis, and drives M2 polarization. Therefore, targeting MALAT1 or miR-

140 may help slow the progression
of HCC.
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Cancer ty End-points  Unfavorable Ref

Colorectal cancer 0S, DFS High expression (32)
Non-small cell lung cancer Up-regulated TNM stages, T stage, lymph node metastasis, mortality =~ OS High expression (28)
Hepatocellular carcinoma Up-regulated | Tumor size, venous infiltration, TNM stage os High expression 31)
Oral squamous cell carcinoma Up-regulated Lymph node metastasis, TNM stage (e High expression (26)
Colorectal cancer Up-regulated | - os High expression (33)
Head and neck squamous cell carcinoma = Up-regulated | - os High expression (27)
Prostate cancer - - BCR-free survival =~ High expression (38)
Cervical cancer Up-regulated Lymph node metastasis, FIGO stage = = 37)
Colon cancer Up-regulated - - - (34)
Intrahepatic cholangiocarcinoma Up-regulated - - - (35)
Ovarian cancer Up-regulated = - - (36)
Glioma Up-regulated - = = (29)
Lung adenocarcinoma Up-regulated - - - (30)

TNM, Tumor; Node, Metastasis; FIGO, International Federation of Gynecology and Obstetrics; OS, Overall Survival; DFS, Disease-Free Survival; BCR, Biochemical Recurrence.
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Cancer type Experiments = Cellular functions Related lecule/pathw. Role
Glioma In vitro and Cell proliferation, apoptosis, LINC01123/miR-151a/CENPB Cancer-promoting (29)
in vivo radioresistance,
tumor growth
Oral squamous In vitro Cell proliferation, LINCO01123/miR-34a-5p Cancer-promoting (26)
cell carcinoma migration, invasion
Head and neck In vitro and Cell proliferation, migration, and LINCO01123/miR-214-3p/B7-H3 Cancer-promoting 27)
squamous in vivo invasion, immune escape,
cell carcinoma tumor growth
Triple negative In vitro Cell proliferation, LINC01123/miR-663a/CMIP Cancer-promoting (39)
breast cancer cell apoptosis,
cell viability
Lung adenocarcinoma - Cisplatin resistance LINCO01123/hsa-miR-152-3p/MED12, Cancer-promoting (41)
LINCO01123/hsa-miR-152-3P/NCAM1,
LINCO01123/hsa-miR~152-3P/ARF4,
LINCO01123/hsa-miR-762/NCAM1, LINC01123/
hsa-miR-762/RHBG
Lung adenocarcinoma In vitro and Cell proliferation, migration, LINCO01123/miR-4766-5p/PYCR1 Cancer-promoting (30)
in vivo tumor growth
Non-small cell In vitro and Cell proliferation, LINC01123/miR-199a-5p/c-Myc Cancer-promoting (28)
lung cancer in vivo metabolic reprogramming
(glycolysis), tumor growth
Lung adenocarcinoma In vitro Cell proliferation, LINCO01123/miR-449b-5p/NOTCHI1, Cancer-promoting (40)
apoptosis, NOTCH signaling pathway
migration,
EMT, stemness
Hepatocellular In vitro and Cell proliferation, migration, LINCO1123/miR-34a-5p/ TUFT1 Cancer-promoting (1)
carcinoma in vivo invasion, tumor growth
Colorectal cancer In vitro Cell proliferation, invasion LINC01123/miR-625-5p/LASP1 Cancer-promoting (32)
Colorectal cancer In vitro and Cell proliferation, migration, LINCO1123/SRSE7 Cancer-promoting (33)
in vivo invasion, tumor growth
Colon cancer In vitro Cell proliferation, LINC01123/miR-34¢-5p/VEGFA Cancer-promoting (34)
apoptosis,
invasion, angiogenesis,
chemosensitivity
Colorectal cancer In vitro and Cell viability, proliferation, LINC01123/miR-625-5p/LASP1 Cancer-promoting (42)
in vivo apoptosis,
migration, invasion,
EMT, tumor growth
Ovarian cancer In vitro Cell proliferation, apoptosis, LINCO1123/miR-516b-5p/VEGFA Cancer-promoting (36)
migration, invasion, EMT
Cervical cancer In vitro and Cell viability, migration, invasion, LINC01123/miR-361-3p/TSPAN1 Cancer-promoting (37)
in vivo tumor growth
Osteosarcoma In vitro and Cell proliferation, LINCO1123/miR-516b-5p/Glil, Cancer-promoting (43)
in vivo apoptosis, Hedgehog pathway

migration, invasion,
stemness, tumor growth
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Test for overall effect: Z =5.91 (P < 0.00001)

Test for subaroup differences: Chi2=11.25.df=1 (P =0.0008). I2=91.1%
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Effect on the  Function Signaling Ref.

PAM pathway network
LncRNA LINC01088 Activate Promote cell viability, migration, and invasion miR-22/CDC6 (1)
RHPN1-AS1 Activate Promote cell proliferation and invasion miR-7-5p/EGFR (12)

Inhibit apoptosis and autophagy

DANCR Activate Promote cell proliferation, G1-$ transformation, EMT, migration, miR-185-5p/LASP1 (13)
and invasion

MBNLI-AS1 Inhibit Inhibit cell proliferation, migration, and invasion miR-181a-5p/PTEN (14)

ZEB1-AS1 Activate Promote cell viability, migration, and invasion miR-342-3p/CUL4B (15)

HCG11 Inhibit Inhibit cell viability, migration, invasion, EMT, and tumor growth in miR-543 (16)
nude mice

Promote apoptosis

GASS - Inhibit cell viability and proliferation miR-21/PDCD4, 17)
Promote cell autophagy PTEN miR-
1284/AKT

SNHG3 Activate Promote cell proliferation, migration, invasion, EMT, and tumor growth miR-1827 (18)

in nude mice

SNHG1 Activate Promote cell viability, proliferation, migration, invasion, and tumor miR-377-3p/AKT2, (19, 20)
growth in nude mice EZH2
Inhibit apoptosis and autophagy

CASC11 Activate Promote cell proliferation, migration, and invasion miR-145/IGFIR [€30)]

CHRF Activate Promote cell proliferation and EMT miR-10b (22)
Inhibit apoptosis

LINC00963 Activate Promote cell viability, migration, and invasion EGFR (23)
Inhibit apoptosis

PCAT1 Activate Promote cell viability, proliferation, and tumor growth in nude mice FKPB51- (24)
Inhibit apoptosis IKKo.-PHLPP

NEAT1 Activate Promote cell viability SRC3/IGF1R (25)

MALAT1 Activate Promote cell viability, proliferation, migration, invasion, EMT, and = (26,27)
tumor growth in nude mice
Inhibit apoptosis

LINC00460 Activate Promote cell proliferation, and cell cycle progression - (28)
Inhibit apoptosis

SNHG25 Activate Promote cell proliferation, migration, invasion, and tumor growth in — (29)
nude mice
Inhibit apoptosis

IncRNA-ATB Activate Promote cell proliferation and EMT — (30)

PIncRNA-1 Activate Promote cell proliferation, migration, invasion, and cell cycle PTEN (31)
Inhibit apoptosis

LINC01296 Activate Promote cell proliferation, migration, invasion, and EMT - (32)

AC245100.4 Activate Promote cell proliferation PAR2 (33)

MIR4435-2HG Activate Promote cell proliferation, migration, invasion, and tumor growth in ST8SIA1/FAK (34)
nude mice

UCAL Activate Promote cell proliferation and cell cycle = (35)

SPRY4-IT1 Activate Promotes cell proliferation and cell cycle - (36)

Increase cellular resistance to hypoxia

GDPD4-2 Inhibit Inhibit tumor growth in nude mice — 37
miRNA miR-139-5p Inhibit Inhibit cell viability and EMT ZNF217 (38)
miR-151 Inhibit Inhibit cell viability, migration, and invasion — (39)

Promote apoptosis

miR-101-3p Inhibit Inhibit cell viability, migration, and invasion CUL4B (40)
Promote apoptosis

miR-129 Inhibit Inhibit cell viability, proliferation, EMT, migration, invasion, and tumor ETS1 (41)
growth in nude mice
Promote apoptosis

miR-101 Inhibit Inhibit cell viability RLIP76 (42)
Promote apoptosis

miR-4638-5p Inhibit Inhibit cell proliferation, tumor angiogenesis, and tumor growth in Kidins220 (43)
nude mice

Promote apoptosis

miR-133a-3p Inhibit Inhibit tumor stemness EGFR, FGFR1, (44)
Attenuate resistance to anoikis IGFIR, MET
miR -7 Inhibit Inhibit tumor stemness, cell proliferation, tumor growth in nude mice, KLF4 (45)

and cell cycle progression

miR-218 Inhibit Inhibit tumor angiogenesis, tumor growth in nude mice, cell viability, RICTOR, (46-48)
proliferation, migration, invasion, EMT, and cell cycle progression GAB2, LGR4
miR-4534 Activate Promote cell proliferation, migration, invasion, cell cycle, and tumor PTEN (49)

growth in nude mice Inhibit apoptosis

miR-21 Activate Inhibit apoptosis in chemoresistant cells PTEN (50)
miR-182 Activate Promote cell proliferation, tumor growth in nude mice ST6GALNACS (51)
miR -149 Inhibit Inhibit cell proliferation, migration, invasion, EMT, and cell cycle AKT1 (52)

Promote apoptosis

miR-125b Inhibit Inhibit cell migration and invasion ErbB2/3 (53)
miR-22 Activate Promote cell proliferation, migration, and invasion PTEN (53)
miR-19b — Promotes cell proliferation and cell cycle PTEN (54)
miR-23b — Promotes cell proliferation and cell cycle PTEN (54)
miR-26a - Promotes cell proliferation and cell cycle PTEN (54)
miR-92a - Promote cell proliferation, migration, invasion, and cell cycle PTEN (54, 55)
Inhibit apoptosis
miR-151a-3p Inhibit Inhibit cell proliferation and migration NEK2 (56)
miR-188-5p Inhibit Inhibit cell proliferation, migration, invasion, tumor growth and LAPTM4B (57)
metastasis in nude mice
miR-605 Inhibit Inhibit cell proliferation and cell cycle EN2/PTEN (58)
miR-137 — Inhibit H3K4 methylation KDM5B (59)
miR-106a-5p - Promote cell migration and invasion TIMP2 (60)
miR-106b - Promote cell growth (in the presence of prolactin) P21 (61)
miR-27a — Inhibit cell proliferation, cell cycle, and migration MAP2K4 (62)

Promote apoptosis

miR-135a — Inhibit cell proliferation, cell cycle, and migration RBAK, MMP11 (63)
Promote apoptosis

circRNA CircSMARCC1 Activate Promote cell proliferation, migration, invasion, tumor growth and miR-1322/CCL20 (64)
metastasis in nude mice

circMBOAT2 Activate Promote cell proliferation, migration, invasion, tumor growth and miR- 1271- (65)
metastasis in nude mice 5p/mTOR
circ-ITCH Inhibit Inhibit cell proliferation, migration, and invasion miR-17 (66)
PIiRNA PpiR-001773 Activate Promote cell proliferation, migration, invasion, and tumor growth in PCDH9 (67)
nude mice
PiR-017184 Activate Promotes cell proliferation, migration, invasion, and tumor growth in PCDH9 (67)

nude mice
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Statistical values

Age (years) 57.57 £ 4.38 29445 P=0295
Sex P=1
Male (n) 7 7

Female (n) 2 23

Weight (kg) 82067 £ 3.35 701 £ 49 P=0125
Height (cm) 16793 £33 169.66 + 4.4 P=0072
BMI (Kg/m?) 291 £ 103 2435+ 165 P = 0666
K-L grade Gl, G2 Go

Medial cartilage thickness 0.746 £ 0,123 249 £ 0257 P <0001
VAS score 66+ 1.19 112031 P <0001
WOMAC score 57.57 + 438 107 £ 037 P <0001
Pain score 773 % 098 1505 P <0001
Stiffness score 7.167 +0.53 133 + 048 P <0001
Physical function score 3x212 847 £125 P <0001

KOA: Knee osteoarthritis, WOMAC, score: Western Ontario and McMaster Universil

Visual analogue scale, BME: Body mass index.
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LncRNAs

CTD-2033A16.3, CTD-
2116N20.1, CTD-
2510F5.4, DDX11-AS1,
LINC00942, LINC01224,
LINC01231, LINC01508,
and ZFPM2-AS1

AC073611.1, AL050341.2,
LINC02321, LUCAT1,
LINC02362, LINC01871,
ZNF582-AS

LUCATI, AC010761.1,
AC006504.7
and MIR210HG

MIR4435-2HG/hsa-miR-
1-3p/MMP9/hsa-miR-29-
3p/DUXAPS

GSEC/miR-101-3p/
SNX16/PAPOLG

LINC01134, C20rf27A,
LINC00501, AC104066.3,
AC034229.4, CASCS,
FAM225B, A1451069.3,
AL161669.3, AC116025.2
and LINC00632.

AC012073.1, AL031985.3,
AL355574.1,
LINC01224, SNHG4

AC022007.1, AC023090.1,
AC099850.4, ACSL6-AS1,
CYTOR, LHFPL3-AS2,
AL365361.1, LINC02362,
and MSC-AS1

m6A-IncRNA

Cuproptosis-
related IncRNA

Cuproptosis-

related IncRNAs

Cuproptosis-
Related LncRNAs

Ferroptosis-
related IncRNAs

Ferroptosis-
related IncRNAs

Mechanism and Effect

This IncRNA signature may modulate the HCC immune
microenvironment by affecting TNF-o/NF-kB, 1L-2/STATS,
and cytokine/receptor signaling pathways.

High ATLS scores correlate with poor prognosis, increased
tumor mutations, immune activation, elevated T cell
proliferation regulators, anti-PD-L1 response, and abnormal
sensitivity to oxaliplatin/fluorouracil/Lenvatinib.

MIR210HG silencing inhibits HCC growth and migration by
up-regulating PFKFB4 and SPAGA.

The MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/
DUXAPS ceRNA network correlates with tumor stage and
invasion depth. MMP9 positively associates with resting MO
macrophages and NK cells but negatively with activated/
resting mast cells, monocytes, and activated NK cells.
DUXAPS positively links to M2 macrophages but negatively
to MIR4435-2HG, which itself negatively associates with
activated mast cells, CD8+ T cells, and follicular helper

T cells.

The GSEC/miR-101-3p/SNX16/PAPOLG axis is linked to
HCC prognosis. GSEC, SNX16, and PAPOLG are highly
expressed in HCC with poor prognosis, while miR-101-3p is
low with good prognosis. This axis may influence
macrophage polarization.

Among the 11-LNCPS IncRNAs, LINC01134 and AC116025.2
are particularly critical. Their upregulation impacts immune
cell infiltration, correlates with TCE, poorer OS, and reduced
immune response in liver cancer.

The low-risk group showed better OS, an independent HCC
prognostic indicator. A nomogram combining features and
TNM stages was constructed. TP53 mutations were more
frequent in high-risk individuals. CD4+ T cells, NK cells, and
macrophages differed significantly between groups. High-risk
individuals had increased immune checkpoint molecule
expression. The low-risk group responded better to sorafenib
and cisplatin.

The proportion of Tregs and M0 and M2 macrophages in
high-risk group was higher.

Many Incrnas are predictive risk factors for HCC prognosis,
and the expression of M6A-Incrnas is significantly
upregulated in tumor tissues, which can predict HCC
prognosis independently of other clinical features.

High CLS is associated with more aggressive tumor
characteristics and treatment resistance. TP53, CSMD1, and
RBI mutations are more frequent in high CLS samples, which
also show more amplifications and deletions. High CLS
patients are more sensitive to 5-fluorouracil, gemcitabine, and
doxorubicin, while low CLS patients respond better

to immunotherapy.

The high-risk group had a higher TMB and a poorer
prognosis, while the low-risk group had a higher activity of
NK cells and less infiltration of Tregs, indicating a

better prognosis.

The low-risk group exhibited higher infiltration of anti-tumor
immune cells and greater sensitivity to ICIs, potentially
mediated by the AL365361.1/hsa-miR-17-5p/NLRP3 axis.
NLRP3 mutation-sensitive drugs like VNLG/124, Sunitinib,
and rifampicin may benefit high-risk patients.

A 12 ferroptosis-related IncRNA prognostic model for HCC
stratifies patients into high-risk and low-risk groups, with the
high-risk group showing elevated immune checkpoint
molecule expressions (PD-1, CTLA-4, CD86).

A ferroptosis-associated IncRNA feature has been established,
linked to immune checkpoint blockade targets like PD-1,
CTLA-4, and TIM-3.

Clinical

It provides a personalized prediction tool for prognosis and
immune response of HCC patients.

ATLS can be used as a powerful biomarker to improve the
clinical prognosis and precision treatment of HCC.

This angiogenesis-associated risk model serves as a reliable
and promising tool for predicting HCC prognosis.

These findings enhance understanding of immune-related
gene interactions with non-coding RNAs in HCC
development and progression. Relevant RNAs may serve as
diagnostic/prognostic biomarkers and molecular targets for
HCC patients.

The GSEC/miR-101-3p/SNX16/PAPOLG axis may be an
important factor related to HCC prognosis and
immune infiltration.

LncRNASs in 11-LNCPS influence cancer-related biological
processes and signaling pathways, particularly in immune
function and metabolism. 11-LNCPS can predict HCC
prognosis and immune response.

This study provides promising insights into DDR-associated
Incrnas in HCC and provides a personalized predictive tool
for prognosis and treatment response.

These IncRNAs may influence mitochondrial function,
ferroptosis, and immune cell infiltration in HCC via specific
pathways, offering valuable insights into HCC progression
and treatment.

m6A-IncRNA is closely linked to HCC occurrence and
progression. Its prognostic model aids in predicting HCC
outcomes, while m6A-IncRNA and immune cell infiltration in
the TME offer new therapeutic targets, warranting

further research.

In this study, we used machine learning to create CLs-based
prognostic profiles and conducted comprehensive analyses in
the areas of function, immunity, mutation, and

clinical application.

CupRLSig serves as a prognostic tool for HCC, predicting
immune invasion levels and potential tumor
immunotherapy efficacy.

The crLncRNAs model has good specificity and sensitivity,
and can be used to classify and treat sensitive populations and
predict the prognosis of HCC patients.

This model may serve as a new indicator for the response and
adverse reactions of HCC to immunotherapy.

The three IncRNAs may act as potential therapeutic targets
for HCC patients, and their profiles could aid in prognostic
prediction for HCC.
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LINC01980

ATB

LINCO01278

MIR4435-2HG

SLC7A11-AS

HANR

UTGF

CASC7

NNT-AS1

AK021443

PRR34-AS1

LINC00974

DANCR

DLGAP1-AS1

MALAT1

Mechanism and Effect

Under the activation of the classical TGF-B/SMAD pathway,
LINCO01980 promotes HCC metastasis through the miR-376b-5p/
E2F5 axis.

TGF-B-activated IncRNA-ATB is upregulated in HCC metastasis
and linked to poor prognosis. It induces EMT and invasion by
sponging miR-200 family, upregulating ZEB1 and ZEB2. IncRNA-
ATB also binds IL-11 mRNA, promoting autocrine IL-11
induction and STAT3 activation, enhancing tumor

cell colonization.

The downregulation of LINC01278 reduces the migration and
invasion of HCC cells induced by B-catenin and TGF-B1.

HSC-released CXCLI exacerbates the malignant behavior of HCC
cells through the MIR4435-2HG/miR-506-3p/TGFBI axis.

LncRNA SLC7A11-AS1 and hsa_circ_0006123 are involved in the
TGE-B-induced EMT process and may promote the metastasis
of HCC.

Both HANR and miR-214 jointly regulate EZH2, thereby affecting
the levels of TGFBR2.

Lnc-UTGF is induced by TGF-p via SMAD2/3 binding to its
promoter. Its overexpression enhances TGE-B/SMAD signaling,
while knockdown inhibits it. Lnc-UTGF stabilizes SMAD2/4
mRNAs through base pairing, forming a TGF-B/SMAD/Inc-UTGF
positive feedback loop.

CASC7 regulates KLF10 and its downstream TGF-B/SMAD3
pathway by binding to miR-30a-5p, thereby promoting the
progression of HCC cells.

Inhibition of NNT-ASI significantly reduces the levels of TGF-B,
TGFBRI, and SMADS5 in HCC cells.

Overexpression of AK021443 significantly increases the release of
inflammatory factors such as TGF-p, interleukin-1p, platelet-
derived growth factor, epidermal growth factor, and ROS.

PRR34-AS]1 stabilizes the mRNA levels of the exosomal protein
Rab27a by recruiting DDX3X, thereby promoting the secretion of
VEGF and TGEF-f in HCC cells.

LINC00974 acts as a ceRNA for miR-642, upregulating KRT19. Its
elevation results from promoter hypomethylation, activating Notch
and TGF- signaling pathways.

DANCR activates the IL-6/STAT3 signaling pathway through
PSMDI10. The study also found that the activation of the IL-6/
STATS3 signaling pathway enhances the transcription of DANCR,
creating a positive feedback loop.

DLGAP1-AS1 sponges miR-26a/b-5p, elevating IL-6 and activating
JAK2/STATS3 signaling, which enhances DLGAP1-AS1
transcription, forming a positive feedback loop.

MALAT1 promotes the binding of NF-KB to the promoter regions
of IL-6 and CXCLS8 by recruiting the catalytic subunit BRG1 of the
chromatin remodeling complex SWI/SNE, thereby inducing the
expression of these inflammatory factors.

Cli

al significance

LINC01980 may serve as a potential prognostic biomarker and
therapeutic target for HCC.

IncRNA-ATB, a TGF-P signaling mediator, increases HCC
metastasis risk and represents a potential anti-metastatic
therapy target.

The study uncovers the B-catenin/TCF-4-LINC01278-miR-1258-
Smad2/3 feedback loop in HCC metastasis, highlighting
LINCO01278 as a potential therapeutic target.

CXCLI and the MIR4435-2HG/miR-506-3p/TGFBI axis may also
represent potential therapeutic targets for HCC treatment.

These findings advance clinical diagnostic and therapeutic
approaches, offering new avenues for research into TGF-B-induced
EMT molecular mechanisms.

The study reveals the HANR/miR-214/EZH2/TGF-B axis as a
novel regulatory mechanism in HCC tumorigenesis and
progression, providing insights for therapeutic strategies and
diagnostic biomarkers targeting HANR.

The Inc-UTGF-mediated positive feedback loop in TGE-B
signaling, coupled with its role in liver cancer metastasis,
highlights its potential as a therapeutic target for HCC metastasis.

CASC7 is involved in the tumorigenesis and progression of HCC
by regulating miR-30a-5p and its target KLF10.

NNT-ASI activates the TGF-P signaling pathway, inhibiting CD4+
T cell infiltration and offering new insights into HCC
immune evasion.

Overexpression of AK021443 enhances the proliferation,
activation, and pro-inflammatory response of HSCs, suggesting its
potential significant role in exacerbating liver fibrosis.

This study uncovers PRR34-AS1’s role in enhancing exosomal
secretion in HCC cells, offering new insights into IncRNA-
mediated regulation of tumor cell biology.

The LINC00974-KRT19 interaction may serve as a novel
diagnostic marker for HCC growth and metastasis, while
LINC00974 itself could be a therapeutic target to prevent
HCC progression.

This study reveals DANCR'’s role in sorafenib resistance via the
PSMDI10-IL-6/STATS3 axis, offering new therapeutic targets
for HCC.

The study reveals DLGAP1-AS1’s role in HCC progression and
EMT, highlighting its potential as a therapeutic target.

Inhibiting MALAT1 may represent a novel strategy for the
treatment of HCC.
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MIAT MIAT and PD-L1 are upregulated in HCC. MIAT promotes This study reveals the MIAT-mediated mechanism of immune (52)
STAT3 by downregulating miR-411-5p, increasing PD-L1 evasion in HCC, suggesting that the MIAT/miR-411-5p/STAT3/
transcription. MIAT knockdown enhances T cell cytotoxicity, and = PD-L1 axis could serve as a novel therapeutic target for
miR-411-5p inhibition reverses STAT3 and PD-L1 suppression. HCC treatment.

MIRI55HG HIF-10. binds to the MIRISSHG promoter, enhancing its This study reveals that hypoxia promotes HCC immune evasion (91)
transcription. Hypoxia promotes ILF3 nuclear export, increasing by inducing the interaction between MIR155HG and ILE3, which
ILF3-MIR155HG interaction, stabilizing HIF-10: mRNA, and stabilizes HIF-10. mRNA and enhances PD-L1 expression.
elevating PD-L1 expression.

PCEDI1B-AS1 PCEDI1B-AS1 enhances HCC immunosuppression by sponging PCEDI1B-AS1 induces immune evasion in HCC by regulating the (64)
hsa-miR-194-5p, increasing PD-L1 and PD-L2 expression. It expression of PD-Ls, suggesting it may serve as a novel therapeutic
blocks hsa-miR-194-5p’s inhibition of PD-Ls, leading to their target for HCC treatment.

overexpression. HCC exosomes containing PCED1B-AS1 spread
this mechanism to other HCC cells, T cells, and macrophages.

HOXA-AS3 HOXA-ASS3 is highly expressed in HCC cells and promotes PD-L1 = HOXA-AS3 exerts its effects in HCC by regulating the miR-455- (93)
expression by sequestering miR-455-5p, thereby enhancing HCC ~ 5p/PD-L1 axis, suggesting it may serve as a new therapeutic target
cell proliferation, migration, and invasion, regulating the cell cycle, =~ for HCC treatment.
and inhibiting apoptosis.

TUG1 TUGI, upregulated by METTL3-mediated m6A modification, This mechanism provides new insights for enhancing immune (51)
promotes immune evasion. TUG1 knockdown inhibits tumor therapy in HCC.
growth and metastasis, enhances CD8+ T cell and M1 macrophage
infiltration, activates CD8+ T cells via PD-L1, and promotes
macrophage phagocytosis via CD47. TUG1 sequesters miR-141
and miR-340 to regulate PD-L1 and CD47, respectively, and
interacts with YBX1 to upregulate their transcription, facilitating
immune escape.

MIRI55HG LPS induces PD-1 and PD-L1 expression, significantly This mechanism provides new therapeutic targets for the (92)
upregulating PD-L1 in HCC. LPS enhances METTL14, promoting  immunotherapy of HCC, particularly in cases associated with
m6A methylation of MIR155HG, which is stabilized by ELAVLIL. liver cirrhosis.
MIR155HG acts as a ceRNA, regulating PD-L1 via the miR-223/

STAT1 axis.
AC099850.3 AC099850.3 is significantly positively correlated with immune This indicates its potential as a therapeutic target for (58)
checkpoint molecules (PD-1, PD-L1, PD-L2, and CTLA4). immunotherapy in HCC.
LINC00244 Long non-coding RNA LINC00244 can downregulate the High expression of LINC00244 is associated with better clinical (96)
expression of PD-L1, thereby inhibiting the proliferation, invasion,  prognosis, suggesting that it may be a potential therapeutic target
and metastasis of HCC. for HCC.
KCNQIOT1 KCNQIOT1, as a ceRNA for miR-506, elevates PD-L1 expression KCNQI1OT1 promotes PD-L1-mediated immune evasion and 97)
in sorafenib-resistant HCC cells. resistance in sorafenib-resistant HCC cells by inhibiting miR-506.
FOXD1-AS1 FOXD1-ASI, upregulated in malignancies, correlates with poor This study provides strong evidence supporting the role of (98)
prognosis and enhances HCC immune evasion by increasing PD- FOXDI1-AS1 as a miRNA sponge, sequestering miR-615-3p and
L1 as a ceRNA for miR-615-3p. It also regulates CTC EMT via protecting PD-L1 from inhibition.
PI3K/AKT signaling.
SNHG3 SNHG3 promotes the expression of PD1 by regulating ASF1B. The study identified a novel IncRNA SNHG3/miR-214-3p/ASFIB | (68)
axis that promotes the recurrence of HCC by modulating
immune infiltration.
Lnc-Tim3 Lnc-Tim3 binds Tim-3, blocking its interaction with Bat3 and This suggests that Lnc-Tim3 and its associated signaling pathways  (50)
suppressing the Lnc/NFAT1/AP-1 pathway. This drives Bat3 ‘may influence the efficacy of cancer therapies aimed at modulating
nuclear localization, enhancing p300-dependent p53 and RelA the adaptive immune system.

transcriptional activity, activating anti-apoptotic genes (e.g.,
MDM2, Bcl-2), and promoting T cell exhaustion.

NEAT1 In the PBMCs of HCC patients, the expression levels of NEAT1 NEATI may serve as an effective target for enhancing the efficacy | (49)
and Tim-3 are significantly elevated. Downregulation of NEAT1 of immunotherapy.
inhibits CD8+ T cell apoptosis and enhances their cytolytic
activity, while interference with miR-155 shows the opposite effect
by upregulating Tim-3.
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