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INTRODUCTION
Urologic malignancies remain a global health concern, with steadily rising incidence and mortality. According to recent epidemiological surveys, prostate cancer has become one of the most common cancers among men worldwide, while bladder and renal cancers continue to pose substantial diagnostic and therapeutic challenges (Albigès et al., 2024; Cicchetti et al., 2025; Kratzer et al., 2025; Leung et al., 2025). The genomic era has profoundly reshaped our understanding of these diseases, unveiling molecular drivers, therapeutic targets, and pathways of drug resistance that now guide personalized treatment strategies.
Building on the success of the first volume of “Genomic Discoveries and Pharmaceutical Development in Urologic Tumors”, this second volume broadens the landscape from genetic discoveries to translational and pharmacologic development (Meng et al., 2024). Across ten contributions, investigators integrated genomics, pharmacology, and computational biology to explore novel mechanisms, prognostic signatures, and therapeutic opportunities in prostate, bladder, and renal cancers. Together, these studies form a coherent narrative that bridges mechanistic discovery and clinical translation—the central vision of this Research Topic.
GENOMIC AND MOLECULAR INSIGHTS IN PROSTATE CANCER
Five studies in this volume focus on prostate cancer, reflecting its complex genomic and metabolic heterogeneity. Hua et al. investigated SUCLG2, a mitochondrial enzyme associated with the tricarboxylic acid cycle, and found its dysregulation to predict poor prognosis and altered immune infiltration in prostate cancer. Their integration of single-cell RNA sequencing and metabolic pathway analysis highlighted the interplay between tumor metabolism and immune microenvironment, providing a promising metabolic biomarker for prognosis and therapeutic targeting. Wu et al. examined the emerging concept of cuproptosis, a copper-dependent cell-death mechanism, and its relationship with RNA-methylation regulators. By combining single-cell and bulk RNA-seq data, they identified distinct cuproptosis-related subtypes that correlate with immune infiltration and therapeutic response. This multi-omics strategy offers new insights into redox regulation and treatment stratification. Chitluri et al. revealed that inhibition of DPP4 downregulates FGF17 and PDGFRA, suppressing the PI3K/Akt signaling cascade and inducing apoptosis in prostate cancer cells. This work underscores the value of drug repurposing by connecting a clinically used enzyme inhibitor to a novel anti-tumor mechanism. Zhou et al. conducted a comprehensive analysis of lactylation-related genes, integrating single-cell RNA-seq, bulk transcriptomics, and machine learning. They delineated intratumoral heterogeneity in prostate cancer and proposed a lactylation-based prognostic signature that links metabolic reprogramming to tumor aggressiveness and immune escape. Finally, Wang et al. performed a pharmacoepidemiologic study using the WHO-VigiAccess database to characterize adverse-reaction profiles of three anti-prostate-cancer drugs. By combining real-world pharmacovigilance data and bibliometric trends, they provided valuable insights into safety surveillance and rational drug use.
MOLECULAR MECHANISMS AND THERAPEUTIC TARGETING IN BLADDER CANCER
Two articles address the molecular mechanisms and pharmacologic vulnerabilities of bladder cancer. Zhu et al. reported that miR-146b promotes bladder-cancer cell proliferation by targeting SMAD4 and activating the c-Myc/Cyclin D1 axis. This mechanistic dissection not only elucidates tumor-promoting pathways but also provides a rationale for RNA-based therapeutic strategies in high-grade urothelial carcinoma. Complementing this, Yuan et al. combined in silico screening, molecular docking, and cell-based assays to identify artesunate—a clinically available anti-malarial—as a multi-target agent that suppresses bladder-cancer growth through MAPK and PI3K/Akt modulation. This integration of computational pharmacology and experimental validation illustrates a productive route for drug repurposing guided by genomic and systems biology.
RENAL TUMORS AND CLINICAL TRANSLATIONAL ADVANCES
Three studies focus on renal cell carcinoma (RCC), where targeted and immune therapies have dramatically transformed treatment paradigms. Li et al. provided a comparative analysis of adverse-event profiles for four multi-targeted tyrosine kinase inhibitors (TKIs) using global pharmacovigilance data. Their study not only identified distinct toxicity spectra for agents such as sunitinib and axitinib but also emphasized the importance of continuous real-world safety monitoring during the post-approval phase. Expanding on the clinical translation dimension, Cui et al. reported the real-world efficacy and safety of tislelizumab plus axitinib as first-line therapy for intermediate- and high-risk metastatic clear-cell RCC. Their data supported the synergistic potential of PD-1 blockade combined with anti-angiogenic therapy, reinforcing the paradigm that rational combination therapy informed by genomic and immune profiling can improve patient outcomes. In addition, Zheng et al. described a rare renal epithelioid neoplasm harboring EWSR1::CREB fusions. This case enriches the spectrum of EWSR1-associated tumors and reminds clinicians of the diagnostic value of next-generation sequencing for rare and morphologically ambiguous renal neoplasms.
In conclusion, Genomic Discoveries and Pharmaceutical Development in Urologic Tumors–Volume II continues the mission initiated in Volume I: to connect fundamental genomic discoveries with tangible pharmacologic and clinical applications. From metabolism-linked biomarkers in prostate cancer to repurposed therapeutics in bladder and renal cancers, the ten contributions herein exemplify the multidimensional progress defining modern uro-oncology.
Despite these advances, several key challenges remain. First, a deeper understanding of tumor evolution, clonal dynamics, and therapeutic resistance is required—ideally supported by single-cell and spatial multi-omics technologies. Second, translation from genomic discovery to clinical practice faces persistent obstacles, including patient selection, pharmacokinetic/pharmacodynamic variability, and real-world treatment effectiveness (Yin et al., 2020; Yin et al., 2023; Yoshihara et al., 2025). Third, the integration of immuno-oncology, metabolic reprogramming, and tumor microenvironment analysis into the genomic-driven drug-development pipeline remains an open frontier. Finally, artificial intelligence and big-data analytics will play an increasingly critical role in predicting drug responses, stratifying patients, and optimizing therapeutic combinations (Zou and Green, 2023). Looking forward, international collaboration across genomics, pharmacology, and clinical oncology will be indispensable for realizing the full promise of precision medicine in urologic tumors.
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Background: Androgen antagonists, including apalutamide, darolutamide, and enzalutamide, play a crucial role in the treatment of prostate cancer. This research evaluated the adverse drug reactions (ADRs) associated with the use of these androgen antagonists as reported by the World Health Organization (WHO). Additionally, it compared the adverse drug reaction (ADR) profiles of the three drugs to identify which one presents the lowest risk for individualized patient use.Methods: This study employed a retrospective descriptive analysis design. We collected adverse event reports for three marketed androgen antagonists from WHO-VigiAccess and analyzed them in combination with a bibliometric analysis. We calculated the percentage of adverse reactions reported for each drug to compare the similarities and differences in adverse reactions among the three drugs.Results: A total of 172,020 adverse events (AEs) associated with three androgen antagonists were reported in VigiAccess at the time of this study. Our findings show apalutamide causes the most endocrine disorders. Darolutamide has the highest rate of blood and lymphatic disorders, while enzalutamide causes the most nervous system disorders. The ten most common ADRs identified were fatigue, rash, death, hot flush, diarrhoea, asthenia, nausea, dizziness, arthralgia, and decreased appetite.Conclusion: This study utilizes real data from WHO-VigiAccess, which offers valuable insights for clinical reference. On one hand, we confirm both existing and potential adverse effects associated with androgen antagonists. On the other hand, We analyzed the possible future research directions, thereby supporting the case for more scientific treatment.Keywords: prostate cancer, adverse drug reactions, WHO-vigiaccess, androgen antagonists, apalutamide, darolutamide, enzalutamide
INTRODUCTION
Androgens play a vital role in preserving typical male physiological functions and sexual differentiation, which is contained in the prostate gland (Werner and Holterhus, 2014). Furthermore, emerging evidence highlights their ​critical involvement in non-metastatic castration resistance to diseases such as prostate cancer. Androgens activate a series of signaling pathways by binding to androgen receptors, thereby affecting tumor growth (Mills, 2014). The activation of androgen signaling pathway promotes the growth of prostate cancer cells, while promoting tumor invasion and metastasis (Kim et al., 2022). Drugs that target androgen receptors have been used to inhibit the cancer-promoting effects of androgen signaling pathways. The SPARTAN, ARAMIS, and PROSPER studies demonstrated that androgen receptor inhibitors (apalutamide, darolutamide, enzalutamide) can extend metastasis-free survival and overall survival in nonmetastatic castration-resistant prostate cancer (nmCRPC) patients with a brief prostate-specific antigen (PSA) doubling time. These antiandrogen medications have been incorporated into clinical practice as a novel standard of care (Cattrini et al., 2022). For many years, patients with advanced prostate cancer were primarily treated with androgen deprivation therapy (ADT). However, patients with metastatic hormone-sensitive prostate cancer (mHSPC) who receive ADT only have a high risk of developing metastatic castration-resistant prostate cancer (mCRPC) (Xia et al., 2023). While androgen antagonists are generally well tolerated and clinically proven to be effective. For example, In a double-blind, phase 3 trial, androgen-deprivation therapy combined with apalutamide has been confirmed to prolong the survival of patients with metastatic and castration-sensitive prostate cancer without significant increase in adverse events (AEs) (Chi et al., 2019).
We searched the Drugs website (https://www.drugs.com/) to learn more about apalutamide, darolutamide, enzalutamide and their reported adverse reactions. The three drugs are oral androgen receptor inhibitors used to treat prostate cancer at different stages. Apalutamide is approved for nmCRPC and metastatic castration-sensitive disease (mCSPC) when combined with ADT. Darolutamide is indicated for nmCRPC and mHSPC alongside ADT or docetaxel, leveraging its unique structure to minimize central nervous system (CNS) penetration. Enzalutamide, a first-generation agent, is used for nmCRPC, mCRPC, and mHSPC with ADT. Enzalutamide is frequently associated with fatigue, hypertension, dizziness, and CNS-related issues, likely due to its ability to cross the blood-brain barrier. Apalutamide shares similar CNS risks but may also cause rash, hypothyroidism, and joint pain. Darolutamide, with limited CNS penetration, exhibits fewer neurological side effects but has been linked to fatigue, nausea, and elevated liver enzymes. All three agents may increase cardiovascular risks, though enzalutamide and apalutamide carry stronger warnings. Gastrointestinal disturbances are common across all, while enzalutamide and apalutamide are more often tied to seizures and thyroid dysfunction. Darolutamide’s distinct profile may reduce drug interactions compared to the others. Despite stringent pre-marketing requirements, the actual safety of drugs still needs to be verified by analysis of a large amount of data, especially for biologics. Therefore, it is necessary to further study the adverse reactions of androgen antagonists.
WHO-VigiAccess is a free portal to the PIDM database, enabling access to safety reports of medicinal products received by the UMC. It was launched by the World Health Organization (WHO) in 2015 to provide public access to information in VigiBase, the WHO global database of reported potential side effects of medicinal products. These side effects, known technically as adverse drug reactions (ADRs) and adverse events following immunization (AEFIs), are reported by national pharmacovigilance centres or national drug regulatory authorities that are members of the WHO Programme for International Drug Monitoring (PIDM) (Watson et al., 2018; Habarugira and Figueras, 2021).
This study looked for three androgen antagonists approved by the WHO: apalutamide, darolutamide, enzalutamide with similar efficacy. The three drugs for the treatment of nmCRPC have been studied over the past decade. Clinicians often need to develop personalized treatment plans based on adverse drug reactions. This study conducted a comparative pharmacovigilance analysis to evaluate disproportionality in adverse drug reaction (ADR) profiles among three therapeutic agents, utilizing safety surveillance data from the WHO-VigiAccess global database.
MATERIALS AND METHODS
Data source
We use WHO-VigiAccess to retrieve all reported adverse events following the administration of androgen antagonists. The login URL is https://www.vigiaccess.org. Data were collected based on age groups, sex, report year, and continents through WHO-VigiAccess. Descriptive statistics were generated using Excel 2019. The classification of adverse events in WHO-VigiAccess is based on system organ class (SOC) and preferred terms (PTs) from the Medical Dictionary for Regulatory Activities (MedDRA). The MedDRA terms were derived from various sources, including the WHO Adverse Reaction Terminology (WHO-ART). Records for androgen antagonists were retrieved, and individual AEs were identified at the MedDRA SOC and PT levels to describe the spectrum of toxicities. A total of 27 items were categorized by SOC, and 20 items related to disease symptoms were selected for analysis (Brown et al., 1999). This study focused on the PTs, which are the level used in the publicly accessible VigiBase database via WHO-VigiAccess. We pay particular attention to serious adverse events, including treatment-interrupted events such as death, hospitalization and disability. It is important to note that due to strict data protection laws and agreements, individual case safety reports cannot be viewed in Vigiaccess. In order to carry out bibliometric analysis,we exported androgen antagonist-related literature from the Web of Science (WoS) database, constructed a co-occurrence network, performed cluster analysis, and ultimately conducted visualization processing.
Data extraction and mining
We use common names (apalutamide, darolutamide, enzalutamide) to identify related reports. In general, the drugs reported in WHO-VigiAccess fall into four categories: primary suspect drugs, secondary suspect drugs, companion drugs, and interacting drugs. In the search results, we screened the reports with the target drug as the primary suspect drug and excluded duplicate reports and invalid reports. We performed a statistical analysis of the first suspect drug reports after screening. We first analyzed the clinical characteristics of these trials, including demographic characteristics (age, sex) and reporting characteristics (reporting year, region). Based on the MedDRA terminology system, we analyzed the distribution and characteristics of PTs within their respective SOC hierarchies. Severe consequences, meanwhile, were defined as death and hospitalization. After exporting the literature, we performed data deduplication, standardization, and completion to ensure data quality.
Statistical analysis
In this study, a retrospective descriptive approach was employed. The analysis involved comparing drugs based on the quantity and rate of ADR reports. At the same time, we used statistical methods such as reporting Odds ratio method (ROR) and Proportional Reporting ratio method (PRR) to mining the adverse event signal of the first suspected drug. The following approaches can be utilized to assess the degree of statistical correlation between a medication and an adverse reaction, which in turn can further substantiate the drug’s status as the primary suspect. The Reporting Ratio technique gauges the intensity of the link between a drug and an adverse event by contrasting the incidence of a specific drug-adverse event pair with that of other drug-adverse event pairs (Rothman et al., 2004). The Proportional Reporting Ratio (PRR) method evaluates the link between a drug and an adverse event. It does this by computing the ratio of the target drug to the target adverse event, as well as the ratio of the non-target drug to the target adverse event (Evans et al., 2001). The Bayesian Confidence Propagation Neural Network (BCPNN) is a signal detection approach grounded in Bayesian statistical principles. It is utilized to analyze data within adverse drug reaction monitoring databases, aiming to pinpoint potential adverse drug reaction signals (Bate et al., 1998). In the BCPNN, Information Component (IC) is the core indicator used to measure the degree of association between a drug and an adverse reaction (Bate, 2007). Empirical Bayesian Geometric Mean (EBGM) is another signal detection method based on Bayesian methods, which assesses the association between drugs and adverse events by calculating the ratio between the number of reported drugs and adverse events and the number of expected reports (Noguchi et al., 2021). These methods have important application value in the detection of adverse drug reaction signals, and can help identify the potential association between drugs and adverse events, so as to improve the monitoring and evaluation of drug safety (Table 1).
TABLE 1 | Four major algorithms used for signal detection.
[image: Table displaying four signal detection algorithms used in pharmacovigilance: ROR, PRR, BCPNN, and EBGM. For each, the table presents the calculation formulas and associated criteria, including confidence interval requirements and threshold values.]RESULTS
Description of the studied cases
Apalutamide and darolutamide were collected by WHO-VigiAccess from 2016 to 2024 for 11,452 and 2,269 adverse reaction reports, respectively. Enzalutamide had the highest number of adverse reactions reported, with 53,007 cases reported from 2012 to 2024. A total of 66,728 cases were reported for these three drugs (Table 2). In the 172,020 ADR reports concerning the three androgen antagonist drugs, there were 20,965 cases related to apalutamide, 5,236 cases to darolutamide, and 145,819 cases to enzalutamide. Except for 355 cases reported as female, all were male (Table 3). Excluding reports of unknown age, incidence increased with age group. Among the top five reporting countries, the Americas region has the highest incidence of adverse reactions, while Africa has the lowest (Figure 1).
TABLE 2 | Number and distribution of ADR reports of three androgen antagonists.
[image: Table summarizing adverse drug reaction (ADR) reports for apalutamide, darolutamide, and enzalutamide, categorized by sex, age, top five reporting countries, and reporting year. Most reports are from males aged seventy-five or older, primarily in the Americas and Europe. Report volumes for all drugs increase from 2019 to 2024.]TABLE 3 | ADR number and Incidence rate of SOCs of three androgen antagonists.
[image: Data table comparing adverse events by system organ class for Apalutamide (20,965 cases), Darolutamide (5,236 cases), and Enzalutamide (145,819 cases), listing frequency and percentage for each class such as blood, cardiac, endocrine, gastrointestinal, immune, and nervous system disorders, as well as injury, neoplasms, psychiatric, renal, respiratory, skin, surgical, vascular, and product issues.][image: Panel A presents a pie chart showing sex distribution among 66,728 individuals, overwhelmingly marked as "unknown." Panel B is a bar chart displaying the number of reports by age group, with the "unknown" category having the highest value, followed by the 65-74 group. Panel C shows a donut chart illustrating continent distribution, with the majority from the Americas and a significant "unknown" segment. Panel D features a line graph comparing numbers of reports per year for apalutamide, darolutamide, and enzalutamide, where enzalutamide cases are highest and show a peak around 2020.]FIGURE 1 | Characteristics of ADR reports of three androgen antagonists (A) Gender distribution of ADR report (B) Age distribution of ADR reports (C) Continent distribution of ADR reports (D) Trend of annual report volume.
Adverse drug reaction distribution and signal distribution of three androgen antagonists at SOC level
In this study, adverse reactions to three androgen antagonists included 27 SOCs, based on analysis of adverse event reports. Due to incomplete statistics of Pregnancy, puerperium and perinatal conditions, only 26 cases of SOC were actually analyzed. All three drugs had a high rate of general disorders and administration site conditions, as well as gastrointestinal disorders. These three drugs also showed a high incidence rate of skin and subcutaneous tissue disorders, with apalutamide (19.45%) having the highest rate. Enzalutamide had the highest rate of nervous system disorders (10.68%), while darolutamide had the highest rate of blood and lymphatic system disorders (2.16%). We found that apalutamide is the most likely to develop endocrine disorders (0.93%) (Table 3). The results of ADR signal detection were consistent with the incidence rate. Previous studies have shown that common endocrine adverse events associated with apalutamide include hypothyroidism, high blood pressure, and rashes (Pyrgidis et al., 2021). Darolutamide is more associated with hepatobiliary disorders, and enzalutamide has the strongest signal of product issues (Supplementary Table S1).
Distribution of adverse drug reactions of three androgen antagonists at PT level
We calculated the proportion of each adverse reaction by the number of ADR reports for the three drugs. At PT level, the common ADRs in the three drugs are fatigue, rash, death, hot flush, diarrhoea, asthenia, nausea, dizziness, arthralgia and decreased appetite. The proportion of apalutamide-related rash was significantly higher than that of the other two androgen antagonists, while the proportion of fatigue related to darolutamide and enzalutamide was significantly higher than that of apalutamide (Table 4).
TABLE 4 | Top 20 ADRs of three androgen antagonists.
[image: Table comparing adverse drug reaction (ADR) report rates for Apalutamide, Darolutamide, and Enzalutamide. Each drug lists specific ADRs, such as rash or fatigue, paired with corresponding report percentages for each medication.]Serious AEs of three androgen antagonists drugs
Through WHO-VigiAccess, we were also able to identify major adverse events involving androgen antagonists, including death, hospitalization, and disability, with death accounting for the highest proportion. The reported number and rate of major adverse reactions were apalutamide(20,965, 4.94%), darolutamide (5236,2.85%) and enzalutamide (145,819,5.06%), respectively. All three androgen antagonists had a low likelihood of causing disability. Enzalutamide is the most likely to cause serious adverse reactions and has the greatest probability of leading to death (Figure 2).
[image: Bar chart compares outcomes for serious adverse events for three drugs: apalutamide, darolutamide, and enzalutamide. Death is the most common outcome for all three drugs, followed by hospitalization and then disability.]FIGURE 2 | Serious AEs of three androgen antagonists drugs.
The same and different points of common ADRs of three androgen antagonists
We compared and analyzed the similarities and differences of adverse reactions of three androgen antagonists. We found a total of 162 identical adverse reaction signals at the PT level and categorized them by system organ classes. The top five system organ classes with the most adverse reaction signals are general disorders and administration site conditions, nervous system disorders, gastrointestinal disorders, musculoskeletal and connective tissue disorders, skin and subcutaneous tissue disorders (Table 5).
TABLE 5 | Same ADRs among three androgen antagonists.
[image: Table listing adverse drug reactions (ADRs) by system organ classes with corresponding signal counts. Each row details specific ADRs for categories such as general, nervous system, gastrointestinal, musculoskeletal, skin, and others, alongside their signal numbers.]According to the statistical results of different adverse reactions of the three drugs, darolutamide had the most adverse reactions, while enzalutamide had the least (Figure 3). We found that apalutamide has adverse effects such as hypothyroidism and thyroid disorder, while darolutamide may cause hepatic cytolysis, hypertransaminasaemia and adverse reactions such as hepatitis. It further verified the conclusion that apalutamide is more likely to cause endocrine disorders and darolutamide is more likely to cause hepatobiliary disorders. At the same time, apalutamide had the most specific adverse reactions in skin and subcutaneous tissue disorders, which was consistent with the conclusion that apalutamide had the highest incidence of rash. It is worth mentioning that the specific adverse reactions of darolutamide in vascular disorders include deep vein thrombosis and orthostatic hypotension, suggesting its cardiovascular adverse reactions (Table 6).
[image: Heat map compares the distribution of adverse events across various system disorders for Apalutamide, Darolutamide, and Enzalutamide. Skin and subcutaneous tissue disorders show notably higher frequency, indicated by a darker red shade.]FIGURE 3 | Distribution of different ADRs among three androgen antagonists.
TABLE 6 | Different ADRs among three androgen antagonists.
[image: Table listing adverse drug reactions for Apalutamide, Darolutamide, and Enzalutamide across multiple organ systems. Categories include blood, cardiac, endocrine, gastrointestinal, infections, metabolic, musculoskeletal, neoplasms, nervous, psychiatric, renal, reproductive, respiratory, skin, social, surgical, and vascular disorders. Each drug has unique and overlapping side effects specified per category.]The research trend of androgen antagonists based on bibliometric analysis
The bibliometric analysis revealed a consistent upward trend in the annual publication volume of androgen antagonists over the past decade, indicating intensified research focus and expanded therapeutic exploration in this field. Geographically, the majority of publications originated from the United States and select European nations, aligning with Vigiaccess database findings that identified the highest rate of adverse event reports from the Americas. Discipline co-occurrence mapping demonstrated strong associations between Oncology and Cardiovascular Systems as well as Geriatrics & Gerontology, highlighting the critical need to address cardiovascular toxicity associated with androgen antagonist therapy and the unique therapeutic requirements of elderly cancer patients. Journal distribution analysis further underscored the predominance of oncology- and pharmacy-focused periodicals, reinforcing the central role of androgen antagonists in prostate cancer management. Keyword cluster analysis revealed significant attention to heart failure risk and its clinical management, emphasizing the cardiovascular toxicity profile as a critical safety consideration for these agents. Temporal keyword evolution mapping delineated the strong association between androgen receptor pathway inhibitors and therapeutic strategies such as abiraterone and antiandrogen therapy, consolidating prostate cancer treatment as the primary research trajectory (Figure 4).
[image: Panel A is a bar graph depicting publication counts by year from 2015 to 2025 with a rising trend. Panel B shows a network graphic with the USA centrally linked to multiple countries indicating research collaborations. Panel C presents a cluster map of keywords, with “Oncology” and related medical terms prominent. Panel D is a colored cluster diagram grouping research themes such as heart failure, atrial fibrillation, and immune checkpoint inhibition. Panel E is a timeline visualization of keyword trends over years, exhibiting overlapping and emerging terms. Panel F displays a network map illustrating co-authorships or research topic connections with multicolored curved lines.]FIGURE 4 | Bibliometric analysis (A) Annual publication trends (B) International collaboration networks (C) Keyword co-occurrence (D) Keyword clustering analysis (E) Keyword timezone map (F) Dual-map overlay of cross-disciplinary citation trajectories.
DISCUSSION
Apalutamide, darolutamide, and enzalutamide are next-generation androgen receptor signaling inhibitors (ARSIs) that target the androgen receptor (AR) pathway through distinct mechanisms, improving survival in nmCRPC. Apalutamide, a thiohydantoin derivative, inhibits AR nuclear translocation and DNA binding to androgen response elements (AREs), preventing transcriptional activation of androgen-dependent genes. Similarly, enzalutamide competitively antagonizes androgen binding to AR, blocks nuclear translocation, and disrupts AR-DNA interaction, thereby suppressing downstream signaling. Both agents exhibit no significant agonist activity but demonstrate central nervous system (CNS) penetration, contributing to seizure risk. In contrast, darolutamide, a structurally unique nonsteroidal AR antagonist with a polar pyrazole backbone, potently inhibits androgen binding while maintaining antagonistic efficacy even in AR-overexpressing cells. Its reduced blood-brain barrier penetration minimizes CNS-related adverse events. Pharmacokinetically, darolutamide undergoes CYP3A4-mediated metabolism with limited drug-drug interaction (DDI) potential, whereas apalutamide and enzalutamide act as strong CYP3A4 inducers, increasing DDI risks. While effective and generally tolerated, the mechanisms of action may raise safety concerns, highlighting the importance of studying their adverse effects and strengthening relevant management to improve therapeutic effect (Gasperoni et al., 2024).
Our study comprehensively evaluated the adverse events associated with three androgen antagonists (apalutamide, darolutamide, enzalutamide). By analyzing data from WHO-VigiAccess, the study confirmed previous findings of adverse reactions on drug labels, including common ADRs such as rashes. In addition, adverse reactions not indicated on the label, including elevated prostate-specific antigens, were also found. These findings highlight in particular the need for drug surveillance. At the beginning of treatment, potential adverse effects should be identified and effectively managed.
In terms of the total number of adverse reactions reported, the number of adverse reactions reported by enzalutamide was much higher than that of apalutamide and darolutamide. However, this does not necessarily mean that enzalutamide has a higher rate of adverse reactions or is less safe, and may be attributed to the much higher use of enzalutamide than the other two drugs. The significantly higher incidence of adverse reactions in men than in women may be attributed to the fact that androgen antagonists are primarily used to treat male prostate cancer (Al-Salama, 2018). The number of adverse reactions increased with the increase of age group, which may be related to the decline of physical function and underlying diseases in the elderly (Gao et al., 2024). The decrease in the number of adverse reactions reported with enzalutamide from 2017 to date and the increase in apalutamide and darolutamide indicate a change in clinical use (Desai et al., 2021). In fact, the AFFRIM trial found that men treated with enzalutamide reported higher rates of diarrhea, hot flashes, fatigue, high blood pressure, and a small percentage (0.6%) experienced seizures (Scher et al., 2012). Hypertension was a common adverse effect of enzalutamide in PREVAIL (Beer et al., 2014). A higher incidence of enzalutamide epilepsy was found in two subsequent phase 3 trials, ENZAMET and ARCHES (Davis et al., 2019; Armstrong et al., 2019). However, trials demonstrated that the adverse effects of apalutamide were milder, and adverse events such as dalloutamide seizures were less common (Rachner et al., 2018; Fizazi et al., 2019).
At the SOC level, the incidence of Skin and subcutaneous tissue disorders in apalutamide was much higher than that in darolutamide and enzalutamide. In one case report, four patients treated with apalutamide for castration-resistant prostate cancer developed severe and fatal drug eruptions including Stevens-Johnson syndrome and toxic epidermal necrolysis, with an average incubation period of 40 days. After discontinuation of apalutamide in all patients, three of them recovered (Wang et al., 2023). At the same time, apalutamide is more likely to cause heart and vessel disease. While enzalutamide had a higher incidence of nervous system disorders and psychiatric disorders than the other two drugs. Psychological adverse reactions may significantly affect patients. Such issues can impair both mental and physical wellbeing. They are often marked by feelings of low spirits, lack of energy, and sadness, which can further lead to sleep disturbances and a reduced ability to take pleasure in life (Cui, 2015). It is worth noting that clinical pharmacokinetic and pharmacodynamic analysis of darolutamide showed that darolutamide is over metabolized by oxidation and glucose-aldehyde acidification and excreted in urine and stool. Darolutamide should not be used in patients with moderate or severe renal or liver impairment (Podgoršek et al., 2023). The reason for the higher incidence of product issues with darolutamide may be attributed to its role as a substrate for P-gp and CYP3A4, as well as an inhibitor of breast cancer resistance protein (BCRP) and organic anion transporters (OATP1B1 and OATP1B3). This makes darolutamide prone to drug interactions when combined with other drugs, which can affect the metabolism and efficacy of the drug. Therefore, a thorough understanding of drug interactions is needed to optimize treatment outcomes and minimize adverse reactions (Bolek et al., 2024). At the PT level, the overall performance of darolutamide was relatively good in terms of adverse reactions, and the incidence of adverse reactions and serious adverse reactions was similar to enzalutamide, but the risk of treatment interruption due to adverse reactions was lower, and adverse reaction related mortality was slightly lower than enzalutamide. Apalutamide was slightly higher than the other two drugs in terms of risk of serious adverse reactions and treatment interruption.
The management of advanced prostate cancer with androgen antagonists (apalutamide, darolutamide, and enzalutamide) requires tailored strategies to mitigate their distinct adverse effect profiles. In view of the common situation of underlying diseases in the elderly, it is recommended to conduct a comprehensive assessment of liver and kidney function in elderly patients before medication. At the same time, consider the individual differences of the patient, such as body weight, to adjust the drug dose. When the elderly have basic diseases, try to reduce the variety of drugs and avoid unnecessary combination of drugs. The elderly are highly sensitive to the side effects of drugs, so the adverse reactions should be closely monitored and the medication regimen should be adjusted in time. Apalutamide, associated with endocrine disturbances and dermatologic reactions, necessitates regular monitoring of thyroid function, blood pressure, and skin evaluations, with dose interruption advised for severe cutaneous toxicity. Darolutamide is contraindicated in patients with hepatic impairment due to hepatotoxicity risks; baseline and bimonthly liver function tests are mandatory, and permanent discontinuation is recommended if hepatotoxicity develops. Enzalutamide, linked to neuropsychiatric AEs, warrants pre-treatment neurocognitive screening and periodic psychiatric assessments, with dose reduction or cessation for persistent symptoms. Prophylactic measures, such as photoprotection for dermatologic AEs and antiemetics for gastrointestinal toxicity, should be prioritized. Patient stratification by comorbidities and multidisciplinary collaboration are critical to optimizing safety.
Our research is based on the latest data from WHO-VigiAccess and is authoritative and timely. This study further analyzed the research trend of androgen antagonists through bibliometrics analysis, which has instructive significance. However, our study also has some limitations. First of all, there may be omissions or errors in adverse reactions reported in the WHO-VigiAccess. Meanwhile, most of the reports are from the Americas, which may be biased. Future studies should expand the sample size to improve the applicability of the conclusions. It is worth noting that there is no direct causal relationship between these adverse effects and androgen antagonists. Our research needs to be combined with the latest clinical trial results to guide more effective treatments. Recent studies have shown that patients treated with currently approved AR-targeted drugs develop resistance and relapse into castration-resistant prostate cancer (CRPC). In order to effectively inhibit reactivated AR signaling, new methods targeting AR should be actively explored. These new approaches include new small molecule inhibitors that target different domains of AR as well as drugs capable of degrading AR (Cole et al., 2024). Long-term studies are necessary to confirm potential adverse effects and develop personalized treatment.
CONCLUSION
Androgen antagonists are crucial in prostate cancer treatment but have reported over 170,000 AEs globally. AEs mainly involve skin and subcutaneous tissue disorders and gastrointestinal disorders. Comparative analysis shows apalutamide may cause endocrine issues, such as rashes and hypertension. Darolutamide has notable hepatobiliary AEs, including hepatotoxicity. Enzalutamide is linked to nervous and psychiatric disorders. Most AEs are mild, but severe ones can be fatal. Future research should focus on pharmacogenomics to identify genetic factors for severe reactions like hepatotoxicity. AI-driven natural language processing can mine unstructured clinical data. Integrative omics approaches (proteomics, metabolomics, immunophenotyping) could reveal biomarkers for early detection of hypersensitivity or resistance, guiding personalized androgen antagonist selection and preemptive AE management.
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MiR-146b has been identified as being overexpressed in human bladder cancer (BCa) and implicated in promoting cancer cell invasion. However, its specific involvement in BCa cell growth remains unclear. In this study, we demonstrate that the downregulation of miR-146b significantly suppresses tumorigenic growth of human BCa cells both in vitro and in vivo by inducing G0/G1 cell cycle arrest. Specifically, miR-146b inhibition resulted in a significant reduction in colony formation (p < 0.05) and anchorage-independent growth in both UMUC3 and T24T cells, as measured by soft agar assays, with three independent replicates for each experiment. Notably, Cyclin D1 protein plays a crucial role in miR-146b-induced BCa cell proliferation, as confirmed by Western blotting (p < 0.05), with each experiment performed in triplicate. Mechanistic investigations reveal that miR-146b reduces mothers against decapentaplegic homolog 4 (SMAD4) mRNA stability by directly binding to its 3′ untranslated region (3′-UTR), leading to decreased SMAD4 expression. This reduction in SMAD4 levels promotes cellular myelocytomatosis (C-MYC) transcription, which in turn enhances Cyclin D1 transcription, ultimately facilitating BCa cell proliferation. The findings unveil a novel regulatory axis involving SMAD4/C-MYC/Cyclin D1 in mediating the oncogenic role of miR-146b in BCa cells. Statistical significance was determined using Student’s t-test, with p-values <0.05 considered significant. Together with its previously established function in BCa invasion, the results highlight the potential for developing miR-146b-based therapeutic strategies for treating human BCa patients.
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1 Introduction

Bladder cancer (BCa) is the most common malignant tumor of the urinary system. The mortality rate of early-stage bladder cancer is not very high, but after lymphatic metastasis, most patients survive only approximately 2 years (1). Bladder cancer can be divided into two types, non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC) (2). NMIBC is treated by transurethral resection of bladder cancer, followed by intravesical treatment. However, up to two-thirds of the tumor patients will experience recurrence or progress to MIBC. For MIBC patients who have received radical cystectomy or systematic chemotherapy, the 5-year survival rate is still less than 60% (3). Thus, it is urgently needed to study the new biomarkers for the early detection and targeting of bladder cancer.

MicroRNAs (miRNAs), highly conserved small non-protein coding RNAs, participate in maintaining cell homeostasis by regulating gene expression (4). Proper regulation of miRNA expression is important because miRNAs influence almost every signaling pathway involved in cell proliferation, cell motility, and cell self-renewal (5). Deregulation of miRNA expression is observed in multiple tumors by playing the role of tumor suppressors or oncogenes (6). The oncogenic role of miR-146b has been identified in various malignancies, including cervical (7), colorectal (8), and prostate cancers (9). Our previous study also demonstrated that miR-146b was upregulated in human BCa tissues and cells. MiR-146b overexpression promoted the invasive ability of BCa cells by increasing mmp2 mRNA transcription and protein expression (10). However, the mechanism underlying the roles of miR-146b regulating bladder cancer tumorigenic growth remains poorly understood. MiR-146b was chosen for this study due to its well-established role as an oncogenic microRNA in various cancers, including bladder cancer, where it has been shown to promote tumor invasion and progression. Previous studies have highlighted the upregulation of miR-146b in human bladder cancer tissues and its involvement in enhancing the invasive properties of bladder cancer cells by regulating matrix metalloproteinases (MMPs). Additionally, miR-146b has been implicated in the regulation of several critical cancer-related pathways, making it an attractive candidate for further exploration in the context of bladder cancer. While miR-146b holds great promise as a therapeutic target in bladder cancer, it is important to consider potential off-target effects and the challenges associated with targeting miRNAs. MiRNAs often regulate multiple genes involved in various biological processes, and their inhibition or overexpression can lead to unintended effects on non-target pathways. For example, miR-146b is known to interact with several target genes involved in inflammation, immunity, and other cancer-related pathways. As a result, therapies targeting miR-146b may have broader biological consequences that need to be carefully evaluated. Additionally, the delivery of miRNA-based therapies remains a significant challenge due to the need for efficient, specific, and safe delivery systems. Furthermore, there is a risk of immune system activation or off-target gene silencing due to the broad spectrum of miRNA–target interactions. Future studies should focus on optimizing the delivery mechanisms for miRNA-based therapies, minimizing off-target effects, and developing strategies to selectively modulate miR-146b expression in cancer cells. In addition to miR-146b, several other miRNAs have been shown to target key components of the SMAD4/C-MYC/Cyclin D1 axis. For example, the miR-17-92 cluster (11), including miR-17 and miR-20a, has been implicated in modulating the TGF-β signaling pathway by targeting SMAD2, SMAD4, and TGFBR2, contributing to cancer progression, and miR-26a (12) has been identified as a tumor suppressor in multiple cancers, including hepatocellular carcinoma, by directly targeting Cyclin D2 and Cyclin E2, leading to G1 phase cell cycle arrest. These miRNAs can regulate the SMAD4/C-MYC/Cyclin D1 axis through various mechanisms, influencing cell proliferation, invasion, and metastasis. While the role of miR-146b in bladder cancer remains under investigation, other miRNAs targeting this axis further highlight the potential of targeting miRNA pathways as a therapeutic strategy in cancer treatment.

Acting as the regulatory subunit of the cyclin-dependent kinases (CDKs), Cyclin D1 is sequentially expressed and integrates extracellular signals with the cell cycle machinery to drive cell cycle G1–S phase transition and cellular proliferation (13). The Cyclin D1 gene is regarded as the oncogene, the amplifications of which have been detected in cancers of various organs. Our group found that Cyclin D1 downregulation was responsible for the isorhapontigenin-induced anticancer effect on human bladder cancer cells (14). Transcriptional coordination of cellular myelocytomatosis (C-MYC) with Cyclin D1 was reported to accelerate tumor formation and make the tumor progress into a more aggressive phenotype (15). Moreover, acting as the upstream activator of Cyclin D1, C-MYC may elicit the transformation of cancer cells. Thus, targeting C-MYC and Cyclin D1 will be of great significance for the prevention and treatment of BCa. CDKs play a crucial role in regulating the cell cycle, particularly in driving the G1 to S phase transition, which is essential for cellular proliferation. These kinases are activated by cyclins, with Cyclin D1 being a key regulator of the G1 phase. Amplifications of the Cyclin D1 gene are commonly observed in cancers, where its upregulation drives unregulated cell growth. C-MYC, a transcription factor, acts as an upstream activator of Cyclin D1, promoting tumor progression by accelerating the cell cycle and enhancing cell proliferation. MiR-146b, an oncogenic microRNA, has been implicated in various malignancies, including bladder cancer, where it promotes tumor progression by regulating genes involved in cell invasion and matrix remodeling, such as MMP2. Additionally, miR-146b may influence Cyclin D1 and C-MYC expression, further contributing to the proliferative and invasive properties of cancer cells. Together, Cyclin D1, C-MYC, and miR-146b form an interconnected regulatory network that drives the rapid proliferation and progression of bladder cancer, making them potential targets for therapeutic intervention.

The SMAD4/C-MYC/Cyclin D1 axis plays a pivotal role in regulating key aspects of cancer biology, particularly in the context of cell cycle progression, proliferation, and tumor growth. SMAD4 is a key mediator of the TGF-β signaling pathway, which is traditionally known for its tumor-suppressive functions, including the induction of cell cycle arrest and apoptosis in normal cells. However, in cancer, the loss or downregulation of SMAD4 can disrupt these processes, leading to uncontrolled cell proliferation. This disruption often results in the activation of downstream oncogenes, including C-MYC, which promotes the transcription of Cyclin D1, a critical regulator of the G1–S phase transition. Overexpression of Cyclin D1 is commonly observed in various cancers, where it accelerates cell cycle progression and contributes to tumorigenesis. The interplay between SMAD4, C-MYC, and Cyclin D1 thus forms an essential signaling network that governs the proliferative capacity of cancer cells. In this study, we propose that miR-146b-induced repression of SMAD4 leads to enhanced C-MYC expression and subsequent upregulation of Cyclin D1, facilitating the rapid growth and metastasis of bladder cancer cells. Understanding this axis not only offers insights into the molecular mechanisms underlying cancer progression but also presents potential therapeutic opportunities for targeting this pathway in cancer treatment.

BCa remains one of the most prevalent malignancies of the urinary system, characterized by a high recurrence rate and poor prognosis, particularly in muscle-invasive cases. Despite advancements in diagnostic and therapeutic strategies, the molecular mechanisms driving BCa progression remain insufficiently understood. MiRNAs, small non-coding RNAs, play a crucial role in regulating gene expression and are involved in various cellular processes including cell proliferation, invasion, and metastasis. MiR-146b has been identified as an oncogene in several cancers, including bladder cancer, where it is implicated in promoting cell invasion through the regulation of matrix metalloproteinases. However, its specific role in the regulation of BCa cell growth and tumorigenesis remains unclear. In this context, we explore the significance and therapeutic potential of miR-146b in bladder cancer. We will investigate the oncogenic role and the molecular mechanisms of miR-146b on human BCa cell proliferation and anchorage-independent growth. The objective of this study was to investigate the oncogenic role of miR-146b in bladder cancer cell growth and to explore the underlying molecular mechanisms. Specifically, we aimed to determine how miR-146b influences key cell cycle regulators, such as Cyclin D1, and the associated molecular pathways involving SMAD4, C-MYC, and Cyclin D1. By understanding these mechanisms, we seek to provide new insights into the regulatory networks that drive BCa cell proliferation, with the ultimate goal of identifying miR-146b as a potential therapeutic target for bladder cancer treatment.




2 Materials and methods



2.1 Plasmids, antibodies, and reagents

The aim of the experiment was to investigate the role of miR-146b inhibitor and its nonsense control in regulating various transcription factors and signaling pathways, particularly Cyclin D1, c-Myc, and SMAD4. The lentiviral constructs of miR-146b inhibitor and its nonsense control were constructed by GenePharma (Shanghai, China). The plasmid of the human Cyclin D1 promoter (from −1,407 to −167)-driven luciferase reporter was constructed with XhoI and HindIII using genomic DNA purified from UMUC3 cells based on the National Center for Biotechnology Information (NCBI) database. The plasmid of the human c-myc promoter (from −1,225 to −14)-driven luciferase reporter was constructed with XhoI and HindIII using genomic DNA purified from UMUC3 cells based on the NCBI database. The human mothers against decapentaplegic homolog 4 (smad4) 3′ untranslated region (3′-UTR) was cloned into the pMIR-report luciferase vector through the SpeI and HindIII sites. Smad4 3′-UTR point mutation was amplified from the WT template by overlap PCR using the following primers: forward, 5′-TTTAAAGGCAGAGAAGCCATCAAAGTTAATTCA-3′; reverse, 5′-TGAATTAACTTTGATGGCTTCTCTGCCTTTAAA-3′. The HA-tagged Cyclin D1 constitutively expressed plasmid and pT3EF1a-C-MYC plasmid were obtained from Addgene (Cambridge, MA, USA). The constructs of short hairpin RNA specifically targeting SMAD4 (shSMAD4) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All plasmids were prepared by the Plasmid Preparation/Extraction Maxi Kit from QIAGEN (Valencia, CA, USA). The antibodies specific against CDK4, CDK6, Cyclin D1, Cyclin E1, p27, HA, c-Jun, C-MYC, Elk1, ETS1, Sp1, SMAD4, GAPDH, and β-actin were bought from Cell Signaling Technology (Beverly, MA, USA). Actinomycin D (Act D) was bought from Calbiochem (Billerica, MA, USA).




2.2 Cell culture and transfection

The purpose of this experiment was to investigate the effects of specific gene modifications on human BCa cell lines T24T and UMUC3. The human BCa cell lines T24T and UMUC3 were used in the study. All cancer cell lines were subjected to DNA tests and authenticated before use for the studies. UMUC3 cells were maintained at 37°C in a 5% CO2 incubator in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA). T24T cells were cultured with a 1:1 mixture of DMEM/Ham’s F12 medium (Gibco, Grand Island, NY, USA) supplemented with 5% FBS. Stable transfections were performed with constructs using PolyJet DNA In Vitro Transfection Reagent (SignaGen Laboratories, Gaithersburg, MD, USA) according to the manufacturer’s instructions, and stable transfectants were selected with puromycin (0.2–0.3 mg/mL) or hygromycin B (200–400 mg/mL) for 3 or 4 weeks according to the different antibiotic resistance plasmids transfected (16, 17). Although the cell lines and animal models used in this study are widely accepted as representative models for human bladder cancer, it is important to acknowledge their limitations. The UMUC3 and T24T human bladder cancer cell lines, while commonly used in bladder cancer research, may not fully recapitulate the heterogeneity of human tumors, particularly in terms of the tumor microenvironment and metastasis. Additionally, these cell lines are derived from advanced stages of bladder cancer, which may not completely represent early-stage disease or the full spectrum of bladder cancer subtypes.




2.3 Protein expression analysis of BCa cells and transfectants

The aim of this experiment was to analyze the protein expression of specific targets in BCa cells and transfectants using Western blotting analysis. As previously described (10), BCa cells and the transfectants were seeded in six-well plates and cultured in a normal culture medium until 70%–80% confluence. The whole cell extracts were prepared and were then subjected to Western blotting analysis. The images were acquired by scanning with ChemiDoc™ MP Imaging System from Bio-Rad (Hercules, CA, USA).




2.4 Analysis of miR-146b and target gene expression in cultured cells

The aim of this experiment was to measure the expression levels of specific genes and miRNAs in BCa cells and transfectants using quantitative real-time PCR (qRT-PCR). First, the RNA was extracted from the cultured cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcriptase was used to produce the first-strand complementary DNA (Aidlab, Beijing, China) according to the manufacturer’s instructions. MiRNA real-time PCR Assay kit was used to detect the expression level of miR-146b (Aidlab, China). Furthermore, U6 was chosen to be the internal control. The primers used in this study were as follows: miR-146b (forward, 5′-TGA CCC ATC CTG GGC CTC AA-3′; reverse, 5′-CCA GTG GGC AAG ATG TGG GCC-3′), U6 (forward, 5′-CTC GCT TCG GCA GCA CA-3′; reverse, 5′-AAC GCT TCA CGA ATT TGC GT-3′), human Cyclin D1 (forward, 5′-GAGGTCTGCGAGGAACAGAAGTG-3′; reverse, 5′-GAGCGGGGATTGGAAATGAACTTC-3′), human C-MYC (forward, 5′-AAC ACA CAA CGT CTT GGA GC-3′; reverse, 5′-CCT TAC GCA CAA GAG TTC CG-3′), human SMAD4 (forward, 5′-ACA AGT AAT GAT GCC TGT CTG A-3′; reverse, 5′-CTC CCA TCC AAT GTT CTC TGT A-3′), and human GAPDH (forward, 5′-GAT GAT CTT GAG GCT GTT GTC-3′; reverse, 5′-CAG GGC TGC TTT TAA CTC TG-3′). The qRT-PCR analysis was carried out using the SYBR Green PCR kit (Qiagen, Santa Clarita, CA, USA) and the 7900HT Fast Real-time PCR system (Applied Biosystems, Carlsbad, CA, USA). The ΔΔCT value was used to calculate the relative expression of the indicated mRNA using gapdh as an endogenous control.




2.5 Luciferase assay

The aim of this experiment was to evaluate the luciferase activity of human Cyclin D1, c-myc promoters, and SMAD4 3′-UTR in BCa cells with different treatments. For the determination of human cyclin d1 promoter-driven luciferase activity and human c-myc promoter-driven luciferase activity, the indicated cells were each transiently co-transfected with pRL-TK, together with the related promoter-driven luciferase reporter. Twenty-four hours after transfection, luciferase activity was determined using the Luciferase Assay System Kit (Promega, Madison, WI, USA). For the determination of smad4 mRNA 3′-UTR activity, UMUC3 (nonsense) and UMUC3 (miR-146b inhibitor) cells were transiently transfected with pRL-TK together with smad4 mRNA 3′-UTR luciferase reporter. Twenty-four hours after transfection, luciferase activity was determined using the Luciferase Assay System Kit (Promega, Madison, WI, USA). The results were normalized by internal TK signal. All experiments were conducted in triplicate, and the results were expressed as mean ± standard error.




2.6 ChIP assay

The aim of this experiment was to investigate the binding of specific transcription factors to the human c-myc promoter using chromatin immunoprecipitation (ChIP) assay. ChIP assay was carried out as described in previous publications using reagents that were purchased from Millipore Technologies (Billerica, MA, USA) (18). To specifically amplify the region containing the putative responsive elements on the human c-myc promoter, PCR was performed with the following pair of primers: forward, 5′-GAG AAA TTG GGA ACT CCG TG-3′; reverse, 5′-CAA AGC AGC AGA TAC CGC CC-3′. The PCR products were separated on 2% agarose gels and stained with ethidium bromide; the images were then scanned using a UV light.




2.7 Cell proliferation analysis

The aim of this experiment was to assess the cell viability of BCa cells under different conditions using the CellTiter-Glo Luminescent Cell Viability Assay. Cell viability was determined by utilizing the CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Briefly, cells were plated in 96-well plates at a density of 5,000 cells per well and allowed to adhere overnight. The cell culture medium was replaced with 0.1% FBS DMEM, cultured for 12 h, then replaced with a normal medium, and cultured for another 1, 2, 3, or 4 days, and then 50 μL CellTiter-Glo assay reagent was added to each well. The contents were mixed on an orbital shaker for 2 minutes to induce cell lysis and then incubated at room temperature for 10 minutes to stabilize the luminescent signal. Results were read on a microplate luminometer LB 96V (Berthold GmbH & Co. KG, Bad Wildbad, Germany). Cell viability (%) was defined as the relative absorbance of treated samples versus that of the untreated control. All experiments were performed in 96-well plates for each experiment and repeated at least three times.




2.8 Cell cycle analysis

The aim of this experiment was to analyze the cell cycle distribution of BCa cells under different conditions using flow cytometry with the BD Cycletest™ Plus DNA Reagent kit. The indicated cells (2 × 105) were cultured in each well of 6-well plates to 70%–80% confluence with normal culture medium. Following serum starvation for 12 h, the medium was replaced with 10% FBS DMEM for another 12 h. Then, the cells were treated with the BD Cycletest™ Plus DNA Reagent kit to treat the cultured cells (BD Biosciences, San Jose, CA, USA). First, the cell debris and fixation artifacts were gated out. Subsequently, the cell populations were quantified at the G0/G1, S, and G2/M phases using the ModFit software.




2.9 Anchorage-independent growth assay

The aim of this experiment was to assess the anchorage-independent growth of BCa cells by performing a soft agar colony formation assay. The 1 × 104 cells in 10% FBS Basal Medium Eagle (BME) containing 0.33% soft agar were seeded over the basal layer containing 0.5% agar containing 10% FBS BME in each well of 6-well plates. The plates were incubated in a 5% CO2 incubator at 37°C for 3 weeks. Colonies were captured under a microscope, and only colonies with over 32 cells were counted. The results were presented as mean ± SD obtained from three independent experiments.




2.10 Xenograft model in nude mice in vivo

The aim of this experiment was to evaluate the in vivo tumorigenic potential of UMUC3 cells with miR-146b inhibitor or nonsense control in BALB/c athymic nude mice. BALB/c athymic nude mice (3–4 weeks old) were purchased from Vital River (Beijing, China). After 2-week acclimatization, the mice were randomly allocated into two groups (five in each group) and subcutaneously injected in the right side (lower back) with 0.1 mL UMUC3 (miR-146b inhibitor) and UMUC3 (nonsense) cells [in each case, 2 × 106 cells suspended in 100 μL phosphate-buffered saline (PBS)]. The sample size for the in vivo xenograft experiments was determined based on power calculations to ensure adequate statistical power for detecting significant differences in tumor growth between the experimental and control groups. A total of five mice per group (n = 5) were included, which is consistent with standard practices in similar studies involving xenograft tumor models. This sample size was selected to balance statistical power with ethical considerations and animal welfare. Tumor volumes and weights were measured weekly, and differences between groups were analyzed for statistical significance. After 4–5 weeks, the mice were sacrificed, and any tumor present was surgically removed, imaged, and weighed. The study for the animals was approved by the Experimental Animal Welfare and Ethics Committee of Affiliated Jinhua Hospital, Zhejiang University School of Medicine (Approval No. AL-JHYY202345). While athymic nude mice are useful for xenograft studies, they lack a fully functional immune system, which limits the ability to assess the role of immune responses in cancer progression and treatment. Future studies using primary bladder cancer samples, patient-derived xenografts (PDXs), or genetically engineered mouse models (GEMMs) could provide more accurate representations of tumor biology and therapeutic responses. Despite these limitations, the models used in this study are well-established tools that provide valuable insights into the molecular mechanisms driving bladder cancer growth and progression.




2.11 Statistical analysis

Statistical analysis was performed using the Prism 5.0 software (GraphPad Software, San Diego, CA, USA). All data were presented as the means of triplicate assays ± SD. Student’s t-test was employed to determine the significance of differences between various groups. The differences were considered significant at p < 0.05.





3 Result



3.1 MiR-146b overexpression promoted human BCa tumorigenic growth both in vitro and in vivo

Our recent study has discovered that miR-146b is highly expressed in human BCa tissues and cells, which plays a promotion role in BCa cell invasion by upregulating MMP2 protein expression (10). To evaluate the biological role of miR-146b in regulating BCa cell proliferation and tumorigenic growth, the inhibitor constructs of miR-146b were stably transfected into UMUC3 and T24T human BCa cells (p < 0.05), respectively (Figures 1A, B). Colony formation assay results showed that miR-146b inhibition decreased the anchorage-independent growth in both T24T and UMUC3 cells (Figures 1C–F).
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Figure 1 | MiR-146b overexpression was crucial for anchorage-independent growth of human BCa cells. (A, B) MiR-146b inhibitor and its nonsense control plasmids were stably transfected into T24T (A) and UMUC3 (B) cells, and stable transfectants were identified by real-time PCR. Bars represent the mean ± SD, Student’s t-test was used to determine the p-value, and the asterisk (*) indicates a significant decrease relative to nonsense control cells (*p < 0.05). (C, D) A soft agar assay was used to determine the effect of miR-3687 down-expression on UMUC3 and T24T anchorage-independent growth, and the images were captured under microscopy. (E, F) The number of colonies was counted with more than 32 cells of each colony, and the results were presented as colonies per 10,000 cells, and the bars show mean ± SD from three independent experiments. The asterisk (*) indicates a significant decrease in comparison to that of nonsense control transfectants (*p < 0.05). (G) UMUC3 transfectants were plated in 96-well plates at a density of 5,000 cells per well. The cell culture medium was then replaced with 0.1% FBS DMEM and cultured for 12 h The cells were replaced with normal medium and cultured for another 1, 2, 3, or 4 days. Subsequently, an ATP activity assay was performed using protocol described in the section “Materials and Methods”. The double asterisk (*) indicates significant decrease from nonsense control (p < 0.05). (H) The indicated cells (2 × 105) were seeded into a 6-well plate and cultured overnight. Following synchronization in 0.1% FBS for 12 h, the medium was replaced with 10% FBS DMEM for another 12 h, and the cells were then stained with propidium iodide for cell cycle analysis as described in the section of “Materials and Methods”. The results represented one of three independent experiments. BALB/c athymic nude mice were subcutaneously injected with UMUC3 (miR-146bi) cells or their nonsense control transfectants. The mice were euthanized after 4–5 weeks, and xenograft tumors in the mice injected with the indicated UMUC3 transfectants were removed, imaged, and weighed (I, J). The results of the tumor weight in the mice injected with the UMUC3 transfectants (K) were presented as means ± SD. *Significant decrease relative to nonsense control cells (p < 0.05). BCa, bladder cancer; FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium.

Moreover, the inhibition of miR-146b significantly reduced the monolayer growth of UMUC3 and T24T, accompanied by inducing G0/G1 cell cycle arrest in UMUC3 cells (Figures 1G, H). To further determine the potent oncogenic activity of miR-146b in vivo, UMUC3 (miR-146b inhibitor) and UMUC3 (nonsense) cells were subcutaneously injected into nude mice. Unexpectedly, the inhibition of miR-146b dramatically decreased UMUC3 xenograft tumor growth and reduced tumor burden (weight) as compared to the UMUC3 (nonsense) group (p < 0.01, n = 5) (Figures 1I–K). In general, a novel positive regulatory effect of miR-146b on human BCa cell growth has been discovered.




3.2 Cyclin D1 protein mediated miR-146b-induced human BCa cell proliferation

In order to elucidate the mechanism of miR-146b involved in the regulation of G0/G1 cell cycle transition, we first performed Western blotting to detect the potential G0/G1 transition regulators. As the result showed, the knockdown of miR-146b exerted no remarkable effect on CDK4, CDK6, and p27 protein expression, while specifically decreasing Cyclin D1 protein abundance in both UMUC3 and T24T cells (Figures 2A, B). Therefore, we supposed that Cyclin D1 may be the miR-146b downstream effector involved in inducing G0/G1 phase arrest and promoting human BCa cell proliferation. To test this notion, we stably transfected HA-Cyclin D1 into UMUC3 (miR-146bi) cells (Figure 2B). The ectopic expression of HA-Cyclin D1 reversed the reduction of miR-146bi on anchorage-independent growth and monolayer growth, as compared with those observed in their scramble nonsense transfectants (Figures 2C–E).
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Figure 2 | Cyclin D1 upregulation mediates miR-146b promotion of human BCa anchorage-independent growth. (A) The indicated cell extracts were subjected to Western blotting to determine the expression of CDK4, CDK6, Cyclin D1, Cyclin E1, and p27. β-Actin was used as a protein loading control. (B) HA-tagged Cyclin D1 constructs were stably transfected into UMUC3 (miR-146bi) cells. The overexpressed efficiency of Cyclin D1 protein was assessed by Western blotting. (C, D) A soft agar assay was used to determine the effect of Cyclin D1 overexpression on anchorage-independent growth of UMUC3 (miR-146bi); the number of colonies was counted under microscopy (C), and the results were presented as colonies per 10,000 cells (D). (E) The effect of Cyclin D1 on monolayer proliferation rates of UMUC3 (miR-146bi) cells was evaluated by ATP assay. Results are means ± SD; *significant change relative to vector control cells (p < 0.05). (F) The indicated cells were seeded in 6-well plates and cultured to 70%–80% confluence. After synchronization, the cells were cultured in complete medium for another 24 h and then subjected to cell cycle analysis (n = 3). BCa, bladder cancer.

Furthermore, the ectopic expression of HA-Cyclin D1 in UMUC3 (miR-146bi) cells also inhibited G0/G1 cell cycle arrest, and the results of flow cytometry also indicated that UMUC3 (miR-146bi/HA-Cyclin D1) exhibited a reverse effect of miR-146bi on inducing G0/G1 cell cycle arrest (Figure 2F). In conclusion, the results indicated that Cyclin D1 is a critical downstream effector for miR-146b mediating bladder cancer cell growth.




3.3 MiR-146b increased Cyclin D1 transcription by promoting C-MYC protein expression

To ascertain the mechanism of miR-146b upregulating Cyclin D1 expression, the mRNA expression of cyclin D1 was first assessed. As shown in Figure 3A, cyclin d1 mRNA expression was profoundly downregulated in UMUC3 (miR-146bi) transfectant cells in comparison to UMUC3 (nonsense) cells. Subsequently, it was found that the Cyclin D1 promoter-driven luciferase reporter transcription activity in UMUC3 (miR-146bi) cells was much lower than in UMUC3 (nonsense) cells (Figure 3B), indicating the possibility of miR-146b increasing the transcription of cyclin d1 mRNA. To verify this, we tried to conduct a bioinformatics analysis of the −1,407 to −167 region of the Cyclin D1 promoter sequence using the TFANSFAC Transcription Factor Binding Sites Software (Biological Database, Wolfenbüttel, Germany). The results showed that putative DNA-binding sites of Elk1, AP1, C-MYC, and Sp1 were involved in the Cyclin D1 promoter region (Figure 3C). Consequently, we tried to determine the effect of miR-146b inhibitor on the protein expression of the indicated transcription factors.
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Figure 3 | Inhibition of miR-146b attenuated Cyclin D1 transcription with downregulation of C-MYC protein. (A) Relative cyclin d1 mRNA expression detected in UMUC3 (miR-146bi) and UMUC3 (nonsense) cells. (B) UMUC3 (nonsense) versus UMUC3 (miR-146bi) cells were transiently transfected with a cyclin d1 promoter-driven luciferase reporter together with pRL-TK. Transfectants were seeded into 96-well plates to determine cyclin d1 promoter transcriptional activity. pRL-TK was used as the internal control to normalize transfection efficiency. Bars indicate means ± SD from three replicate assays. (C) Potential transcriptional factor binding sites in human cyclin d1 promoter region were analyzed via the TRANSFAC 8.3 engine online. (D) Cell lysates from indicated cells were evaluated for Elk1, c-Jun, C-MYC, and Sp1 protein expression. GAPDH served as the loading control. The asterisk (*) indicates a statistically significant difference compared to the control (*p < 0.05).

As shown in Figure 3D, downregulation of C-MYC protein expression was discovered in UMUC3 (miR-146bi) cells, as compared to UMUC3 (nonsense) cells with no marked influence on Elk1, c-Jun, or Sp1 protein expression. Our previous study has shown that C-MYC is a promotive transcription factor of Cyclin D1 by directly binding to its promoter region, which plays a critical role in human bladder cancer cell tumorigenicity (19). Thus, we suggested that C-MYC may play a role in miR-146bi inhibition of Cyclin D1 transcription. To verify that C-MYC was critical for miR-146b promotion of human BCa cell proliferation, we transfected UMUC3 (miR-146bi) cells with the C-MYC-P3EF1a plasmid (Figure 4A). Consistently, the ectopic expression of C-MYC increased the mRNA expression and promoter activity of Cyclin D1, which remarkably increased the anchorage-independent growth ability of UMUC3 (miR-146bi/C-MYC) transfectants (Figures 4B–E). In conclusion, the above results strongly indicated that C-MYC is the key factor mediating miR-146b, increasing BCa growth by promoting Cyclin D1 transcription.
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Figure 4 | Effects of C-MYC on promotion of cyclin d1 transcription and human BCa anchorage-independent growth. (A) C-MYC overexpressed constructs were stably transfected into UMUC3 (miR-146bi) cells. The C-MYC overexpressed efficiency and its downstream Cyclin D1 expression were assessed by Western blotting. GAPDH was used as a protein loading control. (B) Relative cyclin d1 mRNA expression detected in UMUC3 (miR-146bi/Vector) and UMUC3 (miR-146bi/C-MYC) cells. (C) UMUC3 (miR-146bi/Vector) and UMUC3 (miR-146bi/C-MYC) cells were transiently transfected with a cyclin d1 promoter-driven luciferase reporter together with pRL-TK. Transfectants were seeded into 96-well plates to determine cyclin d1 promoter transcriptional activity. pRL-TK was used as the internal control to normalize transfection efficiency. Bars indicate means ± SD from three replicate assays. (D) The stable transfectants as indicated were subjected to anchorage-independent soft agar growth assay. Representative images of colonies were photographed under an Olympus DP71. (E) The number of colonies was counted with more than 32 cells of each colony, and the results were presented as colonies per 10,000 cells. The bars show mean ± SD from three independent experiments, and the asterisk (*) indicates a significant increase in comparison to vector transfectants as indicated (*p < 0.05). BCa, bladder cancer.




3.4 SMAD4 was required for miR-146b promotion of C-MYC at the transcriptional level

In order to study the molecular mechanism of miR-146b upregulating C-MYC protein expression, we first tested the effect of miR-146b on c-myc mRNA level. We found that c-myc mRNA was significantly decreased in UMUC3 (miR-146bi) cells (Figure 5A). Furthermore, c-myc promoter-driven luciferase reporter activity was also inhibited in UMUC3 (miR-146bi) cells as compared with its scramble nonsense transfectants (Figure 5B), suggesting that the indicated transcription factor(s) involved in the −1,225 to −14 region of the promoter participated in miR-146b promoting c-myc promoter transcription. Therefore, we performed bioinformatics analysis to figure out the potential transcriptional factors (Figure 5C) and then detected their protein expression (Ap1, Elk1, Ets1, Smad4, and Sp1). The results indicated that only SMAD4 showed high expression, while others exhibited no remarkable differences (Figures 3D, 5D, E), revealing that SMAD4 may be critical for regulating C-MYC expression. Thus, we knocked down SMAD4 in UMUC3 (miR-146bi) cells using shRNAs specifically targeting human SMAD4, and UMUC3 (miR-146bi/shSMAD4#1), UMUC3 (miR-146bi/shSMAD4#2), and their scramble transfectant UMUC3 (miR-146bi/nonsense) were established (Figure 6A). As expected, the knockdown of SMAD4 increased the protein expression of C-MYC and Cyclin D1 (Figure 6A), c-myc mRNA expression (Figure 6B), and c-myc promoter activity (Figure 6C), as well as BCa cell growth (Figures 6D, E), demonstrating that SMAD4 was indeed an intermediate regulator linking miR-146b to C-MYC and responsible for BCa tumorigenic growth. In general, miR-146 inhibits SMAD4 expression, consequently increasing c-myc transcription, further promoting cyclin d1 mRNA transcription and protein expression, and finally elevating BCa cell anchorage-independent growth.

[image: Panel A shows a bar graph comparing c-myc mRNA levels in UMUC3 cells treated with nonsense control versus miR-146bi, revealing a significant decrease with miR-146bi. Panel B displays a bar graph of relative C-MYC promoter activity under the same conditions, also showing reduction with miR-146bi. Panel C provides a schematic of the human C-MYC promoter from minus one thousand two hundred twenty-five to minus fourteen, indicating relevant transcription factor binding sites. Panel D shows western blot results for Ets1, SMAD4, and GAPDH in UMUC3 cells treated with nonsense or miR-146bi, with SMAD4 increased in miR-146bi. Panel E shows similar blots for T24T cells with the same trend.]
Figure 5 | MiR-146b overexpression inhibited c-myc mRNA transcription in human BCa cells. (A) Relative c-myc mRNA expression detected in UMUC3 (miR-146bi) and UMUC3 (nonsense) cells. (B) UMUC3 (nonsense) versus UMUC3 (miR-146bi) cells were transiently transfected with a c-myc promoter-driven luciferase reporter together with pRL-TK. Transfectants were seeded into 96-well plates to determine c-myc promoter transcriptional activity. pRL-TK was used as the internal control to normalize transfection efficiency. Bars indicate means ± SD from three replicate assays. (C) Potential transcriptional factor binding sites in human c-myc promoter region were analyzed via the TRANSFAC 8.3 engine online. (D, E) Cell lysates from indicated cells were evaluated for Ets1 and SMAD4 protein expression. GAPDH served as the loading control. BCa, bladder cancer. The asterisk (*) indicates a statistically significant difference compared to the control (*p < 0.05).

[image: Figure panel with western blot (A) showing SMAD4 knockdown increases C-MYC and Cyclin D1 in UMUC3(miR-146bi) cells, bar charts (B, C, E) quantifying mRNA, promoter activity, and colony formation, and microscopy images (D) documenting increased colony number after SMAD4 knockdown compared to nonsense control.]
Figure 6 | SMAD4 was a miR-146b-regulated transcription factor mediating Cyclin D1 upregulation in human BCa cells. (A) SMAD4 knockdown constructs were stably transfected into UMUC3 (miR-146bi) cells. The SMAD4 knockdown efficiency and its downstream C-MYC, Cyclin D1 expression were assessed by Western blotting. GAPDH was used as a protein loading control. (B) Relative c-myc mRNA expression detected in UMUC3 (miR-146bi/nonsense), UMUC3 (miR-146bi/shSMAD4-1) and UMUC3 (miR-146bi/shSMAD4-2) cells. (C) UMUC3 (miR-146bi/nonsense), UMUC3 (miR-146bi/shSMAD4-1), and UMUC3 (miR-146bi/shSMAD4-2) cells were transiently transfected with a c-myc promoter-driven luciferase reporter together with pRL-TK. Transfectants were seeded into 96-well plates to determine c-myc promoter transcriptional activity. pRL-TK was used as the internal control to normalize transfection efficiency. Bars indicate means ± SD from three replicate assays. (D) The stable transfectants as indicated were subjected to anchorage-independent soft agar growth assay. Representative images of colonies were photographed under an Olympus DP71. (E) The number of colonies was counted with more than 32 cells of each colony, and the results were presented as colonies per 10,000 cells. The bars show mean ± SD from three independent experiments, and the asterisk (*) indicates a significant increase in comparison to nonsense transfectants as indicated (*p < 0.05). BCa, bladder cancer.




3.5 MiR-146b decreased smad4 mRNA stability by directly targeting its 3′-UTR

To clarify the molecular mechanism of miR-146b inhibiting SMAD4 expression, we first detected smad4 mRNA abundance in UMUC3 cells. As shown in Figure 7A, miR-146b inhibition elevated smad4 mRNA expression. Therefore, we supposed that miR-146b destabilized smad4 mRNA. The result exhibited that miR-146b inhibition delayed the smad4 mRNA degradation rates (Figure 7B). MiRNAs function post-transcriptionally usually by base-pairing to target mRNA 3′-UTR to inhibit protein synthesis (20). Thus, we next detected the 3′-UTR activity of smad4 mRNA between UMUC3 (miR-146bi) and UMUC3 (nonsense) cells. As shown in Figure 7C, miR-146b inhibition improved the smad4 mRNA 3′-UTR activity as compared to the control cells, suggesting that miR-146b may be involved in this regulation. Thereby, we performed bioinformatics research on the potential targeted miRNA of smad4 mRNA 3′-UTR using TargetScan (v7.0; targetscan.org) (21). The results exhibited that there were multiple putative miRNA binding sites in smad4 mRNA 3′-UTR, surprisingly including the binding sites for miR-146b (Figure 7D).

[image: Panel A shows a bar graph indicating increased smad4 mRNA levels in UMUC3 cells with a miR-146b inhibitor compared to nonsense control. Panel B displays a bar graph of smad4 mRNA levels after Act D treatment at 0, 6, and 12 hours, showing miR-146b inhibitor stabilizes smad4 mRNA. Panel C is a bar graph showing elevated smad4 3’-UTR activity in T24T cells with miR-146b inhibitor compared to control. Panel D presents sequences of smad4 3’-UTR, miR-146b, and smad4 3’-UTR wild-type with mutation marks. Panel E is a bar graph comparing wild-type and mutant smad4 3’-UTR reporter activity with or without miR-146b inhibitor, highlighting reduced reporter activity for the mutant. Panel F is a flowchart diagramming miR-146b's influence on smad4 mRNA stability, SMAD4 protein, C-MYC and Cyclin D1 transcription/protein, and bladder cancer cell growth.]
Figure 7 | MiR-146b was responsible for destabilization of smad4 mRNA by direct binding to its 3′-UTR. (A) UMUC3 (miR-146bi) and UMUC3 (nonsense) cells were cultured in 6-well plates till cell density reached 70%–80%. Following synchronization for 12 h, the medium was then replaced with 10% FBS DMEM for another 12 h The cells were extracted for total RNA with TRIzol reagent. Real-time PCR was used to determine smad4 mRNA expression, and gapdh was used as an internal control. Data represent mean ± SD (*p < 0.05). (B) UMUC3 (miR-146bi) and UMUC3 (nonsense) cells were seeded into 6-well plates. After synchronization, the indicated cells were treated with Actinomycin D (Act D) for the indicated time points. Total RNA was then isolated and subjected to real-time PCR analysis for mRNA levels of smad4, and gapdh was used as an internal control. Bars represent mean ± SD from three independent experiments. Student’s t-test was utilized to determine the p-value. The asterisk (*) indicates a significant increase in comparison to UMUC3 (nonsense) cells (*p < 0.05). (C) The pMIR-SMAD4 3′-UTR reporter was transiently transfected into the indicated cells, and luciferase activity of each transfectant was evaluated. The luciferase activity was presented as a relative to nonsense transfectant normalized using pRL-TK as an internal control. The bars show mean ± SD from three independent experiments. The symbol (*) indicates a significant increase in UMUC3 (miR-146bi) in comparison to nonsense transfectant (p < 0.05). (D) The predicted miR-146b binding site existed in the 3′-UTR of smad4 mRNA, and its mutants (MUTs) were generated in the binding site. (E) The pMIR-smad4 3′-UTR reporters (WT and MUT) were co-transfected with pRL-TK into the indicated cells. Twenty-four hours post-transfection, the transfectants were extracted for determination of the luciferase activity, and TK was used as the internal control. Luciferase activity of each transfectant was evaluated, and the results were presented as relative SMAD4 3′-UTR activity. The bars show mean ± SD from three independent experiments. The double asterisk (**) indicates a significant inhibition of 3′-UTR activity in mutant transfectant in comparison to mutant of WT smad4 3′-UTR luciferase reporter transfectant (p < 0.05). (F) The proposed mechanisms underlying miR-146b overexpression in the promotion of human BCa cells growth: miR-146b overexpression destabilizes smad4 mRNA, which further elevates c-myc mRNA transcription, in turn promoting the transcription of cyclin d1 and protein expression, and finally increases the transition of cell cycle G0/G1 phase and the anchorage-independent growth of human BCa cells. FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium; BCa, bladder cancer.

To ascertain whether miR-146b could directly bind to smad4 mRNA 3′-UTR to stabilize its mRNA, as shown in Figure 7D, we constructed the plasmid that miR-146b binding site in smad4 mRNA 3′-UTR-luciferase reporter was mutated. Then, we co-transfected the wild-type or the mutation plasmids with pRL-TK into either UMUC3 (nonsense) or UMUC3(miR-146bi) cells transiently. We found that the luciferase activity of wild-type smad4 mRNA 3′-UTR in UMUC3 (miR-146bi) cells was much higher than in UMUC3 (nonsense), whereas the mutation decreased the effect of miR-146b inhibition (Figure 7E), revealing that the direct binding of miR-146b to smad4 mRNA 3′-UTR is critical for miR-146b stabilization of smad4 mRNA. In summary, our results revealed that overexpressed miR-146b attenuated smad4 mRNA expression by directly binding to its 3′-UTR, therefore promoting c-myc mRNA transcription, in turn increasing cyclin D1 mRNA transcription and protein expression and finally promoting BCa cell anchorage-independent growth as shown in Figure 7F.





4 Discussion

In recent years, accumulating evidence demonstrated microRNAs as negative regulators of gene expression by directly binding with mRNA sequences to repress transcript destabilization or translation (22, 23). A growing number of studies have shown that the dysregulation of miRNAs leads to the progression of multiple cancers, including bladder cancer (24). Nevertheless, the aberrant expression of specific miRNAs exerting the actual functions on proliferation, metastasis, and progression of BCa is still unclear. MiR-146b is a member of the miR-146 family, which is encoded by independent genes located on human chromosomes 10 (25). Several studies have reported that miR-146b is widely upregulated and plays an important oncogenic role in multiple cancers, such as cervical cancer (7), colon cancer (8), and thyroid cancer (26). Our previous data illustrate that the drastic upregulation of miR-146b in BCa tissues and cell lines was discovered as expected, as compared to its adjacent normal urothelial tissues and the normal urothelial cell line, respectively. Moreover, miR-146b overexpression promotes the invasion ability of human bladder cancer by increasing MMP2 protein expression (10). However, its role in the malignant growth and proliferation of BCa has not been fully studied. In this research, the loss-of-function study demonstrated that the inhibition of miR-146b could repress the proliferation and anchorage-independent growth of BCa cells, which suggested miR-146b as an oncogene in BCa. While our data suggest that miR-146b directly regulates the SMAD4/C-MYC/Cyclin D1 axis, it is important to note that miR-146b may not be the only regulator of this pathway. Other miRNAs and transcription factors could also influence the expression of SMAD4, C-MYC, and Cyclin D1, further modulating bladder cancer cell growth and proliferation. For instance, miRNAs such as the miR-17-92 cluster and miR-26a have been implicated in regulating components of the SMAD4/C-MYC/Cyclin D1 axis in other cancer types. Future studies focusing on the combined effects of miR-146b and other regulatory elements may offer a more comprehensive understanding of the intricate regulatory networks governing bladder cancer progression.

Our further study indicated that the G0/G1 phase arrest could be responsible for miR-146b inhibition inducing cell proliferation impairment. Cyclin D1, a critical regulator, controls the cell cycle progression from the G0–G1 phase to the S phase by forming a complex with CDK4/6 (27, 28). Deregulation of Cyclin D1 expression and/or activity is common in human cancers including bladder cancer (29), colon cancer (30), and breast cancer (31). Cyclin D1 has been reported to be responsible for miR-576-3p overexpression inhibiting human bladder cancer proliferation by directly binding with its 3′-UTR (32). Isorhapontigenin exerts cancer-inhibitory effects on the growth of patient-derived glioblastoma spheres by inhibiting Cyclin D1 expression by regulating the miR-145/SOX2 axis (33). Long non-coding RNA (lncRNA) DILA1 could interact with the Thr286 of Cyclin D1 for repressing its phosphorylation and subsequent degradation, thereby promoting the Cyclin D1 protein expression and finally contributing to tamoxifen resistance in breast cancer (34). In the current study, miR-146b inhibition decreased Cyclin D1 protein expression. Ectopically expressed HA-Cyclin D1 in UMUC3 (miR-146bi) cells expectably reversed the reduction of miR-146bi on monolayer and anchorage-independent growth, indicating that Cyclin D1 is responsible for miR-146bi-mediated G0/G1 cell cycle arrest and the inhibition of anchorage-independent growth in BCa cells.

Oncoprotein C-MYC is critical for the formation and progression of various cancers by triggering the transcription of downstream oncogene or tumor suppressor genes (35). C-MYC could collaborate with TGF-α, epidermal growth factor receptor, Ras, PI3K/Akt, or NF-κB to the regulation of Cyclin D1 (36, 37). Coordination of C-MYC with Cyclin D1 not only accelerates tumor formation but also may drive tumor progression to a more aggressive phenotype (38). Our previous study has shown that c-myc mRNA impairment is crucial for p63α inhibition of Cyclin D1 gene transcription and bladder cancer cell tumorigenicity (19). In the present study, we explored the mechanism underlying miR-146b promoting Cyclin D1 promoter activity and focused on the contribution of C-MYC on Cyclin D1 promoter activity. We found that miR-146b inhibition could reduce Cyclin D1 mRNA expression through the inhibition of its promoter activity, which is mediated by decreasing C-MYC protein expression. Moreover, the ectopic expression of C-MYC reversed not only the inhibition effect on Cyclin D1 expression but also the anchorage-independent growth by knockdown miR-146b in BCa cells. Taken together, our study provides evidence that targeting C-MYC and Cyclin D1 may be a good strategy for bladder cancer prevention.

Heterozygous or homozygous deletion of SMAD4 was first discovered in pancreatic ductal adenocarcinoma (39) and later detected in various types of cancers, such as colorectal cancer (40), cholangiocarcinoma (41), gastric cancer (42), and prostate cancer (43), although with lower frequencies to some extent. In bladder cancer, SMAD4 overexpression decreased bladder cancer cell proliferation, migration, and invasion abilities (44). Herein, the knockdown of miR-146b stabilized smad4 mRNA and promoted its protein expression by directly binding with its 3′-UTR. Knockdown of SMAD4 in UMUC3 (miR-146bi) cells reversed the inhibition of anchorage-independent growth of BCa, indicating the consistent suggestion that SMAD4 may be a tumor suppressor for BCa tumorigenic growth. As the core mediator of the canonical TGF-β signaling pathway, SMAD4 plays a pivotal role in the switch of TGF-β function on tumorigenesis (45). The canonical TGF-β/SMAD4 signaling pathway plays a tumor suppressive role at early stages, mainly by inducing G0/G1 cell cycle arrest and apoptosis (46). Moreover, SMAD4 mediates the inhibitory effect of TGF-β on C-MYC expression by forming a complex with SMAD3, E2F4/5, and p107 at the TGF-β inhibitory element (TIE) element on the c-myc promoter (47). Consistently, in this study, we found that the knockdown of SMAD4 in UMUC3 (miR-146bi) cells promoted C-MYC transcription and protein expression. The results of the ChIP assay showed that SMAD4 could directly bind with the c-myc promoter.

Our findings provide novel insights into the role of miR-146b in regulating the SMAD4/C-MYC/Cyclin D1 axis in bladder cancer, aligning with previous studies demonstrating miR-146b’s oncogenic potential in various malignancies. In colorectal cancer, miR-146b has been shown to regulate cancer cell proliferation and invasion, similarly enhancing the transcription of Cyclin D1 and other cell cycle regulators through its modulation of key signaling pathway state cancer; miR-146b also promotes cell growth by targeting PTEN and activating the PI3K/AKT pathway, which can intersect with the mechanisms we can observe in bladder cancer. In cervical cancer, miR-146b enhances proliferation and metastasis by regulating inflammatory pathways, a mechanism that could potentially overlap with its effects on the TGF-β/SMAD signaling axis in bladder cancer. These studies and our findings underscore the central role of miR-146b in promoting cancer progression through the regulation of cell cycle-related proteins such as Cyclin D1, C-MYC, and other pivotal regulators. However, it is important to recognize that miR-146b may not be the only regulator of this axis. Other miRNAs, such as the miR-17-92 cluster, have been implicated in modulating the same pathway in different cancers. Future research should explore the cooperative regulation of this axis by multiple miRNAs and transcription factors, providing a more comprehensive understanding of the regulatory networks involved in bladder cancer progression. Although our study provides valuable insights into the role of miR-146b in bladder cancer, there are several limitations that should be acknowledged. First, our study mainly relied on the use of the UMUC3 and T24T cell lines and athymic nude mice, which may not fully recapitulate the complexity of human bladder cancer, especially with regard to tumor heterogeneity and the tumor microenvironment. Furthermore, while our findings suggest a significant role for miR-146b in regulating the SMAD4/C-MYC/Cyclin D1 axis, other potential pathways or factors may also contribute to the observed effects. Future research should explore additional bladder cancer models, including PDXs or GEMMs, to better reflect tumor biology and therapeutic responses. Additionally, the potential off-target effects of miR-146b inhibition were not fully addressed in this study, and future work should include controls to evaluate these effects more comprehensively. Lastly, while we focused on the miR-146b-induced regulation of Cyclin D1 and C-MYC, additional miRNAs or transcription factors may cooperate in modulating this axis, warranting further investigation into the broader regulatory network involved in bladder cancer progression.

While our study highlights miR-146b as a promising therapeutic target in bladder cancer, it is important to consider the challenges associated with miRNA-based therapies. MiRNA therapies face several obstacles, including the efficient delivery of miRNA mimics or inhibitors to target tissues, off-target effects, and potential immune responses. Additionally, the systemic delivery of miRNAs is often hindered by their instability in the bloodstream and rapid degradation by nucleases. Recent advancements in nanotechnology, such as liposomes and nanoparticles, hold promise for improving the targeted delivery and stability of miRNA-based therapies. Furthermore, the specificity of miRNA inhibition or overexpression can be fine-tuned by employing modified RNA molecules with reduced off-target effects. Therefore, while miR-146b-based therapies show potential, future research should focus on optimizing delivery methods, minimizing off-target effects, and assessing the safety and efficacy of miRNA-based approaches in preclinical and clinical trials.

In conclusion, miR-146b overexpression promotes proliferation and anchorage-independent growth of human BCa cells by enhancing SMAD4/C-MYC/Cyclin D1 pathway activation. MiR-146b overexpression destabilizes smad4 mRNA by directly binding to its 3′-UTR, further elevating c-myc mRNA transcription, followed by promoting cyclin D1 mRNA transcription and protein expression, and finally promoting the transition of cell cycle G0/G1 phase and the anchorage-independent growth of human BCa cells. The observed regulation of the SMAD4/C-MYC/Cyclin D1 axis by miR-146b underscores its potential as a key modulator in bladder cancer progression. However, it is essential to recognize that this pathway may be influenced by other factors beyond miR-146b. Other miRNAs, such as the miR-17-92 cluster, have been shown to target SMAD4 and C-MYC in different cancers, suggesting that multiple miRNAs may cooperatively regulate the same pathway. Additionally, transcription factors and signaling molecules such as TGF-β and SMAD2/3 may also play roles in modulating this axis. Further investigation into these alternative regulatory mechanisms will help provide a more complete picture of the molecular drivers of bladder cancer and may reveal additional therapeutic targets. Our new findings together with previous data of miR-146b promoting bladder cancer invasion suggest that the miR-146b could serve as a promising prognostic and therapeutic target for bladder cancer management.




5 Conclusions

In conclusion, our study demonstrates that miR-146b plays a crucial role in promoting the proliferation and tumorigenic growth of BCa cells through the modulation of the SMAD4/C-MYC/Cyclin D1 axis. Specifically, miR-146b overexpression leads to the destabilization of SMAD4 mRNA by directly binding to its 3’-UTR, thereby decreasing SMAD4 expression. This reduction in SMAD4 facilitates the transcription of C-MYC, which, in turn, upregulates Cyclin D1 expression, driving the G0/G1 cell cycle transition and enhancing BCa cell proliferation. Furthermore, our findings highlight that miR-146b not only is involved in the regulation of key cell cycle regulators but also plays a significant role in promoting anchorage-independent growth, a critical hallmark of tumorigenic potential. The therapeutic implications of these findings are noteworthy, as targeting miR-146b could provide a novel strategy for controlling BCa cell growth by disrupting this oncogenic pathway.

This study presents a new mechanistic insight into the role of miR-146b in bladder cancer and its potential as a therapeutic target. Given that miR-146b has already been implicated in various cancer types, its involvement in BCa suggests that it may serve as both a biomarker for prognosis and a target for therapeutic intervention. Future studies should focus on validating these findings in clinical settings and exploring potential miR-146b-based therapies for BCa treatment.
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Background: Cuproptosis, along with RNA methylation regulators, has recently come to the fore as innovative mechanisms governing cell death, exerting profound impact on the onset and progression of multiple cancers. Nonetheless, the prognostic implications and underlying regulatory mechanisms of them associated with prostate cancer (PCa) remain to be thoroughly investigated.Methods: Genomic and clinical data for PCa from The Cancer Genome Atlas datasets were analyzed to identify a prognostic model through univariate and Least Absolute Shrinkage and Selection Operator Cox regression analyses that were validated utilizing external datasets. We used receiver operating characteristic curves and C-index to evaluate the accuracy of our prognostic model. In conjunction with this, we conducted single-cell RNA sequencing (scRNA-seq) analyses to investigate underlying mechanisms and evaluate the degree of immune infiltration, as well as to assess patients’ responses to diverse chemotherapy agents. Especially, qPCR assay was utilized to unveil the expression of signature genes in PCa.Results: We meticulously selected six Cuproptosis-Associated RNA Methylation Regulators (CARMRs) to establish a risk prognosis model, which was further verified to obtain enhanced predictive capacity in external validation cohorts. Insights from immune infiltration and scRNA-seq analyses have elucidated the immune characteristics of PCa, and highlighted the immunosuppressive role of regulatory T cells on immune response. Additionally, drug susceptibility analysis demonstrated that patients with PCa in the low-risk category derived better benefit from bicalutamide treatment, whereas those in the high-risk group exhibited a favor response to adriamycin and docetaxel treatments. The qPCR and immunohistochemistry (IHC) staining assays also reveal the a dramatically altered expression pattern of TRDMT1 and ALYREF in PCa tissues.Conclusion: In general, we established a model involving CARMRs that can better predict the risk of recurrence of PCa and have identified the possible mechanisms affecting PCa progression, thereby promoting further research in this field.Keywords: prostate cancer, cuproptosis, RNA methylation regulators, immunotherapy, chemotherapy agent
1 INTRODUCTION
Prostate cancer (PCa) is a global health issue. According to the statistics from GLOBOCAN 2020, PCa serves as the second most common cancer in men worldwide following lung cancer, and it is particularly endemic in 112 countries (Sung et al., 2021). Localized PCa is primarily treated through radical prostatectomy combined with radiotherapy, whereas high-risk PCa is managed via androgen deprivation therapy (ADT) (Sekhoacha et al., 2022). Nevertheless, long-term ADT treatment may contribute to the occurrence of castration-resistant PCa (CRPC), resulting in a higher risk of metastasis and poorer recurrence-free survival (RFS) (Bach et al., 2014; Teo et al., 2019). Nowadays, clinical diagnostic biomarkers used to screen the public for PCa, such as prostate specific antigen, lack specificity and the Gleason score can be easily affected by sampling error and subjectivity. In contrast, genotyping-based classification can be crucial in identifying specific subtypes of PCa and promoting individualized treatment (Kench et al., 2022; Ye et al., 2020). Therefore, exploring novel biomarkers for predicting the prognosis of PCa and improving treatment accuracy is of great significance.
Cuproptosis, a novel non-apoptotic mode of cell death, is mediated by copper-dependent mitochondria and occurs through direct binding of copper to the acylation components in the tricarboxylic acid cycle. Increased intracellular levels of copper ions can induce cuproptosis (Chen et al., 2022). Recent research has shown that copper levels in tumor tissues are 2–3 times higher than those in normal tissues (Gupte and Mumper, 2009). As a common form of cell death, cuproptosis has the capacity to regulate the DLAT/mTOR pathway to enhance the autophagy of PCa cells and reverse their resistance to chemotherapy drugs (Wen et al., 2023). Given that cuproptosis induces cell death via changing mitochondrial metabolism, the drugs that enhance this dependency, such as enzalutamide could build on synergies (Gao et al., 2024). The discovery of cuproptosis, which needs further research, may provide ideas for the exploration of novel therapeutic targets for cancer treatment. Moreover, gaining an insight into the mechanism and associated signaling pathways of cuproptosis would provide new options for reversing drug resistance in PCa.
On the other hand, RNA methylation modifications participate broadly in biological processes and correlate with proliferation, metastasis, cellular stress, and the immune response to cancer (Yang et al., 2021; Chen et al., 2019). The RNA methylation categories of significance included N6-methyladenosine (m6A), 5-methylcytosine (m5C), N7-methylguanosine (m7G), and N1-methyladenosine (m1A) (Long et al., 2023). Among these, the m6A modification is the most widely distributed in living organisms and is known to be involved in multiple processes of RNA synthesis (An and Duan, 2022). For example, YTHDF2 has been shown to induce the proliferation of PCa cells through an m6A--dependent mechanism (Li et al., 2020). Elevated methylation levels of EI3C mRNA may contribute to metastasis by activating the MAPK pathway (Ding et al., 2022). Additionally, METTL3 (Haigh et al., 2022), VIRMA (Barros-Silva et al., 2020), FTO (Zhang J. et al., 2023), and RBM15 (Wang et al., 2023) are known to play key roles in controlling the extent of methylation to impact the survival, progression and drug-resistance of patients with PCa by serving as “writers”. RNA methylation has also shown a strong correlation with genetic variation, alternative splicing, and immune phenotypes. We speculate that the tumor microenvironment (TME) would be remodeled when the methylation level increased (Zhao et al., 2021). RNA methylation modifications have been implicated in various cancers making them potential biomarkers for cancer diagnosis and treatment.
To conclude, rational prognostic models were formerly established involving Cuproptosis-Associated RNA Methylation Regulators (CARMRs) to provide fresh insights into the development of new targets and patient immunotherapy in colorectal cancer and hepatocellular carcinoma (Li et al., 2023; Zhao et al., 2024a). CARMRs may help characterize the immune status, be essential for proliferation and invasiveness, and predict patient prognosis. Hence, we constructed a CARMR-based prognostic model to explore the potential mechanism of transfer and drug resistance in PCa.
In this study, we constructed a prognostic model utilizing CARMRs in patients with PCa to divide them into high- and low-risk groups, predict RFS, the landscape of TME, and drug sensitivity. We believe that clinicians can better identify the PCa stage and guide individualized treatment through our approach described here. The workflow of this study is shown in Figure 1.
[image: Flowchart illustrating the analysis of cuproptosis-related genes and RNA methylation regulators using TCGA-PRAD data, with correlation and regression analyses identifying 13 prognostic genes, followed by bioinformatics processes including drug sensitivity, immunohistochemical analysis, immune analysis, enrichment analysis, pseudo-sequencing analysis, and network enrichment analysis.]FIGURE 1 | A schematic showing the workflow of the study.
2 MATERIALS AND METHODS
2.1 Datasets acquisition and preprocessing
Two PCa cohorts were included in this study. The Cancer Genome Atlas Prostate Adenocarcinoma (TCGA-PRAD) cohort was downloaded from the Genomic Data Commons. We deleted patients with missing data, and eventually enrolled 488 patients with complete expression profile data and clinical information. We transformed Transcripts Per Million (TPM) data to a log2 (TPM) format to achieve better comparability. Subsequently, the Gene Expression Omnibus (GEO) cohorts from three eligible GEO datasets, GSE21032 (n = 138) (Taylor et al., 2010), GSE116918 (n = 223) (Jain et al., 2018), and GSE46602 (n = 36) (Mortensen et al., 2015) were utilized as validation cohorts. The baseline information of all cohorts above has been summarized in Table 1. We removed potential cross-dataset batch effects using the “sva” library of R software package implemented via an empirical Bayes framework (Leek et al., 2012). A single-cell dataset (GSE193337) (Heidegger et al., 2022) was extracted from the GEO database. The baseline information of samples from the single-cell dataset was summarized in Table 2 and the single-cell RNA sequencing (scRNA-seq) data of four PCa samples were utilized for our study.
TABLE 1 | Summary of the clinicopathological parameters of the four enrolled datasets.
[image: Table comparing four prostate cancer datasets: TCGA-PRAD, MSKCC, GEO116918, and GEO46602, detailing sample counts by age groups, pathological T stage, Gleason score, and recurrence status for each cohort.]TABLE 2 | After filtering, basic quality control statistics for the respective combined datasets, and patient samples are characterized in the table below.
[image: Table summarizing dataset GSE193337 with samples GSM5793828 to GSM5793832, showing each sample's number of cells ranging from two thousand four hundred twenty to five thousand nine hundred sixty-four and genes from nineteen thousand eight hundred fifteen to twenty-one thousand eight hundred ninety.]2.2 Identification of prognostic CARMRs
We identified 13 cuproptosis-related genes and 59 RNA methylation regulators, which were treated as the focus of our study based on previous literature (Chen YS. et al., 2021; He et al., 2022; Li M. et al., 2022; Tsvetkov et al., 2022). A Pearson correlation analysis was employed to identify CARMRs, and filter conditions were set to |R|≥ 0.4,P < 0.001. Further, we conducted a univariate Cox regression analysis utilizing “survival” package (Liu et al., 2021) and P < 0.05 was designated as a threshold to identify CARMRs that were correlated with RFS.
2.3 Construction and validation of a prognostic model and nomogram
Based on the results of our univariable Cox regression analysis, we used least absolute shrinkage and selection operator regression analysis (LASSO) regression analysis (Li Y. et al., 2022) to select combinations of genes that were rationally narrowed by the glmnet software package, in order to minimize the risk of overfitting. Through cross-verification, we selected the penalty parameter (λ) value with the least average error to construct the model. Finally, we selected six prognostic CARMRs to construct a risk model, and calculated the risk scores for each patient with PCa according to the following equation:
[image: Mathematical formula showing risk score equals the sum from i equals one to n of coefficient sub i multiplied by expression sub i.]
where coefi and expi terms represent the coefficients and expression values of the prognostic genes, respectively. Defining the median risk score of the TCGA cohort as the cutoff value, the patients of the TCGA and GEO cohort could be separated into high- and low-risk groups. Time-dependent receiver operating characteristic (ROC) curves and Kaplan-Meier (KM) curves were used to evaluate the predictive performance of our prognostic model in the TCGA-PRAD and GEO cohorts. Combining clinicopathological factors with prognostic significance, we constructed a nomogram for the TCGA-PRAD cohort via the “regplot” package to predict 1-, 3- and 5-year risk of recurrence for patients with PCa. We then computed the C-index value to show the predictive performance of our nomogram and other clinicopathological parameters. The calibration curve also evaluated the efficacy of the nomogram. Finally, we analyzed the relationship between different independent factors and risk scores and plotted the KM curves in the clinicopathological subgroup to further verify the capability of this approach.
2.4 Function enrichment analysis
The differentially expressed genes (DEGs) of the high-risk and low-risk group patients with PCa were determined using the “DESeq2” package with the threshold of |log2 foldChange| ≥ 0.5 and adjusted P < 0.05. We then investigated biological structure and function, using gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genome (KEGG) enrichment analyses to identify pathways enriched in PCa. The changes in signaling pathways and interactions of DEGs were depicted by Gene Set Enrichment Analysis (GSEA). Various software packages, namely “clusterProfiler” (Wu et al., 2021), “org.Hs.e.g.db” (Qing et al., 2022) and the R software package, were employed.
2.5 Drug sensitivity and immune infiltration analysis
Understanding the responsiveness of patients carrying various levels of risk of PCa recurrence due to the administration of common chemotherapeutic agents contributes to developing individualized treatment plans for patients with PCa. Therefore, we used the “pRRophetic” software package to calculate the half maximum inhibitory concentration (IC50) value of adriamycin, bicalutamide and docetaxel in different risk of PCa recurrence subgroups. In order to explore the relationship between risk score and TME, the CIBERSORT (Craven et al., 2021) algorithm was utilized to investigate the differential proportions of 22 kinds of immune cells between high- and low-risk groups in patients with PCa. The ESTIMATE algorithm (Xu et al., 2021) was utilized to calculate estimate score, immune score, stromal score and tumor purity. We utilized the ssGSEA algorithm (Ye et al., 2019) to validate the accuracy of immune infiltration analysis. Finally, we analyzed the expression of TRDMT1 and ALYREF in tumor and normal histopathology tissue sections acquired from the Human Protein Atlas database (www.proteinatlas.org).
2.6 Quality control and annotation of single-cell RNA sequencing data
The “Seurat_v5” software package was used to further process single-cell RNA sequencing data derived from PCa samples (Yu et al., 2022). First, we constructed single cell objects by the CreateSeuratObject method. With the threshold of RNA features ranging from 300 to 7,000 and the proportion of a mitochondrial gene set to less than 5%, eligible cells were selected and retained for further analysis. We employed the “NormalizeData” algorithm to standardize the data and selected the top 20 components and first 2,000 variably expressed genes for follow-up analysis, while “ScaleData” was used to center and scale the highly variable genes. We conducted principal component analysis (PCA) to reduce the dimensionality of the data, and the PCA number was adjusted to 15. The “Harmony” algorithm was applied to integrated single-cell data from different datasets to eliminate potential batch effects. Subsequently, we defined a category of genes with the same expression patten as a cluster and utilized the software function of uniform manifold approximation and projection (UMAP) to depict the distribution of each cluster. Cell annotation was performed by artificiality, and the cell markers were referred from CellMarker2.0.
2.7 Cell-cell communication and pseudotime analysis
We applied “Cellchat” from R software package to reveal and visualize the cell-cell interactions and possible signaling pathways involved (Yu et al., 2022). After identifying the prognostic genes primarily distributed in T cells, we subdivided and annotated the T cell cluster on the basis of cell markers obtained from previous studies (resolution = 0.5). We investigated the transition of different subtypes utilizing the “Monocle” application from R software package. The resulting cell state plots and cell type maps revealed the developmental trajectory of PCa.
2.8 Quantitative real-time PCR (qRT-PCR)
The RNA extraction was performed using the Trizol reagent (Beijing ComWin Biotech Co., Ltd.) from prostate normal and cancer cell lines RWPE-1, LNCaP, C42, PC3 (Wuhan Pricella Biotech Co., Ltd.). For cDNA synthesis, reverse transcription was conducted using the TaKaRa (Dalian TaKaRa Biotech Co., Ltd.) kit according to the manufacturer’s instructions. GAP was employed as an internal reference gene to normalize relative expressions of lncRNA with the 2−ΔΔCT method. The specific primers in our study were as follows: TRDMT1 (forward: 5′-CGG​GTG​CTG​GAG​CTA​TAC​AG-3′, reverse:5′-CGACAGTGTTGACATCAATGGC-3′); ALYREF (5′-GCA​GGC​CAA​AAC​AAC​TTC​CC -3′, 5′-AGT​TCC​TGA​ATA​TCG​GCG​TCT -3′).
2.9 Statistical analysis
All statistical analyses were carried out using R software package (version 4.2.0). The continuous data were analyzed by independent t-test, Wilcoxon test or Fisher’s exact test, which was considered to analyze classified data. P < 0.05 was considered to be statistically significant.
3 RESULTS
3.1 Identification of cuproptosis-associated RNA methylation regulators (CARMRs) and construction of a prognostic model involving CARMRs
We conducted Pearson’s correlation analysis between cuproptosis-related genes and RNA methylation regulators: by setting filter criteria, a total of 48 CARMRs were selected for further study (Figure 2A). To screen out CARMRs correlated with RFS, we performed univariate Cox regression analysis and identified 13 CARMRs significantly associated with prognosis (P < 0.05) (Figure 2B). The results revealed that only TRDMT1 exhibited a protective effect, whereas the remaining 12 genes (NEK2, SMCA, ALYREF, BLM, DNMT1, DNMT3B, TOP2A, TRMT61A, HMMR, EXO1, HNRNPA2B1, INCENP) were identified as risk factors for the recurrence of PCa. Further, we conducted LASSO Cox regression analysis to minimize model overfitting and determine the optimal λ value (Figure 2C). Ultimately, a six-CARMR signature, comprising a set of genes, was selected for the construction of a prognostic model assessing the risk of recurrence within PCa and the association between cuproptosis-related genes and the six select RNA methylation regulators was vividly visualized using a Sankey diagram (Figure 2D). Risk scores were calculated as follows: Risk Score = (0.458731758 × ALYREF) + (0.208975015 × DNMT1) + (0.462010845 × DNMT3B) + (0.136363177 × EXO1) + (0.219757226 × HNRNPA2B1) + (−0.864908568 × TRDMT1), and the gene coefficient was derived from the results of the LASSO regression analysis. Setting the median risk score of the TCGA cohort as the cutoff value based on equations, all patients could be separated into high- and low-risk PCa recurrence groups. The risk factor association plot depicted the distribution of risk scores, PCa recurrence status, and expression levels of the model genes among patients in the high- and low-risk groups, respectively (Figure 2E). The KM curves revealed that the high-risk group had a significantly worse prognosis than that of the low-risk group (P < 0.001) (Figure 2G). In order to measure the efficacy of our prognostic model, ROC curves were employed to evaluate the sensitivity and specificity of the model. The results demonstrated that the area under the curve (AUC) for predicting 1-, 3-, and 5-year RFS were 0.724, 0.739, and 0.711, respectively and the predictive performance of the risk scores was better than other clinicopathological parameters (Figures 2H,I), indicating that the constructed model possessed a favorable predictive capability. To further validate our prognostic model, we applied the approaches mentioned above to the GEO cohort data. After separating patients into diverse risk groups, we discovered that the expression levels of the prognostic genes varied among patients and recurred patients were concentrated in the high-risk group (Figure 2F). The KM curve revealed a satisfactory separation of patients (P < 0.001) (Figure 2J). Complementary to this, AUC values of ROC curves were all over 0.700, indicating the superior predictive performance of our prognostic model, and the clinical ROC curve confirmed the reliable predictive capability of the computed risk scores (Figures 2K,L).
[image: Multi-panel scientific figure displaying dot plots, line graphs, a Sankey diagram, a bar chart, heatmaps, Kaplan-Meier survival curves, and ROC curves. Each panel presents distinct molecular or clinical data, comparative groupings, statistical analyses, or survival outcomes.]FIGURE 2 | The construction and validation of a prognostic model. (A) An association between 13 copper death-related genes and 56 RNA methylation regulatory genes is presented by a dot plot. (B) Univariate Cox regression analysis results showing that Cuproptosis-Associated RNA Methylation Regulators (CARMRs) were associated with the prognosis of patients with PCa. (C) Selection of prognostic CARMRs on the basis of the optimal λ calculated by LASSO regression analysis. (D) Sankey diagram revealing the correlation between cuproptosis-related genes and RNA methylation regulatory genes. (E,F) Risk maps depicting the distribution of patient status and the expression profiles of prognostic genes in TCGA and GEO cohorts. (G–I) KM curve, Time-independent ROC curve, and clinical ROC curve in a TCGA cohort. (J–L) Validation of our prognostic model by conducting KM curve, time ROC curve, and clinical ROC curve analyses in a GEO cohort. *P < 0.05,**P < 0.01,***P < 0.001.
3.2 Nomogram based on independent prognostic factors in patients with PCa and correlation between the CARMR signature genes and clinicopathological traits
The nomogram integrated independent prognostic factors which were filtered utilizing a univariate Cox regression analysis, and multiple line segments were displayed in a specific proportion to quantify the 1-, 3-and 5-year probability of PCa recurrence in patients with PCa (Figure 3A). To evaluate the discriminatory ability of the model, we calculated the C-index for the Gleason score, nomogram, pathological T stage and risk score, which were 0.672, 0.740, 0.613 and 0.719, respectively. These results were displayed as a bar plot and indicated that the nomogram had the highest accuracy in predicting PCa recurrence compared with a single norm (Figure 3B). Additionally, calibration curves demonstrated good consistency between the actual and the predicted RFS. To further analyze the relationship between the recurrence risk score and clinicopathological parameters, we grouped the patients in the TCGA-PRAD cohort according to age, Gleason score, and pathological T stage score (Figures 3C,F,I). The results demonstrated that age, Gleason score and T stage score were positively correlated with the risk of PCa recurrence score (P < 0.05). KM curves indicated that the CARMR signature set of genes had predictive value for RFS in different stratified cohorts (P < 0.05) (Figures 3D,E,G,H,J,K).
[image: Panel A displays a genomic region with boxplots and annotations for gene associations, variant locations, and statistical significance. Panel B includes a bar chart comparing group frequencies and a line chart illustrating statistical trends. Panels C, F, and I show scatter plots comparing specific clinical or genetic markers by group, color-coded in red and blue. Panels D, E, G, H, J, and K present Kaplan-Meier survival curves comparing outcomes between groups, with p-values indicating statistical differences. Each survival panel includes shaded confidence bands and legends identifying group labels.]FIGURE 3 | Construction of a nomogram and conducting clinicopathological subgroup analysis. (A) A nomogram was utilized to predict 1-, 3- and 5-year recurrence-free survival (RFS) values for patients with PCa in a TCGA cohort. (B) C-index, calibration curve of nomogram, and other clinicopathological factors were utilized to evaluate the accuracy of the nomogram. (C,F and I) Comparisons of risk score differences between various clinicopathological factor subgroups. (D,E,G,H,J and K) KM analysis was conducted to identify survival differences between high- and low-risk groups of patients with PCa in different subgroups.
3.3 Functional enrichment analysis and drug sensitivity analysis
An enrichment analysis was conducted on the DEGs between the high- and low-risk groups. The GO analysis results revealed that the enriched biological processes included muscle system processes, muscle organ development, muscle contraction, striated muscle contraction, assembly of muscle fibers, and striated muscle cell development. The enriched cellular components included sarcomeres, muscle fibers, contractile fibers, M-lines, Z-discs, and A-bands. The molecular functions enriched included actin binding, actin filament binding, muscle structural constituent, hormone activity, carboxylic acid binding, and myosin binding (Figure 4A). KEGG analysis demonstrated that the CARMR signature set of genes was involved in pathways related to cardiac muscle contraction, hypertrophic cardiomyopathy, dilated cardiomyopathy, neuroactive ligand-receptor interaction, bile secretion, nitrogen metabolism, and adrenergic signaling in cardiac myocytes (Figure 4B). The GSEA profile showed that the HNF1_C and HNF1A_TARGET_GENES pathways were downgraded, while other pathways were upgraded (Figure 4C). In addition, the gene interaction network diagram revealed promising interactions among the DEGs enriched in various pathways (Figure 4D).
[image: Panel A shows a bubble plot illustrating gene set enrichment with gene ratio on the x-axis and gene sets on the y-axis, circles colored by adjusted p-value and sized by count. Panel B presents a circular network diagram with nodes and connecting edges representing pathways and gene sets colored by type. Panel C displays a ranked line graph with multiple colored lines representing different categories of gene expression across ranks. Panel D illustrates a network diagram mapping relationships among biological terms and genes, with node color indicating classification. Panels E, F, and G show violin plots comparing distributions of expression levels between low and high expression groups, each with a significant p-value annotated above.]FIGURE 4 | Functional enrichment analysis and chemotherapeutic response prediction of prognostic genes. (A) GO enrichment analysis of CARMRs. (B) KEGG enrichment analysis of CARMRs. (C) GSEA of CARMRs. (D) The interaction of genes in different enriched pathways. (E–G) Predicting the IC50 value in high- and low-risk groups of patients with PCa to doxorubicin, bicalutamide and docetaxel therapy.
In order to gain a deeper understanding of the drug response, we performed a drug sensitivity analysis of the high- and low-risk groups of patients with PCa. By comparing the IC50 values of chemotherapy drugs for treating PCa, we found that the high-risk group had a higher IC50 value for bicalutamide than the low-risk group (P < 0.001), whereas the IC50 values for doxorubicin and docetaxel were lower for the high-risk group as shown in the boxplot, which implies that the high-risk group showed a higher sensitivity to doxorubicin (P < 0.001) and docetaxel (P < 0.001) compared to the low-risk group (Figures 4E–G). These results may be used to guide personalized therapy.
3.4 Immune cell infiltration and correlation analysis
A violin plot was generated utilizing the Cibersort algorithm to illustrate the proportions of immune cell infiltration in patients with PCa, and the Wilcoxon test was employed to assess the differences in immune cell populations between the high- and low-risk groups. The types of immune cells exhibiting significant differences between the two groups included plasma cells, T regulatory cells (Tregs), M0 macrophages, M2 macrophages, and resting Mast cells (Figure 5A). Further, the results demonstrated that estimate score (Figure 5B), immune score (Figure 5C) and stromal score (Figure 5D) values were elevated in the high-risk group compared with those in the low-risk group (P < 0.05). However, there was no difference between the two risk groups in terms of tumor purity. In addition, utilizing the ssGSEA method, we found that the high-risk group exhibited higher levels of activated CD4+ T cells, activated CD8+ T cells, CD56dim natural killer cells, myeloid-derived suppressor cells (MDSC), memory B cells, nature killer cells and regulatory T cells, whereas it showed a reduction in the levels of activated B cells, immature dendritic cells, mast cells, neutrophils and Type 17 T helper cells (Figure 5E). To delineate the expression profiles of signature genes, we initially investigated the IHC results obtained from the Human Protein Atlas (HPA) dataset, and ascertained the downregulated expression of TRDMT1 and the upregulated expression ALYREF in PCa tissues compared to normal tissues (Figures 5F,H). Furthermore, qPCR assay was employed across a range of diverse cell lines and also demonstrated the decreasing expression trend for TRDMT1 from normal to malignant cells (Figure 5G). Conversely, the expression level of ALYREF exhibited an opposite trend (Figure 5I).
[image: Panel A shows a violin plot comparing data distributions across multiple categories labeled on the x-axis, separated by high and low risk groups. Panels B, C, and D present box plots showing statistically significant differences between high and low risk groups for three different biomarkers. Panel E presents another violin plot across categories for high and low risk groups. Panel F displays immunohistochemistry images highlighting protein localization in different tissue types. Panel G features a bar graph comparing quantitative results across four groups, with significance indicated. Panel H displays additional immunohistochemistry images. Panel I shows a bar graph comparing measurements among four experimental groups with statistical significance markers.]FIGURE 5 | Immune cell infiltration analysis. (A) The differences in the enrichment scores of 22 types of immune cells between two risk subgroups. (B–D) Comparisons of the differences between two risk subgroups in terms of estimate score, immune score, and stromal score. (E) A violin chart showing the differences in the proportions of 28 immune cells between high-risk and low-risk groups of patients with prostate cancer. (F) Representative pictures showing the different protein levels of TRDMT1 from HPA. (G) Expression of TRDMT1 in normal prostate cell and prostate cancer cells. (H) Representative pictures showing the different protein levels of ALYREF from HPA. (I) Expression of ALYREF in normal prostate cell and prostate cancer cells. *P < 0.05,**P < 0.01,***P < 0.001.
3.5 Distribution of prognostic genes in single-cell landscape
To further explore the expression profiles of prognostic genes in depth, we probed gene expression in PCa tissue at the single-cell level from a GEO dataset (GSE193337). We extracted the scRNA-seq data of four samples from patients with PCa. The baseline characteristics of patients have been described previously (Heidegger et al., 2022). Utilizing stringent data quality control, we extracted 23,697 cells and 17,618 genes to construct a PCa single-cell atlas. To eliminate the batch effect between distinct samples, we applied harmony function and further establish an initial diagram of PCa tissues. The plots before and after batch effect removal were depicted in Supplementary Figures S1A and B. The Seurat software package was employed to reduce the dimensionality of data. We successfully classified the cells into 14 clusters. We utilized recognized cell markers (Heidegger et al., 2022; Kfoury et al., 2021; Ma et al., 2020; Zaidi et al., 2024), and all clusters were annotated as B cells, epithelial cells, endothelial cells, fibroblasts, mast cells, macrophages, monocytes, and T cells (Figures 6A,B). Notably, we discovered that epithelial cells and T cells were the top two abundant cells in the four samples (as shown in the histogram), implying that these cell types figured prominently in the development of PCa (Figure 6C). We investigated the distribution of prognostic genes in all cell types, and discovered that DNMT1, EXO1 and HNRNPA2B1 were primarily distributed in T cells, whereas DNMT3B was detected in endothelial cells (Figures 6D–G). TRDMT1 and ALYREF were both expressed by T cells and epithelial cells (Figures 6H,I). To identify the cell clusters enriched in prognostic genes, we scored individual cells for their prognostic gene signature and found that the prognostic genes were strongly enriched in a subtype of cells within the T-cell cluster compared with other cell types utilizing ANOVA analysis (P < 0.001) (Figures 6J,K).
[image: Composite scientific figure presenting multiple data visualizations from single-cell RNA sequencing analysis, including a UMAP plot with colored cell clusters, dot plot indicating gene expression, bar chart comparing group proportions, several feature plots showing individual gene expression patterns, and a violin plot displaying signature scores across groups.]FIGURE 6 | Exploring the distribution of prognostic genes. (A) A plot of the different types of cells. (B) A bubble plot of the expression of diagnostic marker genes in each cell cluster. (C) Cell proportions in four PCa samples. (D–I) The distribution of prognostic genes in different clusters. (J–K) UMAP map and violin plot indicating the enrichment of gene signatures in PCa tissues.
3.6 Intracellular interactions, pseudotime, and function enrichment analysis revealing the role of T cells
Our cell-cell interaction analysis indicated that in terms of interaction numbers and weights, T cells had the strongest correlation with other cell types (Figures 7A,B). We identified several intercellular signaling pathways in seven key epithelial cell clusters (Figure 7C). Based on the analyses of four significant pathways consisting of COLLAGEN, MHC-I, APP and MIF signaling pathways (Supplementary Figures S1C–F), we delineated that T cells exerted predominant impact on the alteration of TME and needed in-depth investigation. In order to further define the potential role of T cells in the tumorigenesis of PCa, we extracted a subset of T cells and further subdivided them into four subtypes including CD4+ conventional T cells (CCR7), CD4+ regulatory T cells (FOXP3), CD8+ naïve T cells (LAG3), and CD8+ effector T cells (GZMA) based on conventional cell markers (Figure 7D) (Guo et al., 2018; Bian et al., 2024; Tuong et al., 2021). We modeled the developmental trajectory of cells by conducting pseudotime analysis. Cell trajectory profiles showed that T cells underwent evolutionary development (Figure 7E). We observed that CD4+ conventional T cells and CD8+ naïve T cells were gradually transformed into CD4+ regulatory T cells and CD8+ effector T cells (Figure 7F).
[image: Panel A and B display two circular network diagrams with colored nodes and connecting lines representing cell-type interactions. Panel C presents two aligned heatmaps showing outgoing and incoming signaling patterns by cell type. Panels D, E, and F illustrate scatter plots or dimensionality reduction plots with colored clusters differentiating cell populations. Panel G and H are bubble charts indicating significant pathways or gene expression across various categories. Panel I shows a line graph with multiple colored lines representing gene set enrichment curves, accompanied by a bar plot displaying ranked gene values.]FIGURE 7 | Investigating the role of T cells in the development of PCa. (A and B) Cell-cell communication analysis in terms of weighted interactions. (C) A heatmap showing signaling pathways in seven clusters. (D) Subgroups of T cell clusters depicted via a UMAP map. (E) Displaying the beginnings and endings of pseudo-time trajectories. The colors from dark to light represent the order of pseudo-time. (F) Pseudo-time analysis revealing the transition from CD4+ T conventional cells and CD8+ T naive cells to CD8+ T effector cells and CD4+ T regulatory cells. (G–I) GO, KEGG enrichment analysis and GSEA indicating the potential function of T cell-related genes.
To explore the biological function of T cells in patients with PCa, we conducted GO, KEGG and GSEA-based gene enrichment analyses. First, GO analysis revealed the role of the enriched genes in biological processes, cellular components and molecular functions, respectively. We discovered that T cells primarily played a role in the regulation of cell-cell adhesion, mononuclear cell differentiation, lymphocyte differentiation, positive regulation of cytokine production, leukocyte cell–cell adhesion, external side of plasma membrane, actin binding, GTPase regulator activity, and nucleoside-triphosphatase regulator activity (Figure 7G). Additionally, KEGG analysis indicated that biological processes, such as human T-cell leukemia virus 1 infection, Epstein-Barr virus infection, T cell receptor signaling pathway, natural killer cell-mediated cytotoxicity, human immunodeficiency virus 1 infection, and human cytomegalovirus infection were correlated with T cells (Figure 7H). Finally, we discovered that CIITA_TARGET_GENES, HSF2_TARGET_GENES, KLF3_TARGET_GENES and MORC2_TARGET_GENES pathways were downgraded in PCa, based on the GSEA results (Figure 7I).
4 DISCUSSION
Due to the failures of post-prostatectomy and radiotherapy in curing recurrent and locally advanced PCa, it is reasonable to attach great importance to novel immunotherapy (Sokoloff et al., 2004). Having previously shown that checkpoint inhibitors could bring favorable healing efficacy for patients with PCa, we have now explored a signature set of CARMR genes for anticipating the prognosis and drug response of patients with PCa in this report (Vietri et al., 2021; Pritchard et al., 2016). Additionally, cell death may maintain the balance through removing tumor cells, and this cell function was defective in metastatic and castration-resistant advanced PCa (Campbell and Leung, 2021; Zhu M. et al., 2023). Cuproptosis, as a newly discovered form of cell death, differs from other cell death modalities in its reliance on mitochondrial respiration (Tsvetkov et al., 2022). Meanwhile, growing evidence suggests that RNA-based epigenetic pathways are dysregulated in human diseases and may be ideal targets for cancer treatment (Barbieri and Kouzarides, 2020). In this research scenario, we investigated the potential connection between CARMRs and PCa.
First, we conducted univariate Cox regression and Lasso regression analyses to screen for RFS-related CARMRs and established a model to better predict prognosis and guide the stratified treatment of patients with PCa. An ROC curve was generated to validate the robust prognostic accuracy of the model. Ultimately, six CARMRs (ALYREF, DNMT1, DNMT3B, EXO1, HNRNPA2B1, TRDMT1) were included in our analysis to establish a prognostic model for estimating the risk of PCa recurrence. By reviewing previous studies, we discovered that prognostic genes played a key role in the tumorigenesis and advancement of PCa. Initially, ALYREF is determined to function as a reader of the 5-methylcytosine modification, playing a crucial role in stabilizing the associated mRNA and modulating its expression at the post-transcription level, thereby involving in cellular metabolism and movement (Zhang et al., 2021; Zhao et al., 2024b; Nulali et al., 2024). Building on a prior study, we propose a hypothesis that ALYREF may interact with the 5-methylcytosine modification on ACC1 mRNA and trigger the proliferation and lipid synthesis of PCa cells through activating the CDK13/NSUN5/ACC1 pathway (Zhang Y. et al., 2023). The DNMT3 gene family includes DNMT3A and DNMT3B, which are capable of methylating CpG sites and stably maintaining methylation patterns (Chen et al., 2003). By interacting with PI3K-Akt signaling pathway, DNMT3B and DNMT1 effectively silence the expression of tumor suppressor gene by increasing methylation levels and facilitate the malignant transformation of PCa cells (Agarwal et al., 2013; Zhu et al., 2021). EOX1 regulates the reprogramming of lipid metabolism by suppressing the P53 signaling pathway and promotes the progression of PCa (Wang et al., 2024). Moreover, distinct from other CARMRs, HNRNPA2B1 assumes a pivotal role in N6-methyladenosine methylation to regulate the TGF-β and FOXO pathways, influencing the phenotype of PCa and its response to conventional treatment (Qi et al., 2023; Liyanage et al., 2024). Consequently, CARMRs appear to modulate metabolism by amplifying the function of specific mRNAs, thereby modifying the phenotype of PCa. The summary of biological functions of the CARMRs were listed in Table 3.
TABLE 3 | The biological functions and potential roles of CARMRs.
[image: Table listing six genes—ALYREF, DNMT1, DNMT3B, EXO1, HNRNPA2B1, TRDMT1—detailing main function, signaling pathways, and their role as inducers in prostate cancer progression; some pathways include PI3K-Akt and P53.]We carried out univariate Cox regression analysis to explore the role of clinicopathological parameters in the prognosis of PCa and our results showed the prognostic value of age, Gleason score, and pathological T stage and a correlation with risk score. We integrated all the factors to ascertain the status and advancement of this disease. We employed gene functional enrichment analysis to identify the potential functions of CARMRs in PCa: our data showed that CARMRs were correlated with muscle organ development and muscle fiber movement. Previous studies have shown that ADT treatment for PCa may lead to muscle atrophy and weakness through reducing Ca2+-sensitivity in Type I and II muscle fibers (Lamboley et al., 2018). Conversely, the organism of PCa patients tended to add the abundance and contraction ability of skeletal muscle to positively regulate the TME (Rocha-Rodrigues et al., 2021). Except for the adaptive regulatory, muscle cells produced more interleukins 4 and 13 for the growth of cancer stem cells and their interaction was essential for the cancer cell fusion and the generation of drug-sensitive phenotype (Uygur et al., 2019). Moreover, other studies have shown that cardiac and skeletal muscle mass is reduced in the absence of anti-cancer treatment (Baumfalk et al., 2019; Rollins et al., 2017). In this case, it is possible that tumor cells fuse together, inducing higher cytokine production from adjacent skeletal muscle cells and generate a metastatic phenotype by increasing myosin content. Besides, cardiac and skeletal muscle cells in other regions were consumed accordingly. Our point of view may be validated if there is evidence that the myosin expression profile in PCa influences the formation of a metastatic phenotype (Makowska et al., 2015). The evaluation of chemotherapy drugs indicated that doxorubicin and docetaxel were more effective when applied to patients with a high-risk of PCa recurrence. Studies have also demonstrated that doxorubicin and docetaxel exhibit anti-tumor activity in metastatic PCa (Petrioli et al., 2008; Fizazi et al., 2022).
It is well-established that immune responses play a dominant role in tumor development and anti-tumor therapy. To guide immunotherapy of patients with PCa, we investigated the immune infiltration in PCa tissue (Hawley et al., 2023). As key components of TME, immune cells and stromal cells are significantly correlated with immune therapy and prognosis of PCa. From the results of our study, the high-risk group exhibited increased abundance of M0 macrophages, M2 macrophages, and Tregs, and a significant reduction in plasma cells and mast cells. M0 macrophages are a plastic cell population that can change their phenotype under the influence of environmental signals such as radiation injury, potentially transitioning to tumor-associated macrophages (TAMs) (Qiu et al., 2018). TAMs are known to impact tumor progression through cell proliferation, angiogenesis, adaptive immune control, and metastasis, making them an attractive therapeutic target in PCa immune therapy (Jairath et al., 2020). To be specific, circSMARCC1 could activate the miR-1322/CCL20/CCR6 signaling pathway and induce the proliferation of TAMs to impact tumorigenesis (Xie et al., 2022). M2 macrophages may be polarized to influence metastasis and excessive proliferation of PCa cells via the IL17/CTSK/EMT axis (Wu et al., 2022). Referring to previous studies, Tregs have been shown to inhibit TME in various cancers, and to induce bone metastasis in PCa, which portends a poor prognosis (Liu et al., 2023; Meng et al., 2021; Alvisi et al., 2022; Boucher et al., 2023). Tregs are known to utilize the GIT/PAK/PIX complex to downgrade the anti-tumor response (Pedros et al., 2017). Clinical analysis has also corroborated the positive correlation between patient mortality rate and the degree of M2 macrophage and Tregs infiltration (Erlandsson et al., 2019). In conclusion, we reasoned that the study of TME may provide new ideas for regulating the immune status of tumor tissues, inhibiting tumor growth, and achieving a better prognosis.
To some extent, IC50 values had the capacity to characterize the natural response of PCa cells to chemotherapy agents (Xu et al., 2022). Our drug sensitivity analysis showed that doxorubicin and docetaxel may achieve better healing efficacy when applied to high-risk PCa subgroups. In an animal experiment, docetaxel was confirmed to remodel TME and enhance lymphocyte infiltration through activating the cGAS/STING pathway in PCa (Ma et al., 2022). Additionally, by conducting clinical trials, we found that doxorubicin and docetaxel combined with epirubicin demonstrated favorable efficacy in patients with advanced hormone-refractory PCa (Petrioli et al., 2008; Tannock et al., 2004; Petrylak et al., 2004). ALYRFE, functioning as a binding protein, can participate in diverse regulatory mechanisms, consisting of pre-mRNA processing, mRNA stability and mRNA methylation and facilitate the emergence of malignant phenotypes and the development of drug resistance (Zhao Y. et al., 2024; Zhong et al., 2024). Furthermore, across various tumor types, it has been observed that the increased transformation of ALYRFE into the nucleus leads to the elevated levels of 5-methylcytosine methylation, thereby promoting the drug resistance through the activation of a distinct molecular pathways (Shi et al., 2025; Huang et al., 2025; Xu et al., 2020). Similarly, TRDMT1 is capable of methylate both tRNA and mRNA, thereby promoting the stability of RNA and enhancing protein synthesis (Lewinska et al., 2023). An increase in expression of TRDMT1 and corresponding methylation levels results in the heightened resistance observed in multiple cancer cells (Lewińska et al., 2022; Lai et al., 2025). Conclusively, the CARMRs contribute to the therapeutic failure through enhancing the methylation levels. Furthermore, these findings may offer novel perspectives for addressing resistance issues in advanced PCa, potentially leading to the development of more effective treatment strategies.
We explored the relationship between prognostic genes and TME at the single-cell level. Our findings showed that most of the enriched genes were expressed in epithelial cells and T cells, which constitute the majority of tumor tissue and play an important role in the progression of PCa. The analysis of cell-cell interactions illustrated the strong interactions between T cells and others, which indicated that the heterogeneity of T cells could guide immunotherapy and determine patient prognosis. We subdivided T cells and modeled the developmental trajectory of T cells. CD8+ T effector cells and CD4+ T regulatory cells evolved from CD4+ T conventional cells and CD8+ T naïve cells. Therefore, we hypothesized that the expression of prognostic genes may promote the transition to CD4+ T regulatory cells and contribute to the poor prognosis. According to the results of our functional enrichment analysis, prognostic genes may be crucial in the differentiation of immune cells. Referring to other studies, we acknowledge that immune cell differentiation may cause immunosuppressive phenotypes. When monocytes transform to dendritic cells via tumor stroma-derived factors, the expression of CD14 and PD-L1 may elevate and hinder the destruction of immune cells in PCa (Spary et al., 2014). Alternatively, inhibiting the differentiation of MDSC and enhancing the proliferation of T cells may reverse its immune phenotype (Peng et al., 2022). Further, we noticed that target genes comprising CIITA, HSF2, KLF3 and MORC2 are strongly linked with RNA methylation (Mishra et al., 2010; Zhu J. et al., 2023; Tan et al., 2023; Chen F. et al., 2021). Of note, HSF2 impacts cell-cell adhesion and is positively correlated with a favorable prognosis (Björk et al., 2016). These observations are consistent with our GSEA results. Our current findings show that CARMRs may reshape TME by affecting the differentiation of immune cells. Eventually, this leads to enhancement of an invasive phenotype in PCa.
However, our study has some limitations. First, our analysis was based on a secondary analysis of public database data. These retrospective data were subject to selection biases, and this may have affected the accuracy of our analytical results. Additionally, there was a lack of a sufficient number of PCa samples to validate the applicability of the model, and the specific mechanisms by which the model genes may regulate PCa development remain elusive. Selection and sample biases may have been generated in our study since the clinical samples were selected from variously sourced datasets. Therefore, further in vitro and in vivo experimentation is needed to validate our results. Utilizing cell line experimentation, we would be able to compare the expression of prognostic genes of different invasive capacities in PCa cells to support our results.
5 CONCLUSION
To summarize, we have identified a correlation between RNA methylation and cuproptosis and were able to select six CARMRs to construct a risk stratification model for patients with PCa. Additionally, the relationship between TME and risk subgroups was analyzed by integrating single cell and bulk sequencing data to enable individualized immunotherapy. Through an in-depth investigation, we believe that our study has revealed a potential mechanism of PCa tumorigenesis that will support a higher efficacy therapeutic program.
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Background: Bladder cancer (BLCA) is a highly aggressive urinary malignancy with high mortality in advanced stages, posing a significant health risk. Artesunate (ART), a derivative of artemisinin, has been demonstrated with potent anti-tumor activity in some studies, yet its specific targets for BLCA and the molecular mechanisms have not been fully elucidated.Purpose: This study screened potential targets of ART against BLCA through network pharmacology, followed by molecular docking simulations and experimental validation in vitro and in vivo to elucidate the underlying mechanisms.Methods: This study identified the critical targets of BLCA and ART by employing multiscale screening from public databases, and a protein-protein interaction (PPI) network was constructed. Molecular docking simulations confirmed the stable binding of ART to the identified tumor-related targets promoting BLCA progression. These computational findings were further validated through experiments in vivo and in vitro, ensuring robust and reliable results.Results: Based on network pharmacology analysis, the effects of ART on BLCA were multifaceted. Molecular docking simulations confirmed the binding stability of ART with core targets. The experiments in vitro proved that ART could inhibit BLCA cell proliferation and migration by downregulating the expression of BCL-2, inducing Caspase 3-mediated apoptosis, resulting in cell cycle arrest and suppressing the PI3K/Akt/mTOR classical pathway involved in BLCA growth and metabolism. Studies in vivo also confirmed that ART had significant anti-tumor effects with minimal side effects.Conclusion: This study identified the mechanism by which ART inhibited BLCA through multiple specific targets, revealing its potential anti-cancer pathways and laying the foundation for the clinical application of traditional Chinese medicine in BLCA therapy.[image: Workflow diagram illustrating the process of identifying bladder cancer and artesunate related gene targets using data from research databases, followed by protein-protein interaction construction, pathway analysis, molecular docking, and concluding with experimental verification.]GRAPHICAL ABSTRACT | Flow of the research.
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1 INTRODUCTION
Bladder cancer (BLCA) is the most common malignancy of the urinary system. According to statistics, in 2024, the United States has 83,190 new cases of BLCA, with 16,840 deaths attributed to the disease (Siegel et al., 2024). At initial diagnosis, approximately 70%–75% of patients present with non-muscle-invasive bladder cancer (NMIBC), 20%–25% with muscle-invasive bladder cancer (MIBC) and about 5% have distant metastases. Despite the improvements in patient survival brought about by current treatment methods, including surgical resection, intravesical instillation therapy and recently developed immunotherapy, several challenges remain, such as significant side effects, poor patient tolerance and limited efficacy. Therefore, it is crucial to develop novel treatment strategies, particularly those that are highly effective and have fewer side effects, to improve the survival rate and quality of life of BLCA patients (Witjes et al., 2021; Hermans et al., 2018).
Network pharmacology, as an emerging research tool, integrates systems biology, multidimensional data analysis and bioinformatics to support drug development and precision medicine. Unlike the traditional “single drug-single target” research model, network pharmacology systematically identifies potential drug targets, deeply analyzes their complex biological mechanisms and facilitates the development of personalized treatment strategies. Its core principle is to use computer simulations and huge data analysis to construct a “drug-target-disease” network, comprehensively elucidating the multi-target action mechanisms of drugs, predicting potential therapeutic targets and exploring possible drug combination strategies (Zhao et al., 2023). In the study of natural compounds, network pharmacology exhibits unique advantages. Natural compounds often possess complex chemical structures and multiple biological activities, allowing them to act on several signaling pathways and molecular targets simultaneously, thereby achieving synergistic anti-cancer effects. Therefore, network pharmacology is particularly important in elucidating the multi-target anti-cancer mechanisms of natural compounds. Compared to the traditional single-target drug development model, network pharmacology systematically constructs and analyzes the multidimensional biological interaction networks of natural compounds, providing crucial theoretical support for uncovering their anti-cancer mechanisms, identifying key targets and optimizing precision treatment strategies. This approach not only facilitates a comprehensive understanding of the pharmacological actions of natural compounds but also promotes the development and clinical translation of novel anti-cancer drugs.
Artesunate (ART) is a semi-synthetic derivative of artemisinin, which is derived from Artemisia annua. The discovery of artemisinin was awarded the Nobel Prize in Physiology or Medicine in 2015 for its outstanding anti-malarial activity. Recent studies have demonstrated that ART exhibited significant anti-cancer activity in various malignancies by blocking tumor-associated signaling pathways through multiple mechanisms (Efferth, 2017). For example, ART enhanced the radiosensitivity of esophageal cancer cells by inhibiting DNA damage repair (Fei et al., 2018); induced ROS-dependent apoptosis and ferroptosis in non-small cell lung cancer (Zhang et al., 2021); and targeted oral squamous cell carcinoma by inhibiting the AKT/AMPK/mTOR pathway (Xiao et al., 2020). Additionally, relevant studies in vitro have shown that ART, when combined with gemcitabine, can reverse gemcitabine resistance in pancreatic cancer cells (Yao et al., 2022). In terms of clinical applications, ART has made significant progress, demonstrating satisfactory efficacy and safety. For instance, in an open-label phase I clinical trial (ARTIC M33/2), 13 patients with metastatic breast cancer continued receiving ART as adjunct therapy after the trial ended. The results showed enhanced therapeutic efficacy, well tolerance and fewer side effects (von Hagens et al., 2019). Furthermore, 28 patients who received intravaginal ART implants for the treatment of CIN2/3 (cervical intraepithelial neoplasia grade 2/3) also exhibited favorable safety and tolerance (Trimble et al., 2020).
Currently, research on ART in BLCA primarily focuses on its mechanisms of drug resistance. Studies have found that in BLCA, ART can induce cell cycle arrest, trigger mitochondrial dysfunction, activate autophagy and mediate apoptosis in cisplatin-resistant BLCA cells (Li et al., 2024). Additionally, ART can generate reactive oxygen species (ROS), causing intracellular redox imbalance and making it a potential candidate for combination therapy with cisplatin in BLCA treatment (Chen et al., 2023). Furthermore, ART can promote tumor cell apoptosis by activating autophagy in BLCA cells (Zhou et al., 2020). However, the precise mechanism of ART in the treatment of BLCA remains to be fully elucidated. This study will integrate network pharmacology, molecular docking and experiments in vitro and in vivo to systematically explore the multi-target mechanisms of ART in BLCA, providing new insights and potential therapeutic strategies for precision treatment.
2 METHODS
2.1 Cell culture and regents
Human BLCA cell lines T24 and UMUC3 were sourced from the Chinese Academy of Sciences Cell Bank. They were maintained in RPMI-1640 or DMEM with 10% FBS, incubated at 5% CO2 at 37°C. ART was purchased from MCE (HY-N0193; China). The drug powder was dissolved in DMSO (HY-Y0320; MCE; China) and then diluted in cell culture medium to the required concentration prior to use.
2.2 Network pharmacology analysis
A search for “artesunate” identified 201 targets, while “bladder cancer” yielded 4,555 targets. The intersection of these targets, along with transcriptome and clinical data from TCGA and GEO, was analyzed using Venny 2.1. Interactions between these targets were investigated using a PPI network built with STRING and represented visually through Cytoscape 3.10.1, with network centrality assessed using CytoNCA. GO and KEGG analyses were conducted using DAVID v6.8 and KEGG databases respectively, with results visualized using charts from the Bioinformatics platform.
2.3 Molecular docking
Gene IDs for core targets were obtained from UniProt and 3D protein structures were sourced from the PDB (https://www.rcsb.org/). The structure of ART was converted and optimized using Chem3D. Docking simulations were conducted with AutoDock Vina and the results were visualized using PyMOL. Binding energies were interpreted as follows: values below 0 kcal/mol indicated the ability of binding, below -5 kcal/mol indicated strong affinity and below -7 kcal/mol indicated extremely strong affinity (Ge et al., 2023).
2.4 MTT assay
Cells were seeded at a density of 2000 cells per well in a 96-well plate and allowed to adhere overnight. The following day, cells were treated with varying concentrations of ART and incubated for 24 h. Subsequently, 20 µL of MTT solution (5 mg/mL in PBS) was added to each well, and the plate was incubated for an additional 4 h at 37°C. After incubation, the medium containing MTT was carefully removed, and 150 µL of DMSO was added to dissolve the formazan crystals. The optical density (OD) was measured at 490 nm using enzyme-labeled instrument to quantify cell viability.
2.5 Colony formation
The BLCA cells T24 and UMUC3 were pretreated with varying concentrations of ART for 24 h. After pretreatment, 500 cells per well were seeded into six-well plates and cultured for 14 days to allow colony formation. At the end of the incubation period, colonies were fixed with 4% paraformaldehyde for 20 min and stained with 0.2% crystal violet solution for 30 min. Excess stain was rinsed off with distilled water, and the plates were air-dried before imaging and counting the colonies.
2.6 Cell migration
After pretreatment with varying concentrations of ART for 24 h, cells were resuspended in serum-free medium and seeded into the upper chambers of Transwell inserts with an 8 μm pore size. The lower chambers were filled with complete medium containing 10% serum as a chemoattractant. The plates were incubated in a 37°C cell incubator for 24 h. After incubation, migrated cells on the bottom surface of the membrane were fixed with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 30 min. The stained membranes were washed with distilled water, air-dried and non-migrated cells on the upper surface of the membrane were gently removed using a cotton swab. The membranes were then visualized under a microscope for analysis.
2.7 Flow cytometry
Cell cycle and apoptosis analyses were performed using flow cytometry with DNA-binding dyes and apoptosis markers. After pretreating the cells with ART at concentrations of 0, 50 and 100 μM for 24 h, the cells were harvested and stained with propidium iodide (PI) solution to assess cell cycle distribution. Additionally, apoptosis was evaluated by labeling the cells with Annexin V-FITC to detect early apoptosis and PI to label late apoptotic or dead cells. The samples were then analyzed using flow cytometry to determine the distribution of cells in the G0/G1, S and G2/M phases, and to quantify the populations of early and late apoptotic cells. Data analysis was conducted using Novepress software to assess the fluorescence intensity and determine the percentage of cells in each phase and apoptosis stage.
2.8 Western blot (WB)
Cells exposed to 0, 50 and 100 μM concentrations of ART for 48 h were lysed using RIPA buffer to ensure optimal protein extraction. The lysates were resolved by SDS-PAGE and transferred to PVDF membranes. Following overnight incubation at 4°C with primary antibodies, the membranes were treated with HRP-conjugated secondary antibodies for 1 h and protein signals were detected using chemiluminescence (ECL) (WBK1S0100; millipore; United States) Detailed information regarding the antibodies used can be found in (Supplementary Table 1).
2.9 Subcutaneous xenograft tumor model
Four-week-old female nude mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing; China). Following a 2-week acclimation period, tumor cells (1 × 107 per mouse) were injected into the right axillae of the mice. Subsequently, the mice were randomly allocated into two groups. The ART group received 90 mg/kg of ART via intraperitoneal injection, while the control group was administered an equivalent volume of physiological saline. After 15 days of treatment, the mice were euthanized, and subcutaneous tumors were harvested and quantitatively measured. Moreover, tissues from the heart, liver, spleens, lungs and kidneys were collected for histopathological analysis using hematoxylin and eosin (HE) staining.
2.10 Statistical analysis
Data were processed and analyzed using Prism 8.0.1, employing one-way ANOVA and unpaired t-tests for statistical evaluation, and were presented as the mean of three independent samples. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3 RESULTS
3.1 Potential targets of ART for BLCA treatment
Conducted differential gene expression analysis between BLCA and adjacent tissues in the GEO and TCGA databases and visualized the results (Figures 1A,B). Performed an intersection analysis with BLCA-related gene targets retrieved from the OMIM, Gene-Cards, DisGeNET and TTD databases, resulting in 4,555 disease targets. By searching PubChem, TCMSP databases and predicting with Swiss Target Prediction, 201 potential targets of ART were identified. An intersection analysis of the 201 ART-related target genes and 4555 BLCA-related target genes resulted in 133 intersecting genes, which can be considered potential therapeutic candidate targets of ART for BLCA. The intersection results were displayed in Figure 1C. Following this, a drug-disease-target network of 133 genes was constructed using Cytoscape 3.10.1 software, demonstrating the interaction between ART and BLCA (Figure 1D). GO enrichment analysis identified 812 significant GO terms (p < 0.05), including 622 biological processes (BP), 66 cellular components (CC) and 124 molecular functions (MF) (Supplementary Table 2). The 10 most significantly enriched terms for each category were presented visually (Figure 1E), suggesting ART may counteract BLCA by regulating proteins and enzymes in these pathways. KEGG enrichment analysis revealed 175 significant pathways (p < 0.05) (Supplementary Table 3), with key tumor-related pathways like “cancer pathways,” “apoptosis” and “p53 signaling pathway” being prominent (Figure 1F). To investigate ART’s interaction with BLCA intersecting targets, 133 targets were analyzed using the STRING database and visualized with Cytoscape 3.10.1, creating a disease-drug-pathway-target network (Figure 1G). In the PPI network, darker and more central nodes indicated stronger interactions with central nodes representing core targets (AKT1, BCL-2, Caspase 3, IL1B, JUN, MYC, TNF, TP53) (Figure 1H). The analysis showed that these targets were involved in several tumor-related pathways (Supplementary Table 2), suggesting ART may affect BLCA by modulating these tumor-related processes.
[image: Panel A shows two side-by-side heatmaps and plots for gene expression comparison. Panel B presents a similar arrangement, likely for a second comparison. Panel C contains a Venn diagram comparing two gene lists, with overlapping and distinct areas labeled. Panel D displays a dense network graph, illustrating molecular or protein interactions. Panel E features a bar plot with three color-coded groups and corresponding labels. Panel F shows a hierarchical network diagram ending in a highlighted scatter plot. Panel G contains a flowchart or decision-tree style diagram with interconnected nodes. Panel H features a circular network with central nodes surrounded by an outer ring of labeled elements.]FIGURE 1 | The potential targets of ART for treating BLCA. (A) Using data from the GEO database, a volcano plot and detailed expression profiles were generated to illustrate the DEGs between tumor tissues and adjacent normal tissues in BLCA. (B) Using data from the TCGA database, a volcano plot and detailed expression profiles were generated to illustrate the DEGs between tumor tissues and adjacent normal tissues in BLCA. (C) The Venn diagram of the intersecting targets of ART in BLCA. (D) PPI network based on STRING database analysis. (E) The Gene Ontology (GO) enrichment analysis identified the top 10 most significantly enriched terms in Cellular Component (CC), Biological Process (BP) and Molecular Function (MF) categories. (F) Top 20 enriched KEGG pathways. (G) Disease-Drug-Pathway-Targets network. (H) The core targets were presented in the form of a PPI network.
According to these results, ART was expected to inhibit cancer by affecting specific physiological processes and key molecules in cancer. To confirm this hypothesis, additional molecular docking and experimental validation were next be performed.
3.2 The patterns of molecular docking simulation
To gain deeper insight into the role of ART in BLCA, this research further employed molecular docking simulations to comprehensively simulate the interactions between ART and the identified core targets. Specifically, ART formed multiple hydrogen bonds within the binding pockets of certain target proteins and interacted with key amino acid residues. These interactions may influence the conformational stability of target proteins and their functional roles in signaling pathways. Detailed information on binding affinity, hydrogen bond sites and bond lengths were provided in Table 1, while the visualized binding conformations of ART with core targets were presented in Figure 2. The docking results revealed that the binding affinities of ART with core targets ranged from −6.7 to −8.2 kcal/mol, indicating strong binding interactions between ART and these proteins.
TABLE 1 | Detailed information on ART binding to core targets.
[image: Table listing protein targets, binding energies, hydrogen bond sites, and bond lengths. MYC shows the strongest binding energy at negative eight point zero kilocalories per mole and TP53 at negative eight point two. Bond sites and Hydrogen bond lengths are detailed for each protein.][image: Panel of eight molecular graphics displays artemisinin-bound protein structures labeled AKT1, BCL-2, Caspase3, IL-1β, JUN, MYC, TNF, and TP53, each with a zoomed-in view showing artemisinin (blue) docked at active or binding sites highlighted within the protein structures (green ribbon model) and detailed ligand interactions in each inset.]FIGURE 2 | The patterns of molecular docking. (A) ART-AKT1. (B) ART-BCL-2. (C) ART-Caspase 3. (D) ART-IL1B. (E) ART-JUN. (F) ART-MYC. (G) ART-TNF. (H) ART-TP53.
The above findings suggested that ART exhibited high-affinity binding to multiple key genes involved in tumor progression, playing a crucial role in tumor cell proliferation, migration and apoptosis. For instance, ART demonstrated a strong binding affinity with BCL-2, a critical anti-apoptotic protein that inhibited mitochondrial outer membrane permeability, thereby preventing cytochrome C release and suppressing apoptosis pathway activation (Iqbal et al., 2019). This suggested that ART may regulate BLCA cell apoptosis by targeting BCL-2. Moreover, ART exhibited strong binding interactions with Caspase 3 (CASP3), an essential executioner of apoptosis, implying that ART may mediate the activation of intrinsic or extrinsic apoptotic pathways, promoting programmed tumor cell death and exerting its anti-BLCA effects (Yang et al., 2017).
Additionally, ART displayed a strong binding affinity for TP53, a pivotal tumor suppressor gene encoding the p53 protein, which played a fundamental role in cell cycle regulation and tumor suppression (Ter Huurne et al., 2020). When DNA damage occurs, p53 facilitated either DNA repair or apoptosis initiation to prevent malignant transformation. The high binding affinity between ART and TP53 suggested that ART might exert its regulatory effects on BLCA by modulating cell cycle processes. Furthermore, ART exhibited strong interactions with AKT1, a key molecule in the PI3K/AKT/mTOR signaling pathway, which was widely activated in various malignancies and promotes tumor cell survival and invasive behaviors (Yu et al., 2022). These findings suggested that ART might exert anti-BLCA effects by disrupting this signaling pathway, thereby inhibiting tumor cell survival and malignant progression.
By integrating network pharmacology and molecular docking techniques, this research preliminarily identified multiple core targets and regulatory pathways through which ART might exert its effects in BLCA. These key targets not only play essential roles in tumorigenesis and progression but may also be closely associated with the unique biological characteristics of BLCA, providing valuable theoretical insights into the potential anti-BLCA mechanisms of ART. In the next part, we began to focus on validating these predictions through experiments in vitro and in vivo, and further elucidating the underlying molecular regulatory mechanisms.
3.3 ART inhibited BLCA proliferation and migration
The chemical structure of ART was shown in Figure 3A. According to network pharmacology analysis, ART exhibited significant anti-tumor properties against BLCA. Initial evaluations of its efficacy were carried out using MTT, colony formation, wound healing and cell migration assays.
[image: Scientific figure consisting of five panels labeled A to E. Panel A shows the chemical structure of artemisinin. Panel B displays two line graphs depicting dose-dependent cell viability reduction in UMUC3 and T24 bladder cancer cells treated with artemisinin, with calculated IC50 values. Panel C includes representative clonogenic assay images and bar graphs quantifying colony numbers in both cell lines at varying artemisinin concentrations. Panel D provides stained images from cell migration assays and corresponding quantification bar graphs for both cell lines at multiple drug concentrations. Panel E presents wound healing assay images at zero and twenty-four hours alongside bar graphs illustrating migration rates for T24 and UMUC3 cells across three artemisinin concentrations.]FIGURE 3 | ART inhibited BLCA cells proliferation and migration. (A) The chemical structure of ART. (B) The MTT assays were used to measure the viability of UMUC3 and T24 cells. (C) ART reduced colony formation in UMUC3 and T24 cells in a dose-dependent manner. (D) ART decreased cell migration in both T24 and UMUC3 cells in a dose-dependent manner. (E) The wound healing assay assessed migration of UMUC3 and T24 cells after 24-h treatment with ART at concentrations of 0, 50 and 100 μM.
The effect of ART on BLCA cell growth was evaluated by treating cells with varying ART concentrations for 24 h and assessing viability with the MTT assay. The results showed that ART caused a dose-dependent decrease in cell viability, with IC50 values of 53.8 μM for UMUC3 cells and 109.5 μM for T24 cells (Figure 3B). Additionally, colony formation assays confirmed that ART reduced the ability of BLCA cells to form colonies in a dose-dependent manner (Figure 3C).
Controlling tumor migration is vital for mitigating its aggressive behavior. The wound healing and cell migration assays showed that ART effectively reduced the migration of T24 and UMUC3 cells in a dose-dependent manner (Figures 3D,E).
3.4 ART induced BLCA apoptosis
Flow cytometry analysis revealed a substantial increase in apoptosis levels in BLCA cells with higher concentrations of ART (Figure 4A). WB experiments indicated that ART treatment reduced the expression of BCL-2 and increased the expression of Cleaved-Caspase 3/Caspase 3 in BLCA cells (Figure 4B). Cleaved-Caspase 3, a pivotal executioner of apoptosis, targets and cleaves various cellular substrates, ultimately driving cell death. Based on this, it can be strongly inferred that ART exerted its inhibitory effect on BLCA by inducing apoptosis via the Caspase pathway.
[image: Panel A presents flow cytometry dot plots and bar graphs displaying increased apoptosis rates in UMUC3 and T24 cells treated with increasing ART concentrations. Panel B shows western blots and quantification graphs revealing ART-induced downregulation of BCL-2 and increased cleaved-caspase3 levels in both cell lines.]FIGURE 4 | ART induced BLCA apoptosis. (A) The effects of ART treatment on apoptosis in UMUC3 and T24 cell lines were assessed through FACS analysis with Annexin V-FITC and PI staining. (B) Apoptosis-related proteins were examined via WB experiments.
3.5 ART arrested BLCA cell cycle
Molecular docking simulation showed that ART bound strongly with p53 with a parameter of −8.2 kcal/mol. Given that p53 can halt the cell cycle at the G1 phase, we investigated whether ART had a similar effect on BLCA cells. After 24 h of ART treatment, flow cytometry revealed an increased proportion of cells in the G1 phase and a decreased proportion in the S phase, indicating that ART induced G1 phase arrest (Figure 5A).
[image: Figure with two panels labeled A and B showing experimental data for T24 and UMUC3 cell lines treated with three concentrations of ART. Panel A presents histograms and bar graphs of cell cycle phases, indicating a dose-dependent increase in G0-G1 phase. Panel B contains immunoblots and quantification bar graphs for p53, CDK2, CDK4, Cyclin E1, Cyclin D1, and β-actin, showing protein expression changes with increasing ART concentration in both cell lines. Statistical significance is marked with asterisks.]FIGURE 5 | ART induced BLCA cell cycle arrest. (A) ART caused G1 phase arrest in T24 and UMUC3 cells, as shown by PI staining and flow cytometry. (B) WB experiments were used to measure the levels of proteins involved in cell cycle arrest.
Cyclin D-CDK4 and Cyclin E-CDK2 complexes are essential for regulating the transition from G1 to S phase. Cyclin D-CDK4 begins this transition by phosphorylating Rb protein early in G1, while Cyclin E-CDK2 completes it in late G1 and early S phase by further phosphorylating Rb and starting DNA replication. WB experiments showed that ART decreased the expression levels of CDK4, CDK2, Cyclin E1 and Cyclin D1 in BLCA cells in a dose-dependent manner (Figure 5B). Additionally, higher concentrations of ART led to increased levels of p53 protein, indicating that ART induced cell cycle arrest.
The findings indicated that ART affected cell cycle regulation in BLCA cells by blocking the transition from G1 to S phase, thereby contributing to its anti-BLCA effects.
3.6 ART inhibited the PI3K/AKT/mTOR signaling pathway in BLCA
The network pharmacology and molecular docking results indicated a strong interaction between ART and AKT. To assess whether ART disrupted the AKT signaling pathway, WB experiments were performed to reveal that ART treatment significantly reduced the levels of p-PI3K/PI3K, p-AKT/AKT and p-mTOR/mTOR compared to the control group (Figures 6A,B).
[image: Western blot panels show protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, mTOR, and GAPDH in UMUC3 and T24 cell lines treated with 0, 50, or 100 micromolar ART. Quantification bar charts for each cell line display significant reductions in phosphorylated protein levels with increasing ART concentration, marked by asterisks indicating statistical significance. Panel A is for UMUC3 and Panel B for T24.]FIGURE 6 | ART inhibited BLCA by targeting the PI3K/AKT/mTOR pathway. (A,B) WB were employed to assess the expression levels of PI3K, AKT and mTOR in BLCA cells treated with various concentrations of ART over a 24-h period.
In summary, ART inhibited the activity of its corresponding signaling pathways by significantly reducing the phosphorylation levels of key proteins such as PI3K, AKT and mTOR in BLCA cells. This reduction in phosphorylation dampened the activity of the pathway, which was crucial for cell survival and proliferation, thereby potentially inhibiting cancer progression.
3.7 ART effectively exerted its inhibitory effects on BLCA in vivo
Studies in vitro unequivocally demonstrated the potent inhibitory effect of ART on BLCA cells. To further substantiate the pharmacological efficacy of ART, complementary experiments in vivo were conducted. As depicted in Figure 7A, a subcutaneous tumor model was established in nude mice, followed by intraperitoneal ART administration 7 days post-inoculation. Tumor size and weight were subsequently measured after 15 days of treatment. As illustrated in Figures 7B,C, the ART group displayed significant differences in tumor size and weight relative to the control group, suggesting that ART effectively suppressed further tumor growth. Moreover, no significant differences in body weight were observed between the two groups. IHC staining of subcutaneous tumors in nude mice revealed that the expression of Ki67, a proliferation marker, was significantly reduced in the ART group compared to the control group (Figure 7D). Furthermore, after harvesting the internal organs from both groups of nude mice and performing HE staining, no significant damage to the organs was observed in either group (Figure 7E). Additionally, no significant differences in body weight were noted between the two groups, suggesting that ART has minimal toxicity and side effects, with favorable drug safety.
[image: Diagram summarizes an experiment where mice are given subcutaneous tumors, treated with ART or control via intraperitoneal injection, then sacrificed for analysis. Panel B displays tumor growth trends in treated versus control mice with bar and line graphs. Panel C shows representative images and quantification of tumor sizes. Panel D features Ki-67 stained tumor sections comparing proliferation between groups, with quantitative results shown. Panel E presents histological images of heart, liver, spleen, lung, and kidney tissues from both control and ART-treated mice.]FIGURE 7 | Assessment in vivo of the anti-tumor efficacy of ART in BLCA. (A) Six-week-old female nude mice were subcutaneously injected with 1 × 107 T24 cells. One week later, the experimental group was intraperitoneally administered ART at a dose of 90 mg/kg, while the control group received an equivalent volume of saline. Injections were administered every 2 days, and tumor volume and body weight were monitored every 3 days. After 15 days of treatment, the mice were euthanized, and tumor volume and weight were subsequently assessed. The diagram was created with BioGDP.com (Jiang et al., 2025). (B) Tumor volume growth trajectory and body weight changes in nude mice. (C) Tumor size and mass in subcutaneously implanted nude mice. (D) Ki67 staining of subcutaneous tumors in nude mice. (E) HE staining of internal organs from the control and treatment groups of mice.
4 DISCUSSION
NMIBC is characterized by a high recurrence rate, with a subset of patients potentially progressing to MIBC or metastatic BLCA, thereby complicating treatment strategies (van Rhijn et al., 2009). At present, the management of BLCA predominantly relies on surgical resection, intravesical chemotherapy and immunotherapy (Patel et al., 2020). However, radical cystectomy can substantially impair a patient’s quality of life (Clements et al., 2022), while intravesical chemotherapy and immunotherapy are hindered by challenges such as drug resistance and adverse side effects, which limited their long-term efficacy (Han et al., 2020; Martins et al., 2019).
Artemisia annua, a traditional Chinese medicinal herb, had its main active component, artemisinin, widely used for its anti-malarial properties (Efferth, 2017). Recent studies have shown that both artemisinin and its semi-synthetic derivative, ART, held considerable promise for cancer treatment. ART, with its improved water solubility and bioavailability over artemisinin, has been demonstrated to exert anti-tumor effects by inducing apoptosis and inhibiting choroidal melanoma through angiogenesis suppression (Efferth et al., 2001; Kelter et al., 2007; Geng et al., 2021). The therapeutic effects and mechanisms of ART in BLCA required further investigation. Network pharmacology was an innovative approach that integrated systems biology with multi-dimensional data integration techniques. This methodology facilitated the identification of various active components in traditional Chinese medicine and their potential targets. By constructing comprehensive drug-target-disease networks, network pharmacology systematically elucidated the intricate relationships between traditional Chinese medicine components and disease-associated targets. Molecular docking simulation was a computational technique used to predict the binding modes and interaction strengths between drug molecules and proteins. Using bioinformatics databases, this research identified potential core targets for ART in the treatment of BLCA. Molecular docking simulation effectively demonstrated the binding affinity and interaction sites between ART and its target genes. These simulations provided detailed insights into how ART interacted with these key proteins, revealing potential binding sites and the strength of these interactions, which were crucial for understanding its therapeutic effects. These predictions were subsequently validated through a series of experiments, providing insights into the mechanisms by which ART exerted its anti-BLCA effects. These findings revealed that ART exerted its anti-tumor effects through various mechanisms, including the induction of apoptosis, the disruption of cell cycle progression and the inhibition of the PI3K/AKT/mTOR signaling pathway.
In this study, molecular docking simulations revealed that ART formed a significant interaction with the apoptosis-related protein BCL-2, underscoring its potential role in regulating apoptotic pathways through this target. BCL-2 is an anti-apoptotic protein that plays a crucial role in cell survival by inhibiting apoptosis. It achieves this by preventing the release of cytochrome c from the mitochondria, which is a key step in the apoptotic cascade. By blocking this release, BCL-2 helps maintain cell integrity and viability, making it a critical factor in regulating programmed cell death. By blocking this release, BCL-2 inhibited the activation of caspases, which are critical executors of apoptosis (Ashkenazi et al., 2017). Based on flow cytometry analysis, it was evident that apoptosis levels in BLCA cells increased significantly with higher concentrations of ART. WB experiments revealed that ART reduced BCL-2 protein expression in BLCA cells, suggesting that ART promoted apoptosis by diminishing anti-apoptotic signaling. In contrast, Cleaved-Caspase 3 serves as a pivotal executioner in the apoptosis process. Once activated, this enzyme will initiate the cell death program by cleaving a range of cellular substrates. These cleavages lead to the dismantling of crucial cellular components, ultimately resulting in programmed cell death. The activation and function of Cleaved-Caspase 3 are essential for orchestrating the final stages of apoptosis, making it a key player in regulating cellular turnover and eliminating damaged cells. After ART treatment, the observed rise in Cleaved-Caspase 3 expression provided additional evidence that ART triggered apoptosis via the Caspase pathway. These findings suggested that the primary mechanism through which ART exerted its anti-tumor effects on BLCA cells is by inducing apoptosis.
Through network pharmacology analysis, this research identified that ART might exert its anti-BLCA effects by targeting the TP53 signaling pathway. Molecular docking simulations further confirmed that ART can effectively bind to the TP53 protein, suggesting that ART may activate this signaling pathway by directly acting on TP53. The TP53 gene encodes the p53 protein, a crucial tumor suppressor that primarily regulates cell cycle arrest, repairs DNA damage or initiates apoptotic mechanisms to prevent the proliferation of damaged cells. This function helps maintain genomic stability and prevents the accumulation of mutations. Under normal conditions, when DNA damage occurs, p53 is activated and functions as a transcription factor to regulate multiple target genes, thereby determining cell fate. If the damage is repairable, p53 induces cell cycle arrest, allowing sufficient time for DNA repair. However, if the damage is irreversible, p53 triggers apoptosis, promoting the clearance of damaged cells and preventing their proliferation (Wang et al., 2023). Additionally, p53 regulates the cell cycle by upregulating the expression of p21, a key checkpoint regulator. p21 inhibits the kinase activity of CDK4/6-CyclinD1 and CDK2-CyclinE complexes by directly binding to them, thereby preventing the transition from the G1 phase to the DNA synthesis phase (Engeland, 2022). This results in G0/G1 phase arrest, inhibiting cell proliferation and allowing sufficient time for DNA repair or other cellular responses. The G0/G1 phase is the initial stage of the cell cycle, during which cells grow, synthesize RNA and produce essential proteins for DNA replication. Therefore, upregulation of p21 not only effectively halts cell cycle progression but also ensures that cells have sufficient time to repair genomic damage, preventing the expansion and accumulation of mutated cells. Further experimental results confirmed that ART induced G1 phase cell cycle arrest in BLCA cells. Flow cytometry analysis showed a significant increase in the proportion of BLCA cells in the G1 phase after ART treatment, indicating that ART effectively blocked the transition from the G1 to the S phase. Additionally, WB experiments demonstrated that ART significantly reduced the expression of G1 phase markers CDK2 and CDK4 while increasing p53 expression, suggesting that ART promoted BLCA cell cycle arrest by activating the p53 pathway. CDK2 and CDK4 are key regulators of cell cycle progression and their activity are controlled by p53. Under ART treatment, the reduced expression levels of CDK2 and CDK4 further confirmed that ART inhibited these critical cell cycle proteins, leading to G1 phase arrest and effectively suppressing excessive proliferation of BLCA cells. In conclusion, this study demonstrated that ART exerted its anti-cancer effects by activating the p53 signaling pathway and inducing G1 phase arrest in BLCA.
In addition, this research utilized network pharmacology and molecular docking to identify that ART might act on AKT1, with a strong binding affinity for AKT1. It was hypothesized that ART directly bound to AKT1, thereby inhibiting its activity and exerting an anti-cancer effect in BLCA. The PI3K/AKT/mTOR signaling pathway is a core regulatory pathway involved in the malignant behavior of tumor cells, playing a critical role in tumor initiation and progression (Peng et al., 2022). Previous studies have shown that this pathway mediates various pro-cancer biological effects in tumor cells, primarily including the following aspects: (1) Promotion of cell cycle progression—by regulating key proteins involved in the G1/S phase transition, accelerating the progression of the cell cycle and thus promoting cell proliferation; (2) Inhibition of apoptosis—by suppressing both mitochondrial-mediated intrinsic apoptosis and death receptor-mediated extrinsic apoptosis signals, enhancing tumor cell survival; (3) Promotion of angiogenesis—by upregulating VEGF expression, promoting the survival, proliferation and migration of endothelial cells, inhibiting the expression of angiogenesis inhibitors and accelerating the formation of new blood vessels to support tumor growth (Yu et al., 2022; Deng et al., 2024). The PI3K/AKT/mTOR signaling pathway is a core regulatory axis in cell growth, proliferation, survival and metabolism, widely involved in the development and progression of various cancers. The activation of this pathway is usually triggered by the binding of growth factors or cytokines to their receptors (such as EGFR, PDGFR), which then activate PI3K to generate PIP3 and activate AKT. Activated AKT not only promotes the expression of cyclins (such as Cyclin D1) but also inhibits apoptosis-related proteins (such as BAX, FOXO), while activating mTOR to enhance cell proliferation and survival. As a downstream effector of this pathway, mTOR not only promotes protein synthesis and metabolic reprogramming but also enhances tumor cell tolerance and invasiveness by regulating HIF-1α (Fontana et al., 2024; Duan et al., 2018; Chen et al., 2024). Given the pivotal role of the PI3K/AKT/mTOR signaling pathway in cancer biology, inhibiting this pathway has become a key strategy in anti-cancer therapy. Further experimental validation indicated that ART could inhibit the phosphorylation activity of the PI3K/AKT/mTOR signaling pathway in BLCA cells, effectively suppressing tumor proliferation and survival. Experiments in vivo demonstrated that ART significantly delayed the growth of subcutaneous tumors in nude mice, further highlighting its potent anti-tumor effects through inhibition of the PI3K/AKT/mTOR signaling pathway. Moreover, ART not only effectively inhibited tumor progression but also showed favorable safety, indicating its potential as a promising therapeutic drug. As an inhibitor of the PI3K/AKT/mTOR signaling pathway, ART represents a promising therapeutic strategy that targets key mechanisms of tumor growth and survival. Future studies will explore the combination of ART with other therapeutic drugs to evaluate its potential synergistic effects, thereby further enhancing its efficacy and expanding its clinical applications.
In this research, it was also found that MYC might play an important role in the anti-cancer effect of ART on BLCA, and ART had a strong binding affinity for MYC. MYC is an oncogene belonging to the transcription factor family, mainly regulating key biological processes such as cell proliferation, metabolism, apoptosis and differentiation. The MYC family includes c-MYC, N-MYC and L-MYC, with c-MYC being the most extensively studied member. The expression regulation of the MYC is highly complex, mainly involving interactions with other transcription factors and regulatory factors to regulate the transcription of target genes, thereby participating in multiple physiological processes of cells. In normal cells, MYC expression typically supports cell growth, proliferation and differentiation. However, in tumor cells, the overexpression or uncontrolled activation of MYC often drives tumorigenesis and progression. The role of MYC in tumors manifests in several aspects, including promoting cell proliferation, metabolic reprogramming, inhibiting apoptosis, promoting genomic instability, modulating the tumor microenvironment and cross-regulating with other signaling pathways (Krenz et al., 2024). MYC-targeted WDR4 promoted proliferation, metastasis and sorafenib resistance by inducing CCNB1 translation in hepatocellular carcinoma (Xia et al., 2021). Therefore, MYC is not only a key driver of tumorigenesis but also a potential therapeutic target. Studies have shown that inhibiting MYC expression has significant anticancer effects in tumor treatment. Among these, the potential of natural compounds in inhibiting MYC expression has gradually gained attention. Licoflavone B suppressed myeloma growth by inhibiting MYC (Liu et al., 2022). Cryptotanshinone inhibited ovarian tumor growth and metastasis by degrading c-Myc and attenuating the FAK signaling pathway (Guo et al., 2022). Further research has found that ART inhibited aerobic glycolysis by suppressing c-Myc, thereby exerting anti-cancer effects in non-small cell lung cancer (Zhang et al., 2022). Thus, the application of natural compounds may emerge as a new direction for MYC-targeted therapy. Future research will focus on exploring how ART exerted its anti-cancer effects in BLCA through targeting the MYC, which will help better understand ART’s anti-cancer mechanism and provide a theoretical basis for developing new cancer treatment strategies.
5 CONCLUSION
In summary, this study combined network pharmacology and molecular docking to identify key targets of ART in BLCA and validated its therapeutic effects through experiments in vitro and in vivo. These findings provided a multi-dimensional mechanistic intervention strategy for the treatment of BLCA and offer important theoretical support for the development of targeted therapeutic strategies, laying the foundation for the further expansion of traditional Chinese medicine applications in BLCA treatment.
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Background: The introduction of multi-targeted tyrosine kinase inhibitors (MTKIs) such as axitinib, lenvatinib, sorafenib, and sunitinib has greatly broadened the available treatment options for Renal Cell Carcinoma (RCC). The study aims to compare the nature of the adverse reactions associated with these four MTKIs to identify which medication poses the least risk for personalized patient management, thus enabling more accurate clinical drug oversight.Methods: Employing a retrospective descriptive analysis methodology, this research concentrated on four commercially available MTKIs. Reports pertaining to these medications were sourced from the WHO-VigiAccess database. The data gathering process involved collecting comprehensive information on various parameters, such as age demographics, gender, and the geographical distribution of patients associated with the ADR reports. Furthermore, the study explored disease systems and symptoms that were documented alongside the adverse reactions, as outlined in the annual ADR reports produced by the WHO. To assess the relationship between these four MTKIs and the linked AEs, both the Proportional Reporting Ratio (PRR) and the Reported Odds Ratio (ROR) were utilized.Results: At the time of the search, a total of 123,818 AEs associated with the four MTKIs had been documented in the VigiAccess database. The common ADRs for these four MTKIs include diarrhoea, fatigue, death, hypertension, nausea, asthenia, weight decreased, and vomiting. Gastrointestinal disorders and general disorders and administration site conditions emerged as the SOCs with the highest number of adverse signals, both ranking first in terms of frequency. The elevated ROR (1.08) and PRR (1.06) values associated with gastrointestinal disorders in patients treated with sorafenib suggest a higher incidence of such adverse events compared to those observed with axitinib, lenvatinib, and sunitinib.Conclusion: Recent comparative observational research suggests that the ADR reports submitted to the WHO and the FDA for these medications highlight both common and specific ADRs. It is essential for clinical practitioners to develop personalized treatment strategies that consider the adverse effects linked to different medications, alongside the unique circumstances of their patients, thus encouraging the responsible use of these MTKIs.Keywords: MTKIs, renal cell carcinoma, adverse drug reactions, WHO-Vigiaccess, ROR
INTRODUCTION
Renal Cell Carcinoma (RCC) stands out as the most prevalent malignant tumor affecting the kidneys, representing over 90% of all renal cancers. This type of cancer arises from the epithelial cells found within the renal tubules and showcases considerable heterogeneity, alongside a notable resistance to standard chemotherapy and radiotherapy treatments (Hsieh et al., 2017). The underlying mechanisms of RCC are complex, with the overproduction of Vascular Endothelial Growth Factor (VEGF) and Vascular Endothelial Growth Factor Receptor (VEGFR) playing a pivotal role in the processes of tumor angiogenesis and development. Remarkably, around 25% of patients diagnosed with RCC present with either locally advanced or metastatic disease, and between 20% and 40% of individuals with localized primary tumors will ultimately experience the spread of metastases. Given the frequently asymptomatic progression and the unfavorable outlook linked to advanced or metastatic RCC, the range of treatment options remains quite limited. Among the various subtypes of RCC, Clear Cell Renal Cell Carcinoma (ccRCC) is the most common, representing approximately 70%–80% of all RCC instances. ccRCC is distinguished by significant vascularization, and its development is closely linked to hereditary von Hippel-Lindau (VHL) disease. In ccRCC specifically, the loss of function of the VHL tumor suppressor gene leads to the excessive buildup of Hypoxia-Inducible Factor (HIF) (Sato et al., 2013). Under normal physiological circumstances, HIF serves as a transcription factor that enhances the expression of multiple pro-angiogenic factors, such as VEGF and Platelet-Derived Growth Factor (PDGF) (Chen et al., 2023). As a result, in most ccRCC cases, dysregulation of signaling pathways caused by mutations in the VHL gene facilitates angiogenesis, as well as the survival, proliferation, and differentiation of cancerous cells. The introduction of Multi-Targeted Tyrosine Kinase Inhibitors (MTKIs) has brought about a significant change in the treatment approach for RCC. MTKIs function by targeting an array of protein kinases, such as the VEGFR, PDGFR, and the Stem Cell Factor Receptor (c-KIT) (Faivre et al., 2007). Presently, commonly utilized MTKIs include axitinib, lenvatinib, sorafenib, and sunitinib, all of which have demonstrated considerable clinical effectiveness in the management of advanced or metastatic RCC. By inhibiting the activities of VEGFR, PDGFR, and other associated kinases, these agents promote their antitumor effects, hindering tumor angiogenesis and growth while triggering apoptosis (Bahadoram et al., 2022). As a result, they offer novel therapeutic avenues for patients facing advanced RCC. Despite the thoroughness of pre-marketing clinical trials, the safety of these medications remains partially undefined based on data from pre-authorization studies, as these trials are performed in controlled conditions that differ from everyday practice (Gagliardi et al., 2022). Four MTKIs have been available on the market for a considerable period, catering to a wide range of patients and serving various purposes. Consequently, it is crucial and informative to perform safety research by utilizing extensive real-world data. Therefore, a more thorough characterization of the ADRs associated with these MTKIs is necessary, utilizing spontaneous reports gathered from pharmacovigilance databases. It is important to highlight that comparative studies addressing the similarities and differences in ADRs induced by these medications are notably lacking. Since 2015, the data stored in VigiBase has been accessible to the public through VigiAccess (Watson et al., 2018; Habarugira and Figueras, 2021). The VigiAccess database facilitates searches using the trade names of drugs, while also identifying the active ingredients and presenting the corresponding results of ADR reports. This research primarily focuses on four MTKIs: axitinib, lenvatinib, sorafenib, and sunitinib. Clinicians often need to tailor treatment options based on the potential risk of AEs for each patient. To assess the occurrence of adverse reactions associated with these MTKIs, we conducted a descriptive study that analyzed spontaneously reported adverse reactions in the VigiAccess database and compared the rates of adverse reactions linked to these four MTKIs. Furthermore, we employed the Proportional Reporting Ratio (PRR) and the Reported Odds Ratio (ROR) to evaluate the relationship between these four MTKIs and the associated AEs.
MATERIALS AND METHODS
Drug sample
Table 1 presents the four MTKIs that we have studied and are currently available for clinical use. Axitinib is a potent and selective second-generation VEGFR inhibitor that targets VEGFR-1, VEGFR-2, and VEGFR-3, while exhibiting a weaker inhibitory effect on PDGFR. It is primarily utilized as a second-line treatment for advanced RCC (Schmidt et al., 2018). In the AXIS Phase III clinical trial, axitinib significantly extended the progression-free survival (PFS) of patients, achieving a median PFS of 6.7 months. Lenvatinib targets multiple receptor tyrosine kinases, including VEGFR, FGFR, and PDGFR, thereby inhibiting tumor angiogenesis and cell proliferation by blocking these targets. It is widely employed in the treatment of RCC, thyroid cancer, and hepatocellular carcinoma (Romero, 2019). In 2015, lenvatinib received FDA approval for the second-line treatment of advanced RCC. Based on Phase II clinical trial data, the median PFS for the lenvatinib combination therapy group reached 14.6 months, significantly surpassing that of the monotherapy group (Motzer et al., 2015). Sorafenib is the first MTKI approved for advanced RCC, targeting VEGFR, PDGFR, and RAF kinase. In 2005, sorafenib received FDA approval based on the results of the Phase III TARGET trial, which demonstrated that the median PFS for the sorafenib group was 5.5 months, significantly longer than the 2.8 months observed in the placebo group, with a disease control rate of 84%. Although subsequent drugs have surpassed sorafenib in certain metrics, it remains a crucial option for the treatment of advanced renal cancer (Wilhelm et al., 2006). Sunitinib is an oral MTKI primarily targeting VEGFR, PDGFR, KIT, and FLT3. In 2006, sunitinib received FDA approval for the first-line treatment of advanced RCC. Key Phase III trials indicated that the median PFS for the sunitinib group was 11 months, significantly better than the 5 months reported for the interferon-α group. Due to its inhibitory effect on KIT, sunitinib is also approved for the second-line treatment of gastrointestinal stromal tumors (Moran et al., 2019).
TABLE 1 | General information of four MTKIs.
[image: Table listing four drugs—Axitinib, Lenvatinib, Sorafenib, Sunitinib—with columns for brand names, chemical formulas, drug targets, main treated conditions, and earliest market year. Data highlights cancer treatments and targets like VEGFR and PDGFR.]Data sources
The WHO-VigiAccess database was searched on 17 February 2025, to gather all documented AEs that occurred following the introduction of four MTKIs. The access URL is https://www.vigiaccess.org. All pharmaceutical agents under study were identified using their generic names. Data collection spanned different age ranges, genders, years of reporting, and geographic regions, as detailed by WHO-VigiAccess. Descriptive statistics were computed utilizing Excel 2021.
WHO-VigiAccess serves as an open-access portal to the PIDM database, facilitating the retrieval of safety reports concerning medicinal products provided by the UMC. The evaluation was based on system organ class (SOC) and preferred terms (PTs) as defined by the Medical Dictionary for Regulatory Activities (MedDRA). As a result, records for each MTKI were gathered, and all distinct AEs noted at the MedDRA SOC and PT levels were pinpointed to outline the range of toxicities. The reporting terms employed in MedDRA were compiled from various dictionaries, including the WHO Adverse Reaction Terminology (WHO-ART) and others (Sultana et al., 2020). In total, 27 items were classified by SOC. This research concentrated on the PTs, which represent the extent of publicly available information in the VigiBase database via WHO-VigiAccess. To assess the outcomes of the identified safety signals, we organized them using outcome codes, culminating in three essential categories: death, hospitalization, and major events, which encompass life-threatening occurrences, disabilities, and congenital anomalies.
Disproportionality analysis
In order to evaluate the possible association between axitinib, lenvatinib, sorafenib, and sunitinib with AEs under gastrointestinal disorders, we used two methods for disproportionate analysis: ROR and PRR. ROR is mainly used to measure the imbalanced probability of reporting AEs for specific drugs compared with other drugs.
The calculation formula was:
[image: Mathematical formula showing ROR equals a multiplied by d divided by b multiplied by c, with variables arranged in a fractional expression.]
(a) refers to the quantity of reports for particular drugs and particular AEs, (b) represents the quantity of reports for specific drugs and other AEs, (c) refers to the number of reports on other drugs and specific AEs, (d) represents the number of reports on other drugs and other AEs. PRR refers to the proportion of spontaneous reports of a specific drug associated with a specific adverse outcome divided by the corresponding proportion of other drugs. The calculation formula was:
[image: Mathematical formula for proportional reporting ratio: PRR equals a times quantity c plus d, divided by c times quantity a plus b.]
Both ROR and PRR require that at least 5 cases (a ≥ 5) of particular drug and AEs to consider the calculated results valid. If ROR ≥2 and the lower limit of the 95% confidence interval (CI) ≥ 1, the signal is considered disproportionate, indicating that there may be a safety problem. These criteria ensure that the observed disproportion is not due to random variation (Montastruc et al., 2011). In our analysis, we systematically evaluate the ratio of ADRs reports of using four MTKIs in gastrointestinal disorders. The analysis results help to provide guidance for the correct use of drugs.
Statistical analysis
A retrospective quantitative approach was adopted for this study. Descriptive analysis was conducted using Excel to evaluate the characteristics of individuals who experienced adverse reactions to the four MTKIs. The rate of ADR reporting for each MTKI was determined by dividing the number of ADR symptoms associated with that specific drug by the total number of ADR reports. The common ADRs linked to each medication were identified as those symptoms corresponding to the top 20 ADR report rates. The reported ADR symptoms for each drug were calculated, followed by a descriptive comparative analysis. Frequencies and percentages were utilized to classify the descriptive variables.
RESULTS
Description of the studied cases
The initial documentation regarding adverse reactions to axitinib, lenvatinib, sorafenib, and sunitinib was first noted in the WHO-VigiAccess database during the years 2003, 2004, 2008, and 2013, respectively. By 2025, the WHO had gathered a cumulative total of 18,257, 28,819, 35,009, and 41,733 reports of ADRs linked to these four MTKIs, summing up to an overall total of 123,818 reports. Within these 123,818 ADR reports associated with the four MTKIs, as illustrated in Table 2, there were 7,052 cases in which the sex of the subjects was not specified. Importantly, the amount of ADR reports from males (73,485) significantly surpassed that from females (43,281), resulting in a male-to-female ratio of 1.70:1, highlighting a notable difference. When excluding reports that did not include age information, the age group most frequently reporting incidents was predominantly individuals aged 45–64 years. Additionally, most AEs were noted from the Americas, constituting 48.26% of the overall total. More information about the reporting years for each medication analyzed can be found in Table 2.
TABLE 2 | Characteristics of ADR reports of four MTKIs.
[image: Data table displaying adverse drug reaction (ADR) report counts and percentages by sex, age, region, and year for Axitinib, Lenvatinib, Sorafenib, and Sunitinib, organized in columns for comparative analysis.]Distribution of 20 SOCs of four MTKIs
Table 3 presents the reporting frequencies of 27 SOCs associated with four MTKIs. Axitinib exhibited elevated rates of adverse reactions in the categories of respiratory, thoracic, and mediastinal disorders, as well as in injury, poisoning, and procedural complications, when compared to the other three agents. Lenvatinib demonstrated higher adverse reaction rates in endocrine disorders, metabolic and nutritional disorders, renal and urinary disorders, and vascular disorders. Sorafenib showed increased rates of adverse reactions in hepatobiliary disorders and musculoskeletal and connective tissue disorders. Notably, the incidence of skin and subcutaneous tissue disorders was significantly higher for sorafenib than for the other agents. Sunitinib exhibited elevated adverse reaction rates across multiple SOC categories, including blood and lymphatic system disorders, gastrointestinal disorders, general disorders and administration site conditions, benign, malignant, and unspecified neoplasms (including cysts and polyps), nervous system disorders, and psychiatric disorders. Furthermore, the rates of ADRs exceeding 10% in the SOC were 11 for axitinib, 10 for lenvatinib, 10 for sorafenib, and 13 for sunitinib.
TABLE 3 | ADR number and report rate of 27 SOCs of four MTKIs.
[image: Data table comparing the incidence and percentages of various system organ class disorders among patients treated with Axitinib, Lenvatinib, Sorafenib, and Sunitinib, with each row showing a specific disorder and each column containing drug-specific data for total cases and percentages.]Disproportionality analysis based on gastrointestinal disorders
By observing and comparing the SOC distribution of four MTKIs, we found that these MTKIs exhibited the highest reported rates of adverse reactions under the categories of gastrointestinal disorders. To further compare these four medications, we conducted a disproportionate analysis using the ROR and PRR methods. Table 4 presents the results of this analysis, indicating the following ROR values for the four drugs: axitinib: 0.86 (0.84–0.89), lenvatinib: 1.04 (1.02–1.06), sorafenib: 1.08 (1.06–1.10), and sunitinib: 0.97 (0.96–0.99). Additionally, the PRR values for the four drugs were as follows: axitinib: 0.89 (0.87–0.91), lenvatinib: 1.03 (1.02–1.05), sorafenib: 1.06 (1.05–1.08), and sunitinib: 0.97 (0.98–0.99). These findings suggest that among the four MTKIs, axitinib had the lowest reported proportion of gastrointestinal disorders, whereas sorafenib exhibited a slightly higher reported proportion in comparison to the other drugs.
TABLE 4 | Disproportionality analysis based on gastrointestinal disorders.
[image: Table comparing ROR and PRR values with ninety-five percent confidence intervals for four drugs: Axitinib, Lenvatinib, Sorafenib, and Sunitinib. ROR and PRR values are provided for each drug.]Most common ADRs of four MTKIs
Table 5 presents the 20 most frequently reported ADRs associated with the four MTKIs. The manifestations listed are preferred terms categorized within the SOC. Common ADRs for the four MTKIs include diarrhea, fatigue, death, hypertension, nausea, asthenia, weight loss, and vomiting. Among axitinib and sunitinib, death and disease progression are among the most frequently reported ADRs. Additionally, dysphonia and hypothyroidism warrant particular attention for both axitinib and lenvatinib. Furthermore, lenvatinib is associated with specific ADRs, including dehydration, arthralgia, and constipation. The reporting rates of rash and hepatocellular carcinoma for sorafenib are significantly higher than those for the other drugs. Sunitinib exhibits more pronounced hematological toxicity, primarily manifesting as thrombocytopenia, and may also lead to dysgeusia.
TABLE 5 | Top 20 ADRs of four MTKIs.
[image: Table comparing adverse drug reactions and report rates for Axitinib (N = 18,257), Lenvatinib (N = 28,819), Sorafenib (N = 35,009), and Sunitinib (N = 41,733); most common reactions include diarrhea, fatigue, hypertension, nausea, and decreased appetite, with report rates ranging from approximately 2 percent to 15 percent.]Serious AEs of four MTKIs
Through WHO-VigiAccess, we can identify significant AEs associated with four MTKIs, including life-threatening occurrences, disabilities, and congenital malformations. The proportions of serious adverse reactions reported for axitinib, lenvatinib, sorafenib, and sunitinib were 9.74%, 3.02%, 6.63%, and 7.95%, respectively (Figure 1).
[image: Bar chart comparing outcomes for four drugs: Axitinib, Lenvatinib, Sorafenib, and Sunitinib. Deaths are highest with Axitinib at nine percent and Sunitinib at seven point six percent, while hospitalizations and major adverse outcomes are much lower across all drugs.]FIGURE 1 | Outcomes for serious adverse events associated with four TIKs at the level of preferred terms (major events comprising life-threatening incidents, disabilities, and congenital anomalies).
The same and different points of common ADRs of four MTKIs
By examining the top 20 ADRs associated with each MTKI within the SOCs, a cumulative total of 163 identical signals was identified across the four MTKIs. All overlapping signals are detailed in Table 6. Gastrointestinal disorders and general disorders and administration site conditions emerged as the SOCs with the highest number of adverse signals, both ranking first in terms of frequency. For gastrointestinal disorders, the five most frequently reported reactions were flatulence, stomatitis, haematemesis, dry mouth, and oral pain. Meanwhile, for general disorders and administration site conditions, the top five reactions included condition aggravated, mucosal inflammation, pyrexia, disease progression, and oedema.
TABLE 6 | Same ADRs between four MTKIs.
[image: Table listing system organ classes, related adverse drug reactions such as anaemia, cardiac failure, hypothyroidism, gastrointestinal symptoms, and investigation findings, alongside the number of signals reported for each category, presented in three columns.]Notably, when comparing the top 20 ADRs for each MTKI drug in the SOCs, each MTKI exhibited distinct PTs of ADRs in the following categories: general disorders and administration site conditions, investigations, and vascular disorders (Table 7). The number of unique symptoms reported for axitinib, lenvatinib, sorafenib, and sunitinib was 24, 25, 35, and 22, respectively.
TABLE 7 | Different ADRs between four MTKIs.
[image: Table listing adverse effects by system organ class for four cancer therapies: Axitinib, Lenvatinib, Sorafenib, and Sunitinib. Each column details specific disorders associated with each drug across various organ systems.]DISCUSSION
In the treatment of RCC, axitinib, lenvatinib, sorafenib, and sunitinib have demonstrated significant clinical benefits. However, these MTKIs are also associated with a range of ADRs that can often be dose-limiting. By targeting not only the VEGFR but also other receptors such as the PDGFR and FGFR, these agents may induce hypertension, fatigue, gastrointestinal disturbances, and cardiovascular toxicities. Such ADRs can significantly affect patients’ quality of life, treatment adherence, and overall therapeutic outcomes (Shu et al., 2022; Zhang et al., 2024). Therefore, a systematic evaluation of their safety profiles is essential to optimize patient care and to address the ongoing challenge of rationally selecting the most appropriate MTKIs for RCC in clinical practice.
The Spontaneous Reporting System (SRS) serves an essential role in pharmacovigilance, facilitating the assessment of the safety of suspected AEs due to inherent limitations associated with clinical trials. Such limitations encompass stringent trial design, strict enrollment criteria, relatively small sample sizes, and short follow-up durations. Furthermore, data derived from clinical trials may not accurately represent real-world contexts, where variations in patient demographics and comorbidities can be significant. The SRS is crucial for detecting safety signals. Research related to the safety signals of numerous medications primarily relies on three major databases: the EudraVigilance Data Analysis System (EVDAS), the FDA Adverse Event Reporting System (FAERS), and WHO-VigiBase® (Vogel et al., 2020). In 2015, the WHO launched WHO-VigiAccess, a platform that grants public access to the data compiled in VigiBase®, which is the WHO’s comprehensive repository of documented potential adverse effects linked to medicinal products. By analyzing information from the WHO-VigiAccess database, one can reveal previously unidentified connections between medications and AEs, as well as validate certain established clinical correlations (Yamoah et al., 2022). This research intends to assess the post-market AEs associated with four MTKIs using the WHO-VigiAccess database.
According to data from WHO-VigiAccess, 48.26% of AEs related to these four MTKIs were reported from the Americas, with only 815 report of AEs originating from Africa. Prior research has highlighted a significant issue with the low reporting rates of AEs in both Africa and Oceania (Alawadhi et al., 2012; Gidudu et al., 2020). The incidence of RCC is higher in regions with elevated income levels, likely due to improved access to medical resources and the increased prevalence of imaging diagnostics. In South Africa, the limited understanding of biopharmaceuticals among healthcare workers, coupled with high costs and complex procurement procedures, further exacerbates the barriers to the utilization of these medications (Hajjaj-Hassouni et al., 2012; Martelli et al., 2017; Kvamme et al., 2020). The African region has been noted for having the lowest incidence of reported AEs, which could be linked to insufficient social mobilization, restricted access to AE reporting mechanisms, and low levels of information system coverage. The number of ADR reports from men (73,485) significantly exceeded that of women (43,281), yielding a male-to-female ratio of 1.70:1. When excluding reports lacking information on age, the demographic groups with the highest rates of reported incidents were primarily those aged 45–64 years. This is consistent with epidemiological findings that RCC incidence is approximately twice as high in men compared to women, likely due to differences in sex hormones, gender-specific tumor microenvironments, and lifestyle factors. RCC is predominantly diagnosed in individuals aged 50–80 years (Capitanio et al., 2019). When analyzing the adverse reactions associated with these four MTKIs across different age groups, the lack of age data for 30,322 cases (24.49%) will inevitably impact the accuracy of our conclusions.
An AE reporting rate of ≥1% is typically regarded as common (Chen et al., 2019). The serious AEs associated with the four MTKIs—axitinib, lenvatinib, sorafenib, and sunitinib—include life-threatening events, disabilities, and congenital malformations. The mortality rates associated with these drugs are 9% for axitinib, 2.38% for lenvatinib, 5.42% for sorafenib, and 7.60% for sunitinib. Furthermore, sorafenib has a hospitalization rate of 1.01%. The most frequently reported ADRs for all four MTKIs include diarrhea, fatigue, death, hypertension, nausea, asthenia, weight loss, and vomiting. Notably, these four MTKIs exhibited the highest reported rates of adverse reactions within the gastrointestinal disorders category. An analysis of the ROR and PRR indicated that axitinib had the lowest reported proportion of gastrointestinal disorders, whereas sorafenib had a slightly higher reported proportion compared to the other drugs.
The adverse reaction most frequently encountered with the four MTKIs is diarrhea, which can significantly diminish treatment effectiveness and patient adherence, negatively impacting long-term outcomes for cancer patients, and in extreme cases, may even pose a threat to life (Keefe and Anthony, 2008). Diarrhea generally arises early in the treatment timeline, particularly during the initial month. The intensity of this condition is closely tied to the medication type and dosage. MTKIs can disrupt the blood supply to the intestinal lining by blocking the VEGFR, resulting in ischemia and hypoxia of the intestinal mucosa, which may trigger diarrhea. Additionally, patients on MTKIs therapy often develop submucosal fat accumulation in the gastrointestinal region, potentially linked to intestinal lymphangiectasia, which can exacerbate malabsorption and diarrhea (Liu et al., 2024). Managing diarrhea primarily depends on empirical symptomatic treatments, and educating patients is pivotal. It is vital for healthcare providers to discuss the possible side effects of MTKIs therapy with patients before starting treatment and to evaluate whether diarrhea is caused by MTKIs therapy during treatment. For those experiencing diarrhea, it is usually necessary to reduce or pause MTKIs therapy, and hospitalization may be considered if required. After diarrhea subsides, decisions regarding the resumption of treatment and dosage adjustments should be made based on the patient’s clinical situation. Regarding therapeutic options, probiotics and fecal microbiota transplantation might be utilized to adjust the gut microbiota and ease diarrhea (Ianiro et al., 2020). It is crucial to distinguish MTKI-induced diarrhea from infectious diarrhea and chemotherapy-related diarrhea, managing each case individually according to the severity and related complications (Benson et al., 2004).
MTKIs have the potential to cause hypertension in the management of RCC. This is likely due to the suppression of nitric oxide and prostacyclin synthesis that occurs when MTKIs inhibit VEGFR, resulting in the contraction of vascular smooth muscle. Moreover, another possible reason for hypertension associated with MTKIs is capillary rarefaction. This condition involves decreased vascular density, which heightens vascular resistance and, in turn, raises blood pressure (Hasinoff and Patel, 2010). It is essential for hypertensive patients, especially older adults with elevated baseline blood pressure, to establish effective blood pressure management before starting MTKI treatment. Patients who experience hypertension during therapy should follow standard protocols for hypertension management. Should blood pressure rise to alarmingly high levels, it is recommended to modify the MTKI dosage or pause the treatment. Studies suggest that the likelihood of hypertension may correlate with the dose of MTKIs, and hypertension itself could act as an important biomarker related to the effectiveness of the treatment (Ravaud and Sire, 2009). For instance, research utilizing real-world data from Japan demonstrated that patients with hypertension receiving MTKIs for RCC experienced enhanced overall survival (OS) and PFS over a 24-week period (Akaza et al., 2015). Furthermore, hypertension that develops during therapy is acknowledged as a standalone biomarker for the efficacy of sunitinib (Donskov et al., 2015). While axitinib and lenvatinib tend to show a greater frequency of hypertension compared to sunitinib, they typically pose a lower risk of cardiovascular issues. A thorough cardiovascular risk evaluation should be carried out before beginning MTKIs therapy, alongside consistent monitoring of blood pressure and potential cardiotoxic effects during the initial treatment phase (Bæk Møller et al., 2019).
Hypothyroidism might be linked to the suppression of the VEGFR, leading to the deterioration of capillary networks within the thyroid and a subsequent decrease in blood flow to thyroid cells as a result of the blockade of VEGFR (Liao et al., 2021). In addition, it can negatively influence thyroid function by lowering iodine absorption and inhibiting the activity of thyroid peroxidase. The onset of hypothyroidism usually takes time to manifest and may continue even after treatment has stopped (Wu and Huang, 2020). Consequently, during the early phases of treatment, it is advisable to closely monitor thyroid function and to inform patients about associated symptoms to allow for quick detection and treatment of thyroid-related issues. The clinical studies have verified that hypothyroidism among patients with RCC undergoing therapies like sunitinib or sorafenib acts as a favorable indicator of treatment success (Schmidinger et al., 2011; Baldazzi et al., 2012). Moreover, the emergence of skin rash is seen as a sign of increased effectiveness, with its side effects thought to relate to cross-activity among different kinases (Liu et al., 2013; Massey et al., 2015). Research has indicated that thoughtfully adjusting the medication dosage can substantially reduce adverse reactions while preserving therapeutic effectiveness. MTKIs hinder angiogenesis and disrupt the Wnt/β-catenin signaling pathway, affecting the differentiation of oral mucosal epithelial cells, preventing the regeneration of taste bud cells, and impairing nerve repair, which may result in conditions like stomatitiss, dry mouth, and dysgeusia (Boers-Doets et al., 2012; Epstein and Barasch, 2010; Naik et al., 2009). The inhibition of VEGF, recognized as a neurotrophic factor, could disrupt the conduction of taste nerves, while the broad inhibitory actions of these agents might further compromise olfactory capabilities (Carmeliet et al., 2013). Sunitinib has shown a notable association with dysgeusia, although the direct causal links remain ambiguous in current research.
These MTKIs are transported to the liver and metabolized by CYP3A4. So, avoid combining them with drugs that affect CYP3A4 activity. These drugs may alter the plasma concentrations of MTKIs, impacting efficacy or increasing toxicity (Bæk Møller et al., 2019; Wang et al., 2016). Also, a comprehensive, multidisciplinary approach can better manage MTKI - related drug ADRs, enhancing patients’' treatment experience and prognosis. Implementing regular multidisciplinary meetings to share patient information and discuss complex cases, utilizing a shared electronic health records system for real-time access to the latest patient data, jointly developing and carrying out patient education programs to ensure patients fully understand their treatment and potential ADRs, and collaborating on research projects to assess the effectiveness of management strategies and promote improvements in clinical practice.
The WHO-VigiAccess database, which operates on a voluntary basis for AE reporting, presents several challenges that hinder its ability to deliver a complete and thorough count of AEs. The database may not contain all the necessary information regarding reported incidents, which underscores the importance of enhancing the transparency of reporting practices. By improving the clarity and accessibility of the data provided to the public, stakeholders can engage in more effective screening for potential connections between pharmaceuticals and adverse reactions. This would also help prevent misguidance that could arise from incomplete or unclear information. The reliance on a spontaneous reporting system carries significant inherent limitations, primarily due to various biases that can affect the reporting process. These include notoriety bias, wherein more well-known drugs may receive disproportionate attention, selection bias, which can skew the data towards certain demographics, and under-reporting, which typically results in significant gaps in data collection (Faillie, 2019).
CONCLUSION
Our research indicates that the adverse reaction reports submitted to the WHO and the FDA for these drugs highlight both common and specific adverse reactions. Clinicians must develop personalized treatment strategies that consider the adverse reactions associated with different drugs, as well as the unique circumstances of each patient, thereby encouraging the responsible use of these MTKIs.
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Objective: To evaluate the efficacy and safety of Tislelizumab combined with Axitinib in the treatment of intermediate-high risk metastatic clear-cell renal cell carcinoma (ccRCC).Methods: From September 2021 to June 2023, a total of 20 untreated patients with intermediate-high risk metastatic advanced ccRCC from Shandong Provincial Hospital were included in the study. Clinical characteristics and efficacy were analyzed, and adverse events (AEs) were summarized. All patients received Tislelizumab (200 mg every 3 weeks) and Axitinib (5 mg twice daily bid) until disease progression or intolerable toxicity occurred. The primary endpoint was objective response rate (ORR), and secondary endpoints included disease control rate (DCR), progression-free survival (PFS), overall survival (OS), and incidence of adverse reactions (AEs).Results: The median follow-up time was 19.0 months (range, 9.2–24.4 months), and the median treatment cycle was 16 (range, 2–16). Partial response was observed in 14 patients (70%), stable disease in 2 patients (10%), and disease progression in 4 patient (20%). The overall ORR was 70.0%, and the DCR was 80.0%. The 1-year OS rate was 100%. The incidence of any grade AEs was 85% (17/20), and the incidence of grade 3–4 AEs was 15% (3/20). Common AEs included gastrointestinal reactions (60%, 12/20), rash (40%, 8/20), and hypertension (30%, 6/20).Conclusion: Tislelizumab combined with Axitinib as first-line treatment for intermediate-high risk metastatic ccRCC showed significant efficacy and manageable safety.Keywords: clear-cell renal cell carcinoma, tislelizumab, axitinib, first-line treatment, immunotherapy
1 INTRODUCTION
Renal cell carcinoma (RCC) is one of the most common malignancies of the urinary system, accounting for approximately 3%–5% of newly diagnosed cancer cases (Capitanio et al., 2019). Surgery is the primary treatment for early-stage RCC; however, due to its insidious symptoms, 20%–30% of patients present with distant metastases at the time of initial diagnosis, rendering them ineligible for surgical intervention. Additionally, about 30%–40% of patients who undergo radical surgery will experience a recurrence of metastatic disease (Bahadoram et al., 2022). Once metastasis occurs, the 5-year survival rate for these patients is approximately 10% (Siegel et al., 2022). Although first-line targeted therapies that inhibit TKI(Tyrosine Kinase Inhibitors),including epidermal growth factor receptor (EGFR),vascular endothelial growth factor receptors (VEGFRs),platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), KIT,etc., such as sunitinib, axitinib, and pazopanib, have significantly improved the prognosis of patients with advanced RCC, most patients who receive long-term monotherapy with TKI and then followed by VEGFR inhibitors axitinib or Everolimus etc., and eventually develop resistance, failing to achieve a sustained clinical response (Bergers and Hanahan, 2008; Padala et al., 2020).
Multiple studies have shown that adding anti-programmed death receptor-1 (PD-1)/ programmed death receptor ligand 1 (PD-L1) monoclonal antibodies to VEGFR inhibitors exhibits synergistic antitumor activity, significantly improving the efficacy of first-line treatment for advanced RCC (Motzer et al., 2019; Rini et al., 2019a; Powles et al., 2020). Large clinical studies have demonstrated that the objective response rate (ORR) of pembrolizumab combined with axitinib as first-line treatment for advanced RCC is 59.3%, with a progression-free survival (PFS) of 15.4 months (Powles et al., 2020). Consequently, the National Comprehensive Cancer Network (NCCN), the European Association of Urology (EAU), and the Chinese Society of Clinical Oncology (CSCO) guidelines for the diagnosis and treatment of renal cancer have recommended immunotherapy combined with axitinib as a first-line treatment option for advanced RCC. Besides pembrolizumab, clinical studies of other PD-1/PD-L1 inhibitors (such as avelumab, toripalimab, etc.) combined with axitinib have also further validated the efficacy of these targeted immunotherapy combinations (Yan et al., 2024; Choueiri et al., 2025). However, the options for first-line treatment of advanced metastatic RCC with immunotherapy combined with axitinib remain limited.
Tislelizumab is a humanized anti-PD-1 IgG4 monoclonal antibody with a modified Fc region designed to minimize binding to macrophage Fcγ receptors (FcγR). This modification effectively avoids antibody-dependent cellular phagocytosis (ADCP), a potential mechanism for T-cell clearance and resistance to anti-PD-1 antibodies. Additionally, Tislelizumab exhibits a different binding mode compared to other immune checkpoint inhibitors, resulting in superior affinity—approximately 100 times higher than Pembrolizumab and 50 times higher than Nivolumab (Feng et al., 2019; Lee and Keam, 2020; Lee et al., 2020). In 2020, Tislelizumab was approved by the National Medical Products Administration (NMPA) for the treatment of advanced urothelial carcinoma, making it the first immune checkpoint inhibitor approved for a urological cancer indication in China (Ding et al., 2025). Previous studies have shown that the combination of Axitinib and Tislelizumab significantly improves efficacy compared to Axitinib monotherapy (ORR, 59.1% vs. 40.7%; DCR, 81.8% vs. 66.7%) (Wang et al., 2022). Another study investigating the efficacy of Axitinib combined with Tislelizumab in advanced RCC reported an ORR of 50%, with one patient achieving complete response (CR) (Wu C et al., 2021). Therefore, this real-world observational study aims to analyze the efficacy and safety of Tislelizumab combined with Axitinib as first-line treatment in patients with metastatic RCC treated at Shandong Provincial Hospital.
2 MATERIALS AND METHODS
2.1 Data collection
This study included 20 patients with intermediate-high risk metastatic advanced ccRCC from Shandong Provincial Hospital between September 2021 and June 2023.
2.2 Inclusion criteria
(1)Histopathologically confirmed recurrent or metastatic advanced clear cell renal carcinoma. (2) Patients aged 18–75 years. (3) No prior treatment with targeted therapy or immune checkpoint inhibitors. (4) At least one measurable target lesion at enrollment according to RECIST Version 1.1. (5) All acute toxicities from previous anti-tumor treatments resolved to grade 0–1 or to the levels specified in the inclusion/exclusion criteria (except for alopecia and other toxicities deemed not to pose a safety risk by the investigator) according to NCI CTCAE Version 5.0. (6) Expected survival time ≥12 weeks. (7) Karnofsky Performance Status (KPS) score >60, Eastern Cooperative Oncology Group (ECOG) performance status score of 0–2. (8) Adequate organ function, including absolute neutrophil count ≥1.5 × 10^9/L, platelets ≥80 × 10^9/L, hemoglobin ≥9.0 g/dL; total bilirubin ≤1.5×upper limit of normal (ULN), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) ≤2.5×ULN (≤5×ULN for patients with liver metastases); serum creatinine ≤1.25×ULN or creatinine clearance rate ≥60 mL/min.
2.3 Treatment protocol
All patients received intravenous Tislelizumab 200 mg every 3 weeks and oral Axitinib (5 mg orally twice daily) until disease progression or intolerable toxicity occurred. The primary endpoint was objective response rate (ORR), and secondary endpoints included disease control rate (DCR), progression-free survival (PFS), overall survival (OS), and incidence of adverse events (AEs).
2.4 Efficacy and adverse event evaluation
Efficacy was evaluated using CT or MRI imaging before treatment and every 6 weeks after the start of treatment, according to RECIST Version 1.1. Adverse events were graded according to NCI CTCAE Version 5.0.
2.5 Statistical analysis
Statistical analyses were performed using SPSS 16.0 software. Categorical data were expressed as numbers or percentages. Continuous data (e.g., age) were expressed as median (range). The correlation between gene mutations and PD-L1 status with treatment efficacy was analyzed using Fisher’s exact test. Survival curves were generated using the Kaplan-Meier method, and survival times were expressed as median with 95% confidence intervals (CI). A two-sided P-value ≤0.05 was considered statistically significant.
3 RESULTS
3.1 Clinical data
A total of 20 patients were included in this study, comprising 16 males (80%) and 4 females (20%), with a median age of 60.2 years (range, 33.5–82.3 years). Among them, 14 patients (70%) had an ECOG performance status score of 0–1, and 6 patients (30%) had a score of 2. According to IMDC risk stratification, 15 patients (75%) were classified as intermediate risk, and 5 patients (25%) as high risk. Tumor staging revealed 7 patients (35%) with stage III and 13 patients (65%) with stage IV disease. The most common sites of metastasis were the lungs (9 patients, 45%), bones (5 patients, 25%), lymph nodes (5 patients, 25%), and other sites (4 patients, including the pancreas, omentum, liver and brain). The baseline characteristics of all patients are shown in Table 1.
TABLE 1 | Baseline characteristics.
[image: Table summarizing patient characteristics: median age sixty point two years, eighty percent male, ECOG scores zero to one in seventy percent, IMDC risk seventy-five percent intermediate, sixty-five percent stage IV, most common metastasis in lungs at forty-five percent.]3.2 Efficacy analysis
The median treatment cycle was 16 cycles (range, 2–16), and the median follow-up time was 19.0 months (range, 9.2–24.4 months). All 20 patients were evaluable for efficacy (Figure 1). Among them, 14 patients (70%) achieved partial response (PR), 2 patients (10%) had stable disease (SD), and 4 patients (20%) experienced disease progression (PD). The overall objective response rate (ORR) was 70% (95% CI, 48.9%–84.8%), and the disease control rate (DCR) was 80% (95% CI, 58.4%–91.9%).
[image: Bar chart titled “Best response for target lesions by patient” displays percent changes from baseline for multiple patients. Orange bars represent PD, one blue bar shows SD, and gray bars indicate PR, with most results negative, showing tumor size reduction.]FIGURE 1 | Best response for target lesions by patient.
3.3 Gene mutations and PD-L1 status
Using capture-based NGS sequencing (Illumina Hiseq4000), the most common mutations identified in the patients of this study were VHL (40%), BAP1 (25%), and TP53 (25%). The current data did not reveal a significant correlation between VHL mutation status and ORR (p = 0.37). Immunohistochemical analysis was conducted utilizing the 22C3 antibody, where a Combined Positive Score (CPS) greater than 1 was used as the threshold to determine PD-L1 positivity. In this study, the PD-L1 positivity rate was 40% (8/20). Fisher’s exact test analysis showed no correlation between PD-L1 status and ORR (p = 0.67). The PD-L1 and gene mutation status of all patients are shown in Table 2. PD-L1 staining image of PD-L1 protein expression level detection are shown in Figure 2.
TABLE 2 | PD-L1 and gene mutation status.
[image: Table listing 20 samples with columns for PD-L1 status expressed as positive or negative with corresponding Combined Positive Score, and associated gene mutations, including genes such as VHL, BAP1, ARID1A, TP53, MTOR, ATM, and CCND1.][image: Three microscope slide images show tumor tissues stained for PD-L1 using the 22C3 antibody, illustrating increasing CPS scores: patient one with CPS zero shows no staining, patient twelve with CPS five shows limited staining, and patient nineteen with CPS fifty-five shows extensive staining.]FIGURE 2 | PD-L1 staining image of PD-L1 protein expression level detection.
3.4 Adverse events
Among the 20 patients, the incidence of any grade adverse events (AEs) was 85% (17/20). Most AEs were grade 1–2, with common AEs including diarrhea (60%, 12/20), rash (40%, 8/20), pruritus (30%, 6/20), hypertension (30%, 6/20), and decreased appetite (15%, 3/20). The incidence of grade ≥3 AEs was 15% (3/20). Specifically, One patient was classified as having grade 3 hypertension and required two antihypertensive medications to maintain normal blood pressure levels. Another patient experienced grade 3 skin adverse reactions, leading to permanent discontinuation of the medication and subsequent treatment at a dermatology hospital. A third patient developed grade 3 liver function impairment and grade 3 thrombocytopenia 5 days after the first administration of Tislelizumab. The patient’s aspartate aminotransferase levels peaked at 288 U/L, and platelet count dropped to a minimum of 46 x 10^9/L, resulting in disseminated intravascular coagulation. The patient was admitted to the intensive care unit for treatment, including methylprednisolone pulse therapy. Three days later, the adverse reactions reduced to grade 1. It was decided to suspend Tislelizumab and continue with Pazopanib targeted therapy.
4 DISCUSSION
This study is the first report on the efficacy and safety of Tislelizumab combined with Axitinib as first-line treatment for Chinese patients with intermediate-high risk metastatic RCC. The results showed that the 20 patients had favorable tumor response and safety profiles, with an ORR of 70%, a DCR of 80%.
Compared to previous trials involving unselected patient populations, this real-world study focused on a higher-risk population, with all enrolled patients being classified as intermediate-high risk according to IMDC stratification (100% vs. 68%–80%) (Motzer et al., 2018; Motzer et al., 2019; Rini et al., 2019a; Rini et al., 2019b; Choueiri et al., 2021; Motzer et al., 2021; Yan et al., 2024). In this study, treatment-naive metastatic RCC patients receiving the combination of Axitinib and Tislelizumab demonstrated significantly higher ORR values compared to most similar treatment regimens (70% vs. 37.0%–59.3%) (Motzer et al., 2019; Rini et al., 2019a; Yan et al., 2024), confirming its efficacy as a first-line treatment for metastatic RCC. Additionally, due to the short follow-up period, the PFS and OS data are not yet mature. Despite the significant efficacy observed, the results of cross-comparisons should be interpreted with caution; furthermore, due to the small sample size and study design limitations, larger phase III trials are needed to validate the efficacy of this combination therapy.
In terms of safety, Tislelizumab combined with Axitinib was well-tolerated. The incidence of any grade AEs in this study was 94.1%, with common events such as gastrointestinal reactions, skin reactions, and hypertension, which were generally tolerable and manageable, resolving quickly after symptomatic treatment. Additionally, the incidence of grade ≥3 AEs was 17.6%, including hypertension, skin reactions, and liver toxicity, which were successfully controlled through necessary dose reductions or treatment interruptions. Hypertension was one of the most common AEs in this study, as well as a typical treatment-related toxicity in other immunotherapy combined with Axitinib regimens. Compared to safety data reported abroad, the incidence of any grade (35.3% vs. 49.5%) and grade ≥3 (5.9% vs. 25.6%) hypertension in this study was lower (Rini et al., 2019a). Overall, Tislelizumab combined with Axitinib was well-tolerated by most patients.
In this study, no significant correlation was observed between PD-L1 positivity (40%) and ORR (p = 0.67). Another RENOTORCH study of axitinib in combination with teraplizumab included patients with intermediate- to high-risk advanced renal cancer, with an ORR of 58.54% (24/41) for the combination in 24 high-risk patients assessed by an independent review committee, but no data on PD-L1 status and efficacy (Yan et al., 2024). The synergistic effect of axitinib with immunotherapy has been demonstrated to enhance T-cell infiltration in tumours, thereby partially counteracting immunosuppression in PD-L1-negative patients (Atkins MB, et al., 2018). Kidney cancer develops in 25%–45% of VHL patients and is uniformly clear cell, bilateral, and multifocal (Schmidt and Linehan, 2016). In this study, the VHL mutation rate was found to be 40% in the cohort of high-risk patients. No significant association was identified between VHL mutation status and objective response rate (p = 0.37). Furthermore, it was hypothesised that genomic complexity (e.g., chromosomal copy number variation, epigenetic remodelling) in high-risk populations may mask the predictive value of a single gene (e.g., VHL). It is noteworthy that, although VHL mutation status was not significantly associated with ORR (p = 0.37), BAP1/TP53 co-mutations (10% of this cohort) may be associated with poorer treatment response.
This study also has some limitations: (1) The follow-up period was short, and survival indicators are not yet complete, requiring further exploration of the long-term survival outcomes and safety of Tislelizumab combined with Axitinib; (2) Due to the study design and sample size limitations, all interpretations of the results are preliminary, and larger trials are needed in the future to further validate the clinical practice value of this combination regimen.
In summary, this real-world prospective study demonstrates that Tislelizumab combined with Axitinib as first-line treatment for intermediate-high risk metastatic RCC is effective and safe. This study suggests that this combination regimen is a feasible treatment strategy for intermediate-high risk metastatic RCC.
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Background
Prostate cancer (PCa), a highly heterogeneous cancer with a complex molecular pathogenesis, is a leading cause of cancer-related mortality among men globally. The present study presents a lipid metabolism-based risk model for PCa and explores the role of succinyl-CoA ligase GDP-forming subunit beta (SUCLG2), a potential marker and therapeutic target in PCa involved in lipid metabolism and cancer progression, from the perspective of developing effective diagnostic and therapeutic strategies.
Methods
High-throughput RNA sequencing and single-cell RNA sequencing were used to investigate the expression and functional relevance of SUCLG2 in PCa. We analyzed 497 PCa samples from The Cancer Genome Atlas and conducted a comprehensive bioinformatics analysis, including univariate Cox proportional hazards regression, least absolute shrinkage and selection operator regression, and gene set enrichment analysis. Furthermore, quantitative real-time polymerase chain reaction and immunofluorescence assays were performed to validate SUCLG2 expression in clinical samples and the prostate carcinoma epithelial cell line 22Rv1.
Results
Our findings revealed that lipid metabolism-related genes, including SUCLG2, have significant prognostic value, based on a 16-gene risk model constructed that accurately predicted PCa prognosis. In particular, SUCLG2 was significantly enriched in luminal and basal/intermediate cell subsets, highlighting its potential role in tumor progression and therapy resistance. Drug sensitivity analysis indicated that SUCLG2 expression is correlated with the efficacy of several chemotherapeutic agents, based on which strategies for personalized therapy in PCa treatment could be devised.
Conclusion
SUCLG2 plays a pivotal role in the metabolic reprogramming of PCa, thus offering new insights into its progression and potential therapeutic targets. Our study underscores the importance of metabolic pathways in PCa pathogenesis and paves the way for the development of targeted therapies, thus contributing to personalized medicine in PCa management.
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INTRODUCTION
Prostate cancer (PCa) remains one of the most prevalent malignancies affecting men worldwide, posing significant challenges in terms of diagnosis, treatment, and management (Wang et al., 2018). The disease exhibits a highly heterogeneous clinical course that is underscored by a complex pathogenesis involving a wide array of molecular alterations and a diverse tumor microenvironment (Chen et al., 2021; Sekhoacha et al., 2022). Recent advancements in high-throughput sequencing technologies, particularly RNA sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq), have opened new avenues for exploring the molecular landscape of PCa at a hitherto unprecedented level of depth. Further, genomics and transcriptomics studies have unveiled various subtypes of PCa characterized by distinct mutations and aberrant transcriptional profiles, shedding light on the molecular diversity underpinning the disease (Chen et al., 2019; You et al., 2016; Zhao et al., 2017).
scRNA-seq technology allows for the simultaneous assessment of thousands of cells within a sample, thus revealing the extent of heterogeneity among tumor cells (Azizi et al., 2018; Tirosh et al., 2016). This technology has highlighted the pivotal roles of luminal and basal/intermediate cells in the development and progression of PCa. Luminal cells, often linked to the differentiated state of the prostate gland, are implicated in the majority of PCa cases and are pivotal in the disease’s androgen-driven progression (You et al., 2016; Zhao et al., 2017). Conversely, basal/intermediate cells, with their stem-cell-like properties and capacity for self-renewal, are thought to contribute to tumor initiation, recurrence, and resistance to therapy, emphasizing the complexity of effectively targeting PCa (Parson et al., 2001).
With regard to the molecular mechanisms, similar to other cancers, PCa has been linked with metabolic dysregulation, and several metabolism-related markers have been associated with tumor growth, progression, and therapy resistance (Yang et al., 2024). Among the known markers, succinyl-coenzyme A (CoA) ligase GDP-forming subunit beta (SUCLG2), a significant player in the lipid metabolism pathway, has emerged as a potential prognostic marker and therapeutic target in PCa (Lin et al., 2020; Hu et al., 2023). SUCLG2 has been implicated in several key metabolic processes critical to cancer metabolism, including the tricarboxylic acid (TCA) cycle, and represents a link between altered metabolic pathways and tumor biology (Wu et al., 2020). Based on these previous findings, the current study aims to explore in more depth the expression and functional relevance of SUCLG2 within the PCa milieu and, thereby, shed light on the molecular mechanisms by which lipid metabolism-related genes influence PCa progression and identify potential avenues for targeted therapy.
Based on our molecular studies, we have constructed a risk prediction model comprising 16 genes related to lipid metabolism in PCa that shows high accuracy for identifying patients at risk of poor survival. This model could help guide the development of more effective, targeted treatment strategies that can improve patient outcomes in this complex disease landscape.
MATERIALS AND METHODS
Clinical samples
A total of 10 matched pairs of tumor and adjacent normal tissue samples were procured from patients with PCa who underwent surgery in 2021 at the Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine. Prior to sample collection, written informed consent was obtained from all the participating patients. The research protocol received the approval of the Institutional Ethical Review Board of the Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, and was performed in compliance with the relevant ethical guidelines (approval no. SH9H-2021-A26-1).
Cell culture
The human prostate carcinoma epithelial cell line 22Rv1 was obtained from the cell bank of Fudan University. Cells were cultured in Dulbecco modified Eagle medium (Gibco, Grand Island, NY, United States) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island, NY, United States), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, Grand Island, NY, United States), in a humidified atmosphere containing 5% CO2 and 95% air at 37°C.
Data collection
RNA sequencing data and clinical information for PCa samples were obtained from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov) (Xu et al., 2023). A total of 497 prostate cancer samples were selected for further analysis. Samples with incomplete clinical information and normal tissue samples were excluded. A comprehensive list of 859 lipid metabolism-related genes was curated from “Reactome metabolism of lipids and lipoproteins,” “Reactome phospholipid metabolism,” “Hallmark fatty acid metabolism,” and “KEGG glycerophospholipid metabolism” in the Molecular Signatures Database (MSigDB: https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). This gene list served as the foundation for subsequent analyses. Immunohistochemical data for SUCLG2 expression in tissues were obtained from the Human Protein Atlas (https://www.proteinatlas.org).
Data preprocessing
To identify lipid metabolism genes with prognostic significance, univariate Cox proportional hazards regression analysis was performed on RNA-seq data, with a focus on the curated list of lipid metabolism genes. Genes with a p-value less than 0.05 were considered to have significant prognostic value. Least absolute shrinkage and selection operator (LASSO) regression analysis was employed to construct a risk model based on the prognostically significant genes identified with the R package “glmnet” (Xu et al., 2021). This method was chosen for its efficacy in handling high-dimensional data and its ability to enhance model predictability by imposing a penalty on the absolute size of the coefficients. The following formula was used for calculating risk scores based on the expression levels of lipid metabolism-related genes: Risk score = ∑ni = ∑Coefi × xi, where xi stands for the expression level of gene i, and Coefi, for the regression coefficient. Based on the median risk score, the patients were divided into high- and low-risk groups.
Kaplan-Meier survival analysis was employed to evaluate the disparities in overall survival (OS), disease-free survival (DFS), and progression free survival (PFS) between the high- and low-risk groups. The precision of the risk model was gauged using receiver operating characteristic (ROC) curve analysis. Additionally, the expression profiles of the genes associated with lipid metabolism risk were depicted through heatmaps, utilizing the “pheatmap” package in R for visualization.
Single-cell RNA sequencing analysis
Single-cell RNA sequencing data from the included patients were downloaded from the GSE141445 dataset. The initial phase involved rigorous quality control measures to ensure the reliability of subsequent analyses. Cells were selected based on a set of predefined criteria aimed at excluding low-quality or ambiguous cells, thus refining the dataset for more accurate clustering and analysis. The criteria for inclusion were as follows: (1) expression of 200 to 5,218 distinct genes that can be used to capture a comprehensive, yet precise, transcriptomic profile; (2) mitochondrial gene expression under 20% to mitigate the influence of cellular stress or apoptosis, which might otherwise skew the findings; (3) a minimum transcript count threshold of 1,000 to filter out cells potentially compromised by inadequate RNA content, probably due to technical discrepancies.
Following quality control based on the above criteria, the “Seurat” package in R was utilized for data normalization, variance stabilization, and scaling. The dimensionality reduction techniques t-distributed Stochastic Neighbor Embedding (tSNE) and Uniform Manifold Approximation and Projection (UMAP) were employed to visualize the cellular landscapes and the distribution of the identified cell types, and thereby, provide insights into the complex architecture of PCa tissues at the single-cell level. A list of marker genes for different cell types was collected to annotate the cell clusters (Chen et al., 2021).
Functional enrichment analysis
Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA) were conducted using the “clusterProfiler” R package to identify the biological functions and pathways linked with the identified genes, with a focus on SUCLG2. This analysis aimed to illuminate the potential mechanisms by which these genes influence the progression of PCa.
Quantitative real-time polymerase chain reaction
For RNA extraction and qPCR analysis, total RNA was isolated from 10 matched pairs of tumor (PCa) and adjacent normal tissues utilizing the TRIzol reagent (Invitrogen, Carlsbad, CA, United States), with strict adherence to the manufacturer’s guidelines. After extraction, the concentration of the retrieved RNA was determined, and this was followed by the synthesis of cDNA with the RevertAid First Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan), as per the kit’s specifications. RNA was quantified in accordance with the protocol of the TRIzol reagent obtained from Invitrogen, and the extracted RNA was reverse-transcribed into cDNA using a dedicated reverse transcription kit. PCR amplification and detection were carried out in a 20 μL reaction volume utilizing the BIO-RAD fluorescent real-time PCR system. The sequences of the SUCLG2 primers were as follows:
Forward: 5ʹ-TGT​TGG​TGG​TGG​TGC​TAC​AG-3ʹ,
Reverse: 5ʹ-TCG​TGT​ACC​TTG​TAA​CCG​TAC​C-3ʹ.
Immunofluorescence assay
A total of 1,000 cells of the prostate carcinoma epithelial cell line 22Rv1 were plated per well in a 24-well plate containing cell slides (NEST 801 010) and incubated for 24 h. Subsequently, the slides were rinsed thrice with phosphate-buffered saline (PBS) for 5 min each, and this was followed by fixation in 4% paraformaldehyde for 30 min. After fixation, the cells were washed three more times with PBS and then blocked with a solution containing 3% BSA and 0.2% Triton X-100 in PBS for 1 h at ambient temperature. The cells were then incubated overnight with primary rabbit anti-SUCLG2 antibodies (1:250, ab187996) and rinsed five times over a 15-min span using a wash buffer (containing 0.2% BSA and 0.05% Triton X-100 in PBS), after which they were incubated for 1 h with fluorescent-tagged secondary donkey anti-rabbit IgG (1:300, ab150068). This was followed with three rinses with the wash buffer, and then DAPI (0100–20, Southern Biotech) was applied for nuclear staining. Imaging was subsequently performed using a laser confocal microscope (ZEISS).
Drug sensitivity analysis
Drug sensitivity analysis was performed to explore the correlation between SUCLG2 expression and responsiveness to various chemotherapeutic agents, by utilizing the comprehensive drug sensitivity datasets available in the CellMiner database (https://discover.nci.nih.gov/cellminer/home.do). This segment of the study concentrated on identifying medications for which the half-maximal inhibitory concentration (IC50) values demonstrated a significant association with the expression levels of SUCLG2.
Pearson correlation coefficients were calculated to assess the strength and direction of the relationship between SUCLG2 expression and the IC50 values for each drug. Drugs exhibiting a statistically significant correlation (p < 0.05) were highlighted as potential candidates for targeted therapy of PCa based on altered SUCLG2 expression.
Statistical analysis
SPSS version 23.0 (SPSS Inc., Chicago, IL, United States) and R software for Windows version R-4.3.3 (The R Foundation for Statistical Computing, Vienna, Austria) were used for data analysis. P values <0.05 were considered to indicate statistical significance.
RESULTS
Construction and Validation of a risk model comprising lipid metabolism genes
In our quest to unravel the complex role of lipid metabolism in PCa, we embarked on a rigorous analysis of RNA-seq data from 497 PCa samples obtained from the TCGA database. By integrating these samples with a curated list of 859 lipid metabolism genes from the MSigDB database, we conducted a comprehensive univariate Cox regression analysis and identified 41 genes with significant prognostic value (p < 0.05). Leveraging the predictive power of these genes, we constructed a robust LASSO model that culminated in a 16-gene risk model that could accurately predict the prognosis of PCa (Figure 1A). As shown in Figure 1B, the gene coefficients represent the weight of the influence of each gene in the PCa sample. Based on the model, the cohort was divided into high-risk and low-risk groups with surgical precision, and a sharp contrast in mortality was observed between the two groups (Figure 1C). Survival analysis indicated that significantly better OS, DFS, and PFS were observed in the low-risk group (Figures 1D–F). Further, the ROC curve (Figure 1G) validated the accuracy of the model.
[image: Panel A presents a line graph with error bars showing partial likelihood deviance versus log lambda for model selection. Panel B displays a bar chart of gene coefficients for risk modeling. Panel C contains two scatter plots showing individual risk scores and survival times ranked by risk group. Panels D, E, and F show Kaplan-Meier survival curves with tables for overall, disease-free, and progression-free survival, distinguishing high-risk and low-risk groups with p-values reported. Panel G is a ROC curve comparing sensitivity and specificity, presenting AUC values for three and five years.]FIGURE 1 | Construction and Validation of a Lipid Metabolism Gene Risk Model. (A) A LASSO regression model was constructed to identify 16 lipid metabolism-related genes associated with high risk in PCa. (B) Gene coefficients of genes related to the risk of PCa progression. (C) Risk score and survival time in high- and low-risk groups, (D) Overall survival analysis in high- and low-risk groups. (E) Disease-free survival analysis in high- and low-risk groups. (F) Progression-free survival analysis in high- and low-risk groups. (G) AUC curve for prediction accuracy.Clinical correlation and expression heatmap of the risk model comprising 16 lipid metabolism-related genes
We analyzed the correlation between the expression of the 16 lipid metabolism-related genes and clinicopathological characteristics (Figure 2), and the results showed that the expression of these 16 lipid metabolism-related genes was significantly correlated with clinical features such as T stage, N stage, Gleason score, new tumor event, neoplastic cancer status, number of lymph nodes examined, residual tumor, targeted molecular therapy, and survival status. In addition, SUCLG2, PPT2, PGS1, ALAS1, SYNJ1, ALOX12, ACSM3, THRSP, AKR1C1, AKR1C2, XIST, and GC were mainly expressed in the high-risk group. This implies that these 12 genes may be closely related to the poor prognosis of PCa.
[image: Heatmap showing expression levels of multiple genes in prostate cancer patient samples, with columns representing individual samples and rows representing genes. Colored annotations above the heatmap indicate clinical variables such as risk, treatment history, tumor status, and patient demographics. Variable legend is included for interpretation, and hierarchical clustering is visualized on the left to show gene grouping patterns. Color scale ranges from low (blue) to high (red) expression.]FIGURE 2 | Clinical correlation and expression heatmap of the risk model comprising 16 lipid metabolism-related genes. *p < 0.05 and **p < 0.01.Cellular heterogeneity based on single-cell RNA sequencing
To further investigate the cellular landscape of PCa, we employed single-cell RNA sequencing to dissect the heterogeneity of cell subsets. By analyzing 13 samples (12 sample of primary PCa and 1 sample of lymphocyte node metastasis) from 12 patients in the GSE141445 dataset, we screened and obtained 35,405 cells that were classified under 19 different cell clusters (Figure 3A). We used reported cell markers for detailed annotation of cell identity (Chen et al., 2021). In addition, tSNE and UMAP plots were drawn to observe the local characteristics and overall distribution of cell subsets (Figures 3B,C). Finally, we were able to confirm the presence and distribution of seven cell subsets, namely, luminal cells, basal/intermediate cells, T cells, endothelial cells, fibroblasts, monocytic cells, and mast cells.
[image: Figure panel comprised of multiple single-cell RNA sequencing data visualizations, including tSNE and UMAP cluster plots (A–D), a dot plot summarizing gene expression across cell types (E), feature plots showing gene expression patterns by cluster (F), and a violin plot detailing SUCLG2 gene expression by cell type (G).]FIGURE 3 | Cellular Heterogeneity based on Single-Cell RNA Sequencing. (A) A t-distributed stochastic neighbor embedding (tSNE) view of 35,405 single cells, color-coded by assigned cell clusters. (B) tSNE view of 7 cell subsets. (C) Uniform Manifold Approximation and Projection (UMAP) plot of 7 cell clusters. (D) tSNE view of all cells, color-coded by the number of genes detected in each cell. (E) Expression of marker genes for each cell type, where dot size and color represent the percentage of marker gene expression (pct. exp) and the averaged scaled expression (avg. exp. scale) value, respectively. (F) tSNE view of the expression of 10 lipid metabolism-related risk genes in 7 cell subsets. (G) Violin plot of SUCLG2 expression in 7 cell subsets.Basal/intermediate and luminal cell subsets were found to express many of the identified lipid metabolism genes (Figure 3D). Except for GC and THRSP, the other high-risk lipid metabolism genes were broadly expressed across different cell subsets (Figure 3F). In particular, SUCLG2 was significantly enriched in the basal/intermediate and luminal cell subsets. This suggests that SUCLG2 may contribute to PCa progression via its activity in these two key epithelial cell populations (Figure 3G).
Role of SUCLG2 in PCa based on functional enrichment analysis
To decipher the functional roles of SUCLG2 in PCa, we performed a comprehensive GO analysis on the 41 genes identified from the univariate Cox regression analysis and found that SUCLG2 played a significant role in multiple metabolic processes. This analysis pointed out SUCLG2’s involvement in crucial metabolic pathways, including the acyl-CoA metabolic process, the thioester metabolic process, and purine metabolism, and the results were indicative of its central role in the metabolic reprogramming of PCa cells (Figure 4A).
[image: Panel A presents a bubble chart of Gene Ontology enrichment for metabolic processes, with axes showing gene ratio and GO terms, bubble size indicating gene count, and color representing negative log p-value. Panel B displays four Gene Set Enrichment Analysis plots for hallmark pathways including G2M checkpoint, E2F targets, protein secretion, and mTORC1 signaling, with enrichment scores and statistical values annotated. Panel C contains four similar enrichment plots for epithelial-mesenchymal transition, KRAS signaling down, IL2/STAT5 signaling, and inflammatory response, each with normalized enrichment score, p-value, and false discovery rate.]FIGURE 4 | Role of SUCLG2 in PCa based on Functional Enrichment Analysis. (A) Gene Ontology (GO) enrichment for 41 lipid metabolism genes with significant prognostic value. (B) Gene Set Enrichment Analysis (GSEA) results related to high SUCLG2 expression. (C) GSEA results related to low expression of SUCLG2. NES, normalized enrichment score; FDR q, false discovery rate q value.Subsequent GSEA further delineated the dichotomy in the biological pathways enriched among samples with high versus low SUCLG2 expression. That is, samples with elevated SUCLG2 levels were predominantly associated with cell cycle checkpoints and protein secretion pathways that were indicative of the potential mechanisms by which SUCLG2 may contribute to tumor aggressiveness (Figure 4B). Conversely, samples with lower SUCLG2 expression were enriched in pathways related to epithelial–mesenchymal transition and inflammatory responses, highlighting the multifaceted roles of SUCLG2 in tumor biology (Figure 4C).
The dual behavior of SUCLG2, associated with proliferative pathways at high expression and inflammatory/EMT pathways at low expression, may indicate a stage- or microenvironment-specific role. In early-stage tumors, SUCLG2 may promote biosynthetic and proliferative programs, while in inflamed or therapy-resistant settings, reduced SUCLG2 may shift the tumor state toward EMT and immune evasion.
Validation of SUCLG2 expression in PCa
To validate the differential expression of SUCLG2 in PCa, we conducted qPCR analysis to compare the mRNA expression of SUCLG2 in 10 pairs of tumor tissues and adjacent normal tissues. The results unequivocally confirmed higher expression levels of SUCLG2 in tumor tissues, reinforcing its relevance in PCa pathology (Figure 5A). Immunohistochemical data from The Human Protein Atlas further corroborated the elevated expression of SUCLG2 in PCa tissues, particularly within glandular epithelial cells, thus providing a histological perspective on its role in tumor biology (Figure 5B).
[image: Panel A shows a bar graph comparing SUCLG2 expression in normal (N) and tumor (T) tissues, with tumor samples exhibiting higher expression levels. Panel B displays microscopic images of immunostained tissue, contrasting weak SUCLG2 staining in normal samples with strong, widespread staining in tumor samples. Panel C presents cell images showing DAPI-stained nuclei in blue, SUCLG2 in red, and a merged image highlighting cellular localization of SUCLG2.]FIGURE 5 | Validation of SUCLG2 Expression in PCa. (A) Quantitative real-time PCR analysis of 10 matched pairs of tumor and adjacent normal tissues. (B) Immunohistochemical data from the Human Protein Atlas dataset. (C) Immunofluorescence assay of SUCLG2 expression in the prostate carcinoma epithelial cell line 22Rv1.SUCLG2 is mainly involved in the transcription and translation of enzymes involved in the TCA cycle and energy metabolism in mitochondria, and accordingly, these enzymes are mainly expressed in the mitochondria of cells (Hu et al., 2023). Accordingly, immunofluorescence analysis of the PCa epithelial cell line 22Rv1 revealed the cytoplasmic localization of SUCLG2 and provided insights into its cellular function and potential mechanism of action in tumor progression (Figure 5C).
Drug sensitivity analysis
From the viewpoint of precisely tailoring PCa treatment to the needs of individual patients, our study ventured into the realm of pharmacogenomics to identify potential drugs that could serve as targeted therapies based on SUCLG2 expression levels. By delving into the comprehensive drug sensitivity data available in the Cellminer database, we meticulously analyzed and identified nine drugs that exhibited significant correlation with SUCLG2 expression levels in PCa cells.
Our analysis brought to light that the IC50 values of PD-0325901, RO-4987655, TAK-733, pimasertib, and RO-5126766 are positively correlated with SUCLG2 expression; thus, these drugs may exhibit increased efficacy in tumors with high SUCLG2 expression (Figure 6A) and may represent viable options for a more targeted and effective treatment strategy in patients with elevated levels of SUCLG2. Conversely, colchicine, docetaxel, GSK-461364, and lexibulin showed a negative correlation with SUCLG2 expression. Intriguingly, while colchicine, docetaxel, and GSK-461364 did not demonstrate significant differences in IC50 values between the high and low SUCLG2 expression groups, lexibulin displayed significantly higher IC50 values in the low expression group than in the high expression group (Figure 6B). This subtle relationship suggests that lexibulin, in particular, might be more suitable for patients with lower SUCLG2 levels and present a therapeutic avenue that could potentially protect patients from unnecessary toxicity while targeting the tumor more effectively.
[image: Panel A shows eight scatter plots comparing SUCLG2 gene expression levels with IC50 drug response values for different drugs, each with a fitted trendline, correlation coefficient, and p-value. Panel B contains eight box plots comparing IC50 drug response between low and high SUCLG2 expression groups for the same drugs, with statistical significance indicated above each plot.]FIGURE 6 | Results of Drug Sensitivity Analysis. (A) Correlation between gene expression and drug sensitivity for the top 9 drugs used for PCa treatment. (B) Relationship between gene expression and drug sensitivity in groups with high and low SUCLG2 expression. Cor, correlation coefficient; NS, not significant; **p < 0.01; ***p < 0.001.DISCUSSION
The present study intricately dissects the multifaceted landscape of PCa, delving deep into the lipid metabolism-related molecular mechanisms involved in its progression, specifically in terms of the role of SUCLG2. Through a risk model comprising 16 significant lipid metabolism genes as risk factors and comprehensive genomic and transcriptomic analyses coupled with functional assays, this research illuminates the prognostic significance of lipid metabolism genes in PCa and underscores SUCLG2’s potential as a therapeutic target. Overall, our findings resonate with, and extend upon, the existing literature, affirming the complexity and heterogeneity of PCa pathogenesis and progression.
The novel 16 lipid metabolism-related gene risk model presented here holds the promise of transforming patient management by stratifying risk with hitherto unprecedented precision. The 16 lipid metabolism-related genes included in this model may be associated with the abnormal clinicopathological features of PCa patients, and in particular, 12 of them are more likely to lead to poor prognosis of PCa patients. This risk model not only highlights the prognostic potential of these genes in PCa but is also in alignment with previous studies advocating for the significance of metabolic pathways in cancer biology. Beyond prognostic prediction, the lipid metabolism-based risk model may also offer utility in identifying patients with aggressive disease features or in predicting treatment response, such as metabolic therapy or combination regimens. Future studies are warranted to validate the model’s application in broader clinical contexts. In particular, studies have shown that alterations in lipid metabolism contribute to the development and progression of various cancers, including PCa, by supporting membrane biosynthesis, energy production, and signaling molecule generation (Martin-Perez et al., 2022; Currie et al., 2013; Bian et al., 2021). Further, it supports previous notions by demonstrating that dysregulated lipid metabolism is a hallmark of tumor growth and survival (Hopkins et al., 2018).
The pivotal role of SUCLG2 in PCa that emerged from our study is notable, positioning this gene as a key contributor to the metabolic reprogramming in PCa cells. Our findings are supported by Faubert et al. and Sun et al., who identified metabolic reprogramming as a critical factor in cancer progression, underscoring the importance of targeting metabolic pathways for cancer therapy (Faubert et al., 2020; Sun et al., 2022). The association between high SUCLG2 expression and aggressive PCa features, such as advanced tumor stage and poor prognosis, dovetails with recent discoveries in metabolic oncology. For instance, Wu et al. and Shen et al. reported that alterations in the TCA cycle enzymes, which SUCLG2 also contributes to, are indicative of a more malignant cancer phenotype, thus corroborating our observations (Wu et al., 2020; Shen et al., 2023).
The cellular heterogeneity within PCa significantly contributes to its diagnostic and therapeutic challenges. Particularly, the distinct roles of luminal and basal/intermediate cells in the disease’s pathogenesis and progression have garnered considerable attention. Our study’s findings, which emphasize the differential expression of SUCLG2 across these cellular subsets, offer novel insights into the metabolic reprogramming in PCa and its potential exploitation for therapeutic advances. Luminal cells, characterized by their expression of cytokeratin 8/18, are pivotal in the prostate gland’s differentiated state and are implicated in the majority of PCa cases (Zhang et al., 2018; Dong et al., 2020). These cells are central to the androgen-driven progression of PCa, reflecting the dominant role of androgen receptors in the biology of these cells and, by extension, in the pathophysiology of PCa (Aurilio et al., 2020). Conversely, basal/intermediate cells, marked by cytokeratin 5/14 expression, possess stem-cell-like properties, including the capacity for self-renewal and differentiation. These cells are hypothesized to contribute to tumor initiation, recurrence, and therapy resistance (Le Magnen et al., 2018). The distinct nature of these cellular compartments underscores the complexity of PCa and highlights the need for targeted therapeutic strategies that consider this cellular diversity.
Our analysis revealed that SUCLG2 is significantly enriched in both luminal and basal/intermediate cell subsets. This finding is critical, considering the enzyme’s role in the TCA cycle and, by extension, in the metabolic landscape of PCa cells. The association of SUCLG2 with these cellular subsets suggests a link between metabolic processes and cellular differentiation states within the tumor microenvironment. Specifically, the elevated expression of SUCLG2 in luminal cells might contribute to the androgen-driven metabolic phenotype observed in the majority of PCa cases, potentially offering a mechanistic insight into the role of lipid metabolism in androgen receptor signaling (Butle et al., 2016). Moreover, the presence of SUCLG2 in basal/intermediate cells hints at the metabolic flexibility of these cells, which may underlie their role in tumor initiation and resistance to therapy. Thus, the stem-cell-like properties of basal/intermediate cells, coupled with their metabolic reprogramming mediated by SUCLG2, could provide a survival advantage under the selective pressures imposed by therapeutic interventions (Pfeiffer and Schalken, 2010). The enrichment of SUCLG2 in both luminal and basal/intermediate cell subsets may suggest context-dependent roles in prostate cancer biology. While luminal cells are typically associated with androgen signaling and differentiated tumor states, basal/intermediate cells are known for their stem-like, therapy-resistant features. The presence of SUCLG2 in both may indicate its involvement in both proliferative and adaptive metabolic programs, contributing to tumor heterogeneity and progression.
Overall, the functional analysis not only uncovers the diverse biological processes influenced by SUCLG2 but also underscores its potential as a pivotal player in the metabolic and proliferative aspects of PCa progression.
The drug sensitivity analysis conducted in this study not only furthers our understanding of the role of SUCLG2 in PCa but also opens up new avenues for personalized therapy. By correlating SUCLG2 expression levels with the efficacy of specific chemotherapeutic agents, we identify potential targeted therapies for PCa. Interestingly, the positive correlation between SUCLG2 expression and sensitivity to MEK inhibitors suggests that SUCLG2 may modulate or reflect MAPK pathway activity. While the mechanistic link remains to be fully elucidated, our findings raise the possibility that SUCLG2 could serve as an indirect marker for responsiveness to MAPK-targeted therapies in PCa. This approach mirrors the sentiments of Shemesh et al., who advocate for personalized medicine based on the molecular profiles of tumors to enhance treatment efficacy and minimize side effects (Shemesh et al., 2021). Through our comprehensive drug sensitivity analysis, we have not only illuminated the intricate connection between SUCLG2 expression and drug response in PCa but also identified specific drugs that could be leveraged for personalized treatment approaches. Specifically, our identification of drugs such as PD-0325901, RO-4987655, TAK-733, pimasertib, and RO-5126766, whose effectiveness may be heightened in PCa with elevated SUCLG2 expression, provides a promising foundation for future clinical trials and therapeutic strategies. Overall, the findings exemplify the potential of integrating molecular characteristics into therapeutic decision-making, heralding a new era of personalized medicine in the fight against PCa.
A notable limitation of our study is the reliance on computational and in vitro analyses to elucidate the role of SUCLG2 in PCa progression. While these approaches have provided valuable insights into the potential mechanisms by which SUCLG2 contributes to PCa, the complexity of cancer biology necessitates further validation through in vivo and ex vivo experiments. Specifically, the mechanistic role of SUCLG2 in PCa, especially in terms of its impact on tumor growth, metastasis, and response to therapy, remains to be fully elucidated. Future studies employing animal models and patient-derived tumor xenografts are essential to validate the therapeutic potential of targeting SUCLG2 in PCa. Additionally, exploring SUCLG2’s interactions with the tumor microenvironment and its influence on cellular metabolism within the context of a living organism will offer a more comprehensive understanding of its role in cancer progression. These investigations will not only affirm the findings of our current study but also pave the way for translating these insights into clinical applications, potentially leading to more effective treatment strategies for PCa.
CONCLUSION
Our study emphasizes the intricate relationship between lipid metabolism and PCa progression, with SUCLG2 emerging as a significant prognostic marker and potential therapeutic target. By shedding light on the molecular mechanisms of PCa and identifying novel therapeutic avenues, this research contributes to the ongoing quest for more effective, personalized treatment strategies for PCa. As we move forward, the integration of metabolic profiling with clinical parameters promises to refine our approach to PCa management through therapies tailored to the unique molecular landscape of each patient’s tumor.
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Introduction
Prostate cancer (PCa) remains a significant global health challenge despite advancements in treatment strategies. There is a need to explore the molecular heterogeneity of PCa to facilitate the development of personalized treatment approaches. This study investigates the molecular heterogeneity of PCa by combining genomic and transcriptomic data using a systems biology approach.
Methods
By utilising whole-genome sequencing and differentially expressed genes from “The Cancer Genome Atlas Prostate Adenocarcinoma (TCGA-PRAD)” patient samples, we identified 357 intersecting genes. From protein-protein interaction network analysis, 22 hub genes were identified as critical regulators associated with PCa prognosis and pathogenesis. Furthermore, these hub genes were subjected to functional and pathway enrichment analysis via gene ontology (GO) and the Kyoto Encyclopaedia of Genes and Genomes (KEGG).
Results
Notably, the PI3K/Akt signalling pathway was significantly enriched with eight of these hub genes, with significant clinical relevance. Dipeptidyl Peptidase 4 (DPP4) emerged as a promising therapeutic target. Further, in vitro assays were performed to investigate and validate the molecular role of DPP4 through pharmacological inhibition using Linagliptin, a selective DPP4 inhibitor. Inhibition of DPP4 led to the induction of apoptosis, G1/S phase cell cycle arrest, and significant suppression of cell proliferation and migration in PC3 and DU145 cell lines.
Discussion
These experiments revealed novel downstream regulatory effects of DPP4, demonstrating that its inhibition results in the transcriptional downregulation of FGF17, PDGFRA, COL4A1, and COL9A2, thereby contributing to the inactivation of the PI3K/Akt signaling pathway. Collectively, these findings highlight DPP4 as a potential therapeutic target for the treatment of PCa.
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1 INTRODUCTION
Prostate cancer (PCa) is a prevalent non-dermal heterogeneous malignancy among males that poses a significant health concern worldwide, and it remains the second leading cause of cancer-related deaths in men (Sekhoacha et al., 2022; Bhargavi et al., 2023). According to the American Cancer Society (ACS) report “Cancer Statistics 2023″, there are an estimated 288,300 cases of PCa in the United States of America alone, accounting for 29% of all cancer types among males (Siegel et al., 2023). However, it is noteworthy that while a significant number of individuals may be diagnosed with PCa, only a minority of them will exhibit clinically relevant manifestations of the disease (Silberstein et al., 2013). Treatments available for PCa consist of surgery, radiation therapy, hormone therapy, chemotherapy, and targeted therapy. However, there is a pressing requirement for improved treatments, particularly for aggressive and treatment-resistant types of the condition. The emphasis should be on identifying and diagnosing PCa accurately, particularly in less developed nations where mortality rates are higher due to limited access to screening and better treatment alternatives (Sekhoacha et al., 2022; Wasim et al., 2023; Ferroni et al., 2019).
Advancements in genomics and precision medicine hold substantial promise for identifying novel therapeutic targets in PCa. Unique genetic alterations such as mutations in tumor suppressor genes and oncogenes can promote tumor progression and therapy resistance. Notably, the androgen receptor (AR) signaling pathway, a key driver of PCa, is tightly regulated by hormonal activity, particularly testosterone and dihydrotestosterone. Dysregulation of this pathway, often through AR gene amplification, mutations, or splice variants, leads to sustained AR activation even in the absence of androgens, contributing to castration-resistant prostate cancer (CRPC) (Ma et al., 2024; He et al., 2021; Chitluri and Emerson, 2024). Additionally, genetic alterations in pathways such as PTEN/PI3K/AKT, DNA damage repair (e.g., BRCA1/2), and TMPRSS2-ERG fusions further enhance tumor aggressiveness and confer resistance to conventional hormone therapies (Waarts et al., 2022; Berger and Mardis, 2018). Integrating hormonal context with genomic analysis is thus critical, as the crosstalk between androgen signaling and oncogenic mutations shapes disease trajectory and treatment response (Li et al., 2025; Wang et al., 2008). Understanding these interactions facilitates the development of targeted therapies such as AR inhibitors, PI3K inhibitors, and PARP inhibitors that disrupt key hormonal and genetic drivers of PCa progression (Antonarakis et al., 2020; Crumbaker et al., 2017).
Similarly, gene expression profiles can provide valuable information about the biological characteristics of a tumor (Creighton, 2023). Overexpression or under-expression of certain genes can indicate the presence of specific molecular subtypes of cancer, each with distinct clinical behaviours and treatment responses. For instance, the overexpression of androgen receptor signaling pathways in metastatic PCa highlights the importance of androgen deprivation therapies (Hoang et al., 2017; Jillson et al., 2021). Nevertheless, some patients develop resistance to androgen deprivation therapy (ADT), resulting in poor prognosis and limited treatment choices (Maitland, 2021). However, as tumors evolve, they may alter their gene expression patterns to develop resistance to these therapies, necessitating the identification of new targets and the development of novel therapeutic approaches (Gatenby and Brown, 2020). We have conducted a comprehensive study to address this issue. Our study involved identifying mutated genes (MutGs), characterizing deleterious mutated genes (DMutGs) from NGS data and integrating differentially expressed genes (DEGs) retrieved from the GEPIA2 database. Additionally, we incorporated protein-protein interaction (PPI) networks, identified hub genes, predicted correlations between hub genes, and conducted Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment analyses. Furthermore, we evaluated immune cell infiltrates and performed survival analysis using large-scale DNA microarray and RNA-Seq data from GEO, TCGA, and other public databases to explore potential hub genes and biological pathways related to the occurrence, development, and prognosis of PCa. We identified 22 hub genes involved in PCa progression and metastasis, investigated them, identified potential therapeutic targets, and experimentally validated them.
2 MATERIALS AND METHODS
2.1 In-silico
2.1.1 Dataset download and single nucleotide variants (SNV’s) identification from WGS
To conduct our study, we obtained the paired-end (PE) whole genome sequence (WGS) of a human adult male prostate tumor tissue in fasta format with the run SRA accession SRP250789 from the SRA database accessed on February 2023. We also obtained differentially expressed genes (DEGs) for prostate adenocarcinoma (PRAD), from the GEPIA2 database (Tang et al., 2019). These genes were selected based on specific criteria, including a log2FC > 1 and a q-value <0.01. To ensure the quality of the WGS reads, we subjected them to quality control and assessed the quality using FastQC. Any low-quality sequences were removed using Trimmomatic ILLUMINACLIP NexteraPE-PE for adapters, with MINLEN adopted to drop the reads below 25 bp length and SLIDINGWINDOW was invoked to remove the bases with a phred score below 20. The trimmed sequences were then aligned to the reference genome using Burrows-Wheeler aligner (BWA). Variants were detected using bcftools, and SNVs with a high-quality score of >100 were filtered.
2.1.2 Determining common genes
The polyphen2 tool (Adzhubei et al., 2013) (accessed on April 2023) was used to assess the ability to predict single nucleotide variants, identify mutated genes, and predict genomes with deleterious mutations. The analysis compared deleterious mutated genes (DMutGs) to mutated genes (MutGs) and differentially expressed genes (DEGs). This investigation led to the identification of specific genes with deleterious mutations and differential expression.
2.1.3 PPI networking and hub gene selection
STRING app (Szklarczyk et al., 2021) (accessed on May 2023) was used to investigate the interaction network in the common human gene set identified previously. Interaction pairs were combined with those that were experimentally verified so that an interaction scores greater than 0.4 was applied as the cut-off. Closely interacting genes were listed. We identified the top 50 hub genes based on the four topological methods: maximum clique centrality (MCC), degree, closeness, betweenness, and overlapping genes between such methods were selected.
2.1.4 Enrichment analysis
In addition, the Gene Ontology (GO) analysis with the help of R “clusterProfiler” was performed to investigate further functional roles played by the overlapped hub genes and the top cluster genes. The cellular component (CC), biological process (BP), and molecular functions (MF) involved with the presented genes were determined by GO enrichment analysis. Likewise, using ShinyGO (v.0.79) (Ge et al., 2020), KEGG analysis was performed to correlate the enriched biological pathways of the hubs with edge cut-off = 0.2 and FDR p-value cut-off = 0.05, followed by classification of signal pathways. This enabled us to identify some putative biological processes, signaling pathways and human disease pathways that would account for PCa pathogenesis and progression.
2.1.5 Kaplan-Meier overall survival (OS) analysis of hubs
To investigate the prognostic potential for identified hub genes, Kaplan-Meier curve analysis was performed to compare clinical outcomes based on the hub gene expressions associated with poor prognosis in PCa, highlighting their potential as prognostic biomarkers for identifying high-risk patients’ overall outcomes in PCa patients. In the current study, Kaplan-Meier survival analysis with hazard ratio (HR) was performed using UALCAN (Chandrashekar et al., 2017) and GEPIA2.0 databases - TCGA prostate adenocarcinoma (PRAD) cohort (accessed on August 2023). The cohort population was stratified into high- and low-expression groups based on the median hub genes expression level, ensuring an unbiased and biologically relevant comparison. (log rank p-value<0.05, p (HR) < 0.05).
2.1.6 Tumor infiltration analysis
To further investigate the potential role of the identified hub genes in the tumor microenvironment, we evaluated the correlation between tumor-infiltrating immune cells across the TCGA-PRAD cohort and the expression levels of PCa hub genes using the TIMER2.0 database (accessed on September 2023) (Li et al., 2020). We used the Spearman’s test (ρ) and a p-value of <0.05 was considered statistically significant. This analysis helped us to gain insights into the potential interactions between immune cells and the identified hub genes in PCa, which may provide new avenues for therapeutic interventions.
2.1.7 Estimating the expression of the hubs in correlation with DPP4
To check the expression of the other hub genes in comparison with DPP4, we used the Gene_Corr module, and the degree of correlation was established based on the “Spearman’s rho” value. These analyses helped us to evaluate the potential impact of DPP4 expression on the expression of other hub genes in PCa and identify potential therapeutic targets.
2.2 In-vitro
2.2.1 Cell lines and reagents
DU145, PC3 and HEK293 were obtained from the National Center for Cell Sciences (NCCS, Pune). For cell culture, Dulbecco’s Modified Eagle Medium, High Glucose (DMEM), Fetal Bovine Serum (FBS), Antibiotic Mixture (Streptomycin and penicillin) and Cell culture grade dimethyl sulfoxide (DMSO) were purchased from HI-Media laboratories, Mumbai. RT-PCR and cDNA conversion kits were obtained from Takara, Chennai. Other plastic materials, including Transwell migration plates, were purchased from Tarson, India. Linagliptin and doxorubicin were purchased from Sigma-Aldrich, India.
2.2.2 Cell maintenance and cell viability assay
DU145, PC3 and HEK293 cells were maintained in a humidified incubator set at 37°C and 5% CO2, using a complete medium including DMEM, 10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin. The media was changed every 2–3 days. Once the cells had achieved 80%–90% confluency, they were collected, and experimental procedures were carried out.
Cell viability was assessed by seeding cells at a density of 1 × 104 per well on a 96-well plate supplemented with complete medium and incubating them overnight in a humidifier incubator. The next day, the culture medium was withdrawn, and the cells were exposed to Linagliptin at varying concentrations for 24 h. Following the specified duration, the drug was removed, and 20 µL of MTT (5 mg/mL in PBS) was added to the well. The well was then incubated in the absence of light for 4 h. After 4 h, MTT was removed, and 100 µL of DMSO was added to the wells. The intensity of the formazan crystal was then quantified at 490 nm using a Microplate Reader from Bio-Tek, United States. Three repetitions of each analysis were conducted, and the cell viability was compared to that of the untreated control group. In this work, doxorubicin served as the positive control.
2.2.3 Morphological changes
PC3 and DU145 cells, exhibiting exponential growth, were collected and plated in 6-well plates at a density of 1 × 105 cells per well and incubated overnight. The cells were subsequently incubated for 24 h with Linagliptin (IC50), while cells treated with Doxorubicin were the positive control. Cell morphology was analyzed using an inverted microscope (MAGNUS 10J617).
2.2.4 Scratch assay
For this assay, PC3 and DU-145 cells were seeded at a density of 1 × 105 cells per well in a 6-well plate and incubated for 24 h. A scratch was created on the plates utilizing a 200 μL sterile pipette tip. The plate was washed with 1XPBS to eliminate cellular debris and subsequently treated with Linagliptin (IC50) for 24 h. Control cells were kept untreated, while doxorubicin (3.5 μM) was the positive control. Images were obtained at 0th and 24th-hour post-drug administration utilizing an inverted microscope (MAGNUS 10J617). Image closure was measured using ImageJ software and represented as %wound closure relative to the size at the 0th hour. The percentage of wound closure is calculated as follows:
% Would Closure=Original scratch width−new scratch widthOriginal scratch width×100
2.2.5 Transwell migration assay
The impact of Linagliptin on the migration of PC3 and DU145 cells was further examined using a Transwell migration experiment in 6-well Corning Transwell cell culture inserts with an 8 μm pore size. Subsequently, following treatment with Linagliptin at IC50 concentration and Doxorubicin, the cells were trypsinized and re-suspended in serum-free media. Subsequently, 200 μL (1 × 105 cells) of the cell suspension was introduced into the upper compartment in serum-free media, while 1,000 μL of complete media was supplied to the lower chamber. Following 24 h of incubation, the non-migrated cells from the upper surface of the insert were eliminated using a sterile cotton swab. The migrating cells on the lower side were rinsed with PBS and fixed in 70% ethanol for 10 min. The cells were subsequently stained with 0.5% crystal violet for 20 min, followed by a PBS wash to eliminate excess stain. The quantity of migrating cells was enumerated in three distinct fields and captured using an inverted microscope (MAGNUS 10J617).
2.2.6 Cell cycle analysis and determining apoptosis using annexin V-FITC
PC3 and DU145 cells (1 × 105 cells/well) were treated with Linagliptin for 24 h alongside a control group without treatment. The cells were trypsinized and rinsed three times with 1X PBS before being fixed in 5 mL of 70% ice-cold ethanol for 24 h on ice. The cells were subsequently rinsed with PBS and subjected to a 10 μg/mL RNase A (Himedia, Mumbai, India) treatment at 37 °C for 30 min. The cells were stained with 50 μg/mL propidium iodide (Thermo Fisher Scientific, Bangalore, India) for 20 min in the dark. The outcomes were assessed using flow cytometry (CytoFLEX S, Beckman Coulter). Additionally, percentage of apoptosis was determined using annexin-V fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis detection kit (BD Biosciences) according to the manufacturer’s instructions. Percentage of apoptotic cells (annexin+/PI+) was analysed by flow cytometry (CytoFLEX S, Beckman Coulter).
2.2.7 AO/EtBr staining
An EtBr and AO double staining test was conducted to evaluate Linagliptin’s impact on cellular apoptosis in PC3 and DU145 cells. The cells were cultured on coverslips and treated with Linagliptin for 24 h. Untreated control cells were maintained, whereas Doxorubicin served as the positive control. Following incubation, a staining solution comprising AO (100 mg mL-1) and EtBr (100 mg mL-1) was administered to the cells, which were then incubated in darkness for 5 min. Using a fluorescent microscope, the cells were subsequently analysed for their staining pattern (Weswox Optik-FM 3000).
2.2.8 RNA isolation and RT-PCR
PC3 and DU145 cells (1 × 105 cells/well) were seeded in 6-well plates and treated with Linagliptin at IC50 concentration and Doxorubicin for 24 h. RT-PCR was employed to assess the mRNA expression of target genes. RNA was extracted from cells utilizing TRI Reagent® (Sigma Aldrich, Bangalore, India), and the resultant RNA was quantified using a Nanodrop 2000 (ThermoFisher Scientific, Bangalore, India). cDNA synthesis was conducted utilizing the PrimeScript™ RT reagent Kit (DSS Takara Bio India Pvt. Ltd., Bangalore, India). RT-PCR was done using SYBR® Premix Ex Taq™ (DSS Takara Bio India Pvt. Ltd., Bangalore, India). Each real-time PCR utilized 100 ng of RNA. The quantitative RT-PCR was conducted utilizing the Light Cycler 2.0 (Applied Biosystems® StepOne RT-PCR equipment, Bangalore, India). A melting curve study was conducted post-amplification utilizing LightCycler software (A.B. Biosystems, India). Beta-actin served as an internal standard, and the results were presented as fold change over relative control. Primer list is added in Table 1.
TABLE 1 | Primers list.	Gene Name	Forward Primer (5′-3′)	Reverse Primer (5′-3′)
	PIK3CA	GGTTGTCTGTCAATCGGTGACTGT	GAACTGCAGTGCACCTTTCAAGC
	AKT1	TTCTGCAGCTATGCGCAATGTG	TGGCCAGCATACCATAGTGAGGTT
	PTEN	GGTTGCCACAAAGTGCCTCGTTTA	CAGGTAGAAGGCAACTCTGCCAAA
	FGF17	GTGTTCACGGAGATCGTGCTG	GAACTGCTTCTGCTTCTCGGC
	PDGFRA	GACTTTCGCCAAAGTGGAGGAG	AGCCACCGTGAGTTCAGAACGC
	COL4A1	TGTTGACGGCTTACCTGGAGAC	GGTAGACCAACTCCAGGCTCTC
	COL9A2	TGGAGTGGAAGGACCAAGAGGA	GTGCTGATCTGTCGGTGCTCTA
	Beta-Actin	AGTCCTGTGGCATCCACGAA	GATCCACACGGAGTACTTGC


2.2.9 DPP4 activity assay
DPP4 activity assay kit (MAK088) was obtained from Sigma-Aldrich, Bangalore, Karnataka, India. Cells were treated as previously described. DPP4 activity was performed based on the kit protocol.
2.2.10 Statistical analysis
GraphPad Prism 8.0 was used to do statistical analysis. The results are expressed as mean ± SD of three independent experiments. One-way ANOVA with Bonferroni’s multiple comparisons was used to evaluate differences. P < 0.05 is considered significant.
2.2.11 Western blot analysis
Western blot analysis was performed using PC3 cells and DU145 cells, both treated with varying concentrations of Linagliptin (0, 20, and 40 µM for PC3 and 0, 20, and 60 µM for DU145) for 24 h. After treatment, total protein was extracted by resuspending the cells and lysing them for 1 h at 4°C in RIPA (radioimmunoprecipitation assay) buffer (Cat. No. R0278) with protease and phosphatase inhibitor cocktail. The cell lysates were then centrifuged at 12,000 rpm for 30 min at 4°C, and the Bradford assay was used to determine the protein concentration. An equal volume of 20 µg protein lysate from each sample was subjected to SDS-PAGE and subsequently transferred onto a nitrocellulose membrane (Bio-Rad, cat. no. 1620112). The membrane was blocked with 5% skimmed non-fat dry milk and incubated overnight at 4°C with various antibodies: anti-FGF17 (1:2000), anti-PI3K p-85α (1:1,000), anti-AKT (1:2000), anti-p-AKT (1:2000), anti-GAPDH (1:2000), and anti-Actin (1:1,000). Following this, the membranes were rinsed three times with TBS (Tris buffered saline), each for 10 minutes, and then incubated with HRP-conjugated secondary anti-mouse or anti-rabbit antibodies (diluted to 1:5000) for 1 h at room temperature. They were washed three more times with TBST (Tris buffered saline containing Tween-20, pH 7.5). Finally, the immunoblots were visualized using ECL substrate (Clarity™ western ECL substrate Cat# 170-5061) under the ChemiDoc MP Imaging System (Bio-Rad). All experiments were conducted in triplicates.
3 RESULTS
3.1 In-silico
3.1.1 Variant calling
To obtain the full set of SNV data, we retrieved the whole genome sequence of a human adult male prostate tumor sample bearing the SRP250789 from ENA at https://www.ebi.ac.uk/ena/browser/view/SRP250789. We initially performed variant calling to identify the SNVs and the reads were aligned with the reference sequence. A total of reads with a quality score of <100 were retained and used for further analysis. These SNVs were mapped to the genes using BioMart (Kinsella et al., 2011), and we identified 20,326 mutated genes (MutG).
3.1.2 Characterising the SNVs identified
To further investigate the SNVs identified in the whole genome sequence, we annotated them using PolyPhen2 based on chromosomal position and discarded multi-mutations SNVs. Only 2.88% of single-nucleotide variants (SNVs) were found in exons, which are dispersed in CDS and non-sense UTRs while a large portion was located in introns (52.09%) and intergenic regions (45.05%). These areas may contain mutations in regulatory elements, such as enhancers, silencers, and non-coding RNAs. Our main goal is to identify genes that change the protein sequence through missense, nonsense, or frameshift mutations, which can disrupt protein function and lead to cancer. Although mutations in non-coding regions (introns) can affect gene expression and may contribute to cancer, we further integrated exonic mutations with the differentially expressed genes (DEGs) from the TCGA-PRAD dataset. We identified that 39.54% (16,202) of the exonic mutations were missense mutations (Figure 1B), with C>G and G>C transitions being the most prevalent (Figure 1A). These missense mutations were annotated to 16,055 genes with at least one missense mutation. They were distributed across the chromosomes, with chromosome one having the most missense SNVs (Figure 1C). Out of these genes, we identified that 18.72%, 37.60%, and 46.68% were possibly damaging, benign, and probably damaging at the functional level, respectively. We observed that 61.48% of the mutated genes were affected by deleterious mutations that impaired protein functionality (Figure 1D). In this analysis, we focused on 3,806 unique genes that had mutations that deleteriously affected protein function (DMutGs), allowing us to gain insights into the potential genetic causes of PCa and identify potential therapeutic targets.
[image: Panel A shows a blue bar graph representing nucleotide substitution types with counts, ranging from approximately 1200 to 1700 per category. Panel B contains two donut charts: the left shows genomic feature percentages with 52.09% intronic, 45.04% intergenic, and 2.88% exonic variants; the right details exonic variant types, largely missense and synonymous. Panel C displays a green bar graph of SNP counts per chromosome, with chromosome 2 showing the highest values. Panel D includes three pie charts: the top left shows proportions of probably damaging, possibly damaging, and benign SNPs; the top right depicts percentages of deleterious versus neutral SNPs; the bottom pie chart illustrates functional SNP categories, with the majority marked as "NO."]FIGURE 1 | Distribution of SNV’s in the Whole Genome Sequence (WGS), (A) Identified types of SNV’s variations (B) Landscape of Missense mutations across Chromosomes, (C) Fractions of mutations across whole genome, (D) Types of exonic mutations: Characterization of Missense mutations, Left: Percentage of mutations that are probably damaging, possibly damaging and benign; Right: Percentage of mutations that are deleterious and neutral; Bottom: Location of mutations.3.1.3 Common genes identification
To identify the most optimal key candidate gene with potential therapeutic implications, we obtained a list of 3,015 (PRAD) differentially expressed genes (DEGs) with tissue code: PRAD of GEPIA2 database using the limma differential method, with log2FC cut off >1 and q-value cut off <0.01. We combined the MutGs, DMutGs and DEGs and identified 357 genes (Supplementary Table S1) present in all three sets, as shown in Figure 2A.
[image: Four scientific data visualizations are presented: A) a Venn diagram showing overlap among deleterious, differentially expressed (DEG), and mutated gene sets; B) a gene interaction network with labeled hexagonal nodes and connecting lines; C) a Venn diagram comparing gene set overlaps by degree, closeness, betweenness, and MCC metrics; D) a circular network diagram with large purple nodes showing major gene hubs and their connections.]FIGURE 2 | Integration of WGS and Trascriptomic data through PPI network analysis, (A) Common genes among Deleterious mutated genes, Differentially Expressed Genes and Mutated genes (B) Protein–Protein interaction of 357 common genes. (C) Hub genes identification by overlapping between the top 50 gene ranks based on four topological algorithms. (D) 22 hub genes.3.1.4 PPI network construction and hub selection
We utilized the Cytoscape STRING (Shannon et al., 2003) plugin to construct a PPI network for the list of 357 genes, with an interaction score set to 0.4. The network includes proteins that physically interact with at least one other member consisting of 239 nodes and 575 edges, as shown in Figure 2B. We then used cytoHubba to rank the top 50 genes based on four topological algorithms scoring values Supplementary Table S2 (i.e., MCC, degree, closeness, and betweenness) to identify the hub genes in the PPI network. We found that 22 hub genes overlapped within the four topological algorithms. This gene set was used for further analysis, as shown in Figure 2C. The identified hub genes are Collagen type IV alpha two chain (COL4A2), Dystrophin (DMD), Receptor tyrosine kinase (KIT), Sarcoglycan alpha (SGCA), Neurotrophic receptor tyrosine kinase 1 (NTRK1), Actin alpha 2 smooth muscle (ACTA2), Caveolin-1 (CAV1), Lipase E (LIPE), Integrin Subunit Alpha 5 (ITGA5), Calcium channel, voltage-dependent, T type alpha 1H subunit (CACNA1H), Twist-related protein 1 (TWIST1), Progesterone receptor gene (PGR), Fibroblast growth factor 17 (FGF17), Nerve Growth Factor Receptor (NGFR), Bone morphogenetic protein 1 (BMP1), Keratin 8 (KRT8), Heparansulfate proteoglycan 2 (HSPG2), Platelet-derived growth factor receptor alpha (PDGFRA), Collagen type IX alpha one chain (COL9A1), Dipeptidyl peptidase 4 (DPP4), Matrix metallopeptidase 9 (MMP9), and Protein disulfideisomerase family A, member 3 (PDIA3) Figure 2D.
3.1.5 Enrichment analysis
The top 10 gene sets were enriched for biological process (BP), molecular function (MF), cellular component (CC) (log10FDR p-value <0.05), and KEGG pathways were identified using the online tool ShinyGO and illustrated the signal pathway classification. The 22 hubs were found to be enriched for various processes, including extracellular matrix organization, extracellular structure organization, external encapsulating structure organization, muscle structure development, cellular response to growth factor stimulus, vasculature development, response to growth factor, blood vessel development, animal organ morphogenesis and anatomical structure formation involved in morphogenesis (BP). (CC) analysis revealed enrichment for anchoring junction, cell-cell junction, cell-substrate junction, membrane micro-domain, membrane raft, sarcolemma, dystrophin-associated glycoprotein complex, plasma membrane protein complex, cell surface and glycoprotein complex. (MF) analysis showed enrichment for signaling receptor binding, endopeptidase activity, protein tyrosine kinase activity, growth factor binding, growth factor receptor binding, transmembrane receptor protein tyrosine kinase activity, nitric-oxide synthase binding, Platelet-derived growth factor receptor binding, neurotrophin binding and nerve growth factor binding (Figure 3B). KEGG pathway analysis revealed that hubs gene enrichment majorly in PI3K/Akt pathway, pathways in cancer, focal adhesion, protein digestion and absorption, and ECM-receptor interaction (log10FDR p-value <0.05) (Figure 3Aii). Interaction between the enriched KEGG pathways (Edge cut-off = 0.2 and FDR p-value cut-off <0.05) are depicted in Figure 3Aiii and predominantly involves human disease pathways such as the cancer pathways and proteoglycans in cancer (Figure 3Ai).
[image: Panel A contains three subfigures: (i) a horizontal bar chart categorizing pathways by gene count and functional class, (ii) a Sankey diagram connecting genes to pathways with an accompanying bubble plot showing gene ratio and p-value, and (iii) a network graph visualizing pathway interconnections with highlighted nodes. Panel B displays three dot plots of pathways, each sorted by p-value and count, with color scales for statistical significance and varying dot sizes representing gene count.]FIGURE 3 | Functional enrichment of Hub genes, (A (i) Classification summary diagram of the top 30 KEGG pathways. A (ii) KEGG pathway enrichment for the identified 22 hub genes, A (iii) KEGG pathways network interaction (Edge cut-off = 0.2 and FDR p-value cut-off = 0.05), (B) Gene Ontology (GO) enrichment analysis of 22 hub genes.3.1.6 Overall Survival analysis of hub genes
To explore the prognostic value and clinical outcome of the hub genes, we used UALCAN (database) – to perform Kaplan-Meier overall survival analysis using TCGA–PRAD cohort, wherein the population was stratified into high–and low–expression groups based on the median hub genes expression level, ensuring an unbiased and biologically relevant comparison. The findings suggest that only DPP4 was significantly upregulated in PCa and affected patients’ overall survival (log-rank p-value <0.001) while the other 21 hub genes did not show any significant association Figures 4A,C (Supplementary Figure S3) summarises these findings. Further heat map of survival hazard ratio log10 (HR) p < 0.05 of hub genes depicted using GEPIA2.0 found that only DPP4 was significant, depicting prognostic implication in PRAD (Figure 4D). It was also found that DPP4 was among the top 10 highly mutated hub genes as depicted in Figure 4B.
[image: Kaplan-Meier survival curve titled "Effect of DPP4 expression level on PRAD patient survival" shows higher survival probability in patients with high DPP4 expression (n=125; blue) versus low/medium expression (n=372; red), with p=0.00044. Bar chart lists top ten mutated genes in PRAD, highlighting DPP4 with an 8% mutation rate among other genes and mutation types. Boxplot compares DPP4 expression in PRAD tumor versus normal tissue, showing significantly higher expression in tumors (p<0.01). Heatmap visualizes gene expression hazard ratios across cancer types, with boxed significant results and a black arrow indicating DPP4 in PRAD.]FIGURE 4 | Clinical significance of DPP4, (A) Kaplan-Meier (KM) overall survival analysis of DPP4 using UALCAN database TCGA-PRAD cohort (log-rank p-value <0.001). (B) Top 10 mutated genes among 22 hub genes, (C) DPP4 gene expression TCGA-PRAD-GEPIA2 database, (D) Survival map of hazard ratio (HR) for the hub genes across cancers types with at least one significant HR (log10 (HR) p < 0.05).3.1.7 Tumor infiltration analysis
The tumor microenvironment (TME) is essential for cancer progression, supporting tumor growth and invasion. Our survival analysis showed that higher DPP4 levels correlate with worse outcomes. We analyzed tumor infiltration to determine if DPP4 promotes or suppresses tumor growth and affects the TME through immune cell activity, suggesting DPP4 as a potential therapeutic target in PCa. Using the TIMER2.0 database, we explored the relationship between DPP4 expression and tumor-infiltrating immune cells in the prostate adenocarcinoma cohort (PRAD). The results revealed a significant positive correlation between DPP4 expression and the levels of various immune cells: CD8+ T cells (rho = 0.399, p-value = 2.57e-17), myeloid-derived dendritic cells (rho = 0.131, p-value = 7.57e-03), macrophages (rho = 0.228, p-value = 2.86e-04), and neutrophils (rho = 0.146, p-value = 2.76e-03), as shown in Figure 5A. Additionally, we performed a correlation analysis between DPP4 and the expression of class IA PIK3/Akt pathway components (PIK3C3, PIK3CA, PIK3CB, PIK3CD, PIK3CG) and the AKT family (AKT1, AKT2, AKT3), as revealed by pathway enrichment analysis. This analysis demonstrated a positive correlation with PIK3 (rho = 0.423, p-value = 2.68e-23), (rho = 0.337, p-value = 1.05e-14), (rho = 0.372, p-value = 8.14e-18), (rho = 0.114, p-value = 1.09e-02), and (rho = 0.261, p-value = 3.23e-09). Further, we observed positive correlations for AKT (rho = 0.256, p-value = 7.29e-09), (rho = 0.267, p-value = 1.4e-09), and (rho = 0.343, p-value = 3.12e-15), as shown in Figures 5B,C.
[image: Figure composed of multiple scatter plots with trend lines, analyzing DPP4 gene expression levels in relation to various immune cell infiltration metrics, PIK3C gene family expression, and AKT gene family expression. Each plot includes individual data points, a blue regression line with confidence shading, and annotated correlation coefficients (Rho) and p-values in red in the upper right corner. Axes are labeled with gene names and log2 TPM expression values, and plots are grouped in panels labeled A, B, and C.]FIGURE 5 | Tumor infiltration analysis of DPP4 using TIMER2.0 database, (A) Scatter plots that show significant positive correlations of DPP4 expression with the infiltrating levels of T cell CD8+, macrophage, dendritic cell, and neutrophils. (B) Scatter plots that showing DPP4 expression significant positive correlations with class IA PIK3 expressions. (C) Scatter plots that showing DPP4 expression significant positive correlations with AKT. expressions. The Spearman’s correlation value and the estimated statistical significance are displayed as the legends for each scatter plot (p-value< 0.05 (positive); p-value >0.05 (negative)).3.2 In-vitro
3.2.1 In-vitro cytotoxicity and DPP4 activity
Typically, minimal cytotoxicity to noncancerous cells and targeted elimination of malignant cells are essential criteria for an optimal antineoplastic agent. Quantitatively assessing mitochondrial integrity with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay is an excellent method for detecting the cellular proliferation index in various cytotoxic compounds. Linagliptin treatment for 24 h in PC3 and DU145 effectively reduced cell viability in a dose-dependent manner with an IC50 value of 40 μM in PC3 (Figure 6A) and 60 μM in DU145 cells (Figure 6B) with less to moderate toxicity in normal human embryonic kidney cells. Further, we assess the morphological change induced by Linagliptin using an inverted microscope. As shown in Supplementary Figure S1, Linagliptin at IC50 concentration significantly altered cell morphology. Specifically, cells appeared to have a rounded shape with subsequent detachment from the surface. However, in normal untreated control, cells showed an intact morphology without cellular death, which suggests that Linagliptin at this particular concentration can induce cellular death and subsequently change the morphology of PCa cells. Further, we validated the effect of Linagliptin on cellular DPP4 activity in its IC50 values in PC3 and DU145. As depicted in Figure 6C, both the PCa cells exhibited a higher DPP4 activity; however, after Linagliptin treatment, the activity had reduced significantly as hypothesized (P < 0.001). Further studies have been performed to confirm Linagliptin’s molecular mechanism of action to induce cellular death in cancer cells.
[image: Three bar charts display experimental data. Panel A shows decreasing cell viability in PC3 cells with increasing concentrations from 5 to 45 micromolar, with statistical significance indicated. Panel B shows DU145 cell viability also decreases with concentrations from 10 to 80 micromolar, similarly marked for significance. Panel C compares DPP4 levels in PC3 and DU145 cells, showing significant reduction in both cell lines when treated with linagliptin compared to control.]FIGURE 6 | Cell cytotoxicity evaluation of Linagliptin against different cell lines, (A) PC3 and (B) DU145 prostate cancer cells. (C) DPP4 enzyme activity based in the Linagliptin treatment with respective IC50 values in PC3 and DU145. The results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control, *P < 0.05 vs. Control.3.2.2 Linagliptin decreased PI3K/Akt gene expression in PCa cells
To further confirm our hypothesis, we checked the expression level of PI3K and AKT along with PTEN in Linagliptin-treated PC3 and DU145 cells. Linagliptin treatment at IC50 concentration significantly reduced the expression of PI3KA and AKT expression in PC3 and DU145 cells. We have also checked the PI3K negative regulator PTEN status, which acts as a tumour suppressor, and various studies have shown that the expression of PTEN influences the activation of the PI3K/Akt pathway. Our study revealed that the expression of PTEN after Linagliptin treatment significantly increased in both the cell lines, similar to Doxorubicin, suggesting PI3K/Akt inactivation, inhibition of cell proliferation and cell survival (Figure 7A).
[image: Composite scientific figure with three panels depicting experimental data from PC3 and DU145 cell lines. Panel A has bar graphs showing relative mRNA expression of AKT, PTEN, and PI3K normalized to beta-actin after treatment with control, linagliptin, and doxorubicin, indicating significant changes. Panel B shows flow cytometry histograms for cell cycle distribution under control and linagliptin treatment, detailing proportions of cells in sub-G0, G0-G1, S, and M phases. Panel C features bar graphs summarizing cell cycle phase distribution percentages for both cell lines, comparing control and linagliptin groups with significant differences marked by asterisks.]FIGURE 7 | RT-PCR gene expression and cell cycle arrest. (A) PI3K/AKT/PTEN expression in PC3 and DU145 cell lines (B) DPP4 inhibition with Linagliptin induces of Cell cycle arrest in PC3 and DU145 cell lines. The results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control, *P < 0.05 Vs. Control. (C) Bar graph representing the quantitative of the different cell cycle stages in both PC3 and DU145.3.2.3 Linagliptin induces cell cycle arrest in both PC3 and DU145 PCa
Due to inadequate DNA repair mechanisms, the administration of chemotherapeutic agents typically halts the cell cycle and induces apoptosis in cancer cells. To ascertain if Linagliptin influences any cell cycle phase of PC3 and DU145 cells, we monitored the cell cycle in four phases: Sub G0, G0/G1, S, and G2/M in the treated population using flow cytometry following propidium iodide (PI) staining.
Linagliptin influences cell cycle progression in PC3 and DU145 (Figures 7B,C). 24 h of Linagliptin treatment significantly increased cellular arrest in the G0/G1 phase by 13% and S phase by 4% for PC3 cells; whereas in DU145, Linagliptin induced cell cycle arrest in the G0-G0/G1 phase by 6% followed by the S phase by 5% compared to the control group. Further the doses of Linagliptin were given to PC3 and DU145 cells for 24 h. Apoptotic cell death was determined by flow cytometry using the annexin V-FITC/PI kit. Doses of Linagliptin-40 µM - PC3, 60 µM - DU145, had significantly increase percentages of apoptotic cells in PC3 and DU145 respectively (Figure 12).
3.2.4 Cellular migration after Linagliptin treatment
Metastasis entails disseminating cancer cells from the primary tumor to secondary locations, facilitated by cellular migration and invasion within circulatory systems and the tissue matrix. We examined the impact of Linagliptin on the migratory capacity of PC3 and DU145 cells in vitro by a wound healing migration test. Transwell migration assay illustrates that Linagliptin impeded the migratory capacity of PC3 and DU145 cells, as indicated by the in vitro cytotoxicity reduction in the rate of wound closure relative to the control cells Figures 8A,B. The transwell migration assay revealed a significant reduction in the number of migrated cells in those treated with Linagliptin compared to the untreated control. This suggests that Linagliptin can impede the cellular migration of PC3 and DU145 cells in vitro, hence altering the metastatic potential of this aggressive prostate cancer cell type Figures 9A,B.
[image: Panel A contains wound healing assay micrographs for PC3 and DU145 cell lines under three conditions (Control, Linagliptin IC50, and Doxorubicin) at 0 and 24 hours, showing less wound closure in treated groups. Panel B is a bar graph displaying percentage wound closure, with controls showing higher closure than Linagliptin and Doxorubicin, and asterisks indicating statistical significance.]FIGURE 8 | (A) Wound healing assay on prostate cancer cells (PC3 and DU145) treated with Linagliptin and Doxorubicin (Positive Control), (B) Bar graph representing the quantification of the wound healing. Results were presented graphically and the results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control, **P < 0.01 Vs. Control, *P < 0.05 Vs. Control.[image: Bar graph and six microscopy images depict migrated cell counts in PC3 and DU145 cell lines after treatment. Both linagliptin and doxorubicin significantly reduce migrated cells compared to control. Microscopy images show fewer stained cells in treated samples.]FIGURE 9 | Transwell cell migration assay. (A) Representative photographs of migratory PC3 and DU145 treated with Linagliptin and Doxorubicin. (B) The results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control.3.2.5 DPP4 inhibition regulates hub genes in PC3 and DU145 cell line
Our study further confirms the status of hub genes, which regulate the PI3K/Akt pathway. Interestingly, Linagliptin regulates not all but most of the hub genes at the transcription level. Treatment with Linagliptin (DPP4i) for 24 h decreased the expression of FGF17 and PDGFRA in transcription level. FGF17 and PDGF are two major growth factors that regulate the PI3K/Akt pathway and are associated with its activation during cancer progression. A decrease in their expression inevitably decreased the activation of the PI3K/Akt pathway. Moreover, Linagliptin downregulated the expression of COL4A1 and COL4A2, which encodes collagenase in the tissue (Figure 10A). However, Linagliptin was found to have no role in KIT expression, which encodes tyrosine kinase receptors. The possible interaction of DPP4 with PDGF, FGF17, COL4A1 and COL9A2 is depicted in Figure 10B.
[image: Panel A presents four bar graphs showing relative mRNA expression levels of FGF17, COL4A1, PDGFRA, and COL4A2 normalized to beta-actin in PC3 and DU145 cell lines under control, Linagliptin, and Doxorubicin treatments, with Linagliptin significantly decreasing expression. Panel B features a network diagram displaying DPP4 at the center connected by red dashed lines to FGF17, PDGFRA, COL4A2, and COL9A1, and by solid lines to other genes, highlighting interaction pathways.]FIGURE 10 | Effect of Linagliptin on Hub genes (A) Expression of FGF17, COL4A1, PDGFRA, COL9A1 (B) Red dotted lines indicate possible interaction of DPP4 with FGF17, COL4A1, PDGFRA, COL9A1. The results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control.3.2.6 Linagliptin induces apoptosis in PCa
To visually confirm cellular death induced by Linagliptin in PC3 and DU145 cells, we performed AO/EtBr dual staining. The principle behind dual staining is to distinguish between different stages of apoptosis. AO stains live cells green; however, loss in the cellular membrane integrity leads EtBr to enter and stain cells as red. Moreover, the stages can be divided into live cells in green color, early apoptotic cells in green with fragmented chromatin, late apoptotic cells in orange, and necrotic cells in bright red (Liu et al., 2015). As shown in Figure 11A, Linagliptin treatment has increased the number of early and late apoptotic cells in the field compared to non-treated control cells. On the other hand, the positive control drug doxorubicin produced more necrotic cells than Linagliptin-treated cells, suggesting the probability of inducing future inflammation. To further confirm the initiation of apoptosis, we checked the expression level of pro and anti-apoptotic proteins. Linagliptin significantly reduced the expression of anti-apoptotic BCL-2 compared to the untreated control group and significantly increased the pro-apoptotic Bax and Bad expression. Linagliptin showed a better apoptotic induction than Doxorubicin (Figures 11B–D). In addition to microscopy and protein expression analysis, Annexin V-FITC/PI flow cytometry was performed to quantitatively assess apoptosis induction by Linagliptin. Flow cytometry data revealed a dose-dependent increase in apoptotic cell population, with the maximum apoptotic response up to 11.70% observed at 40 µM Linagliptin in PC3 cells, whereas 20.65% was observed in DU145 cells at 60 µM with early and late apoptotic cell populations significantly increased in both cell lines, confirming Linagliptin-induced apoptotic cell death (Figure 12).
[image: Panel A shows fluorescent microscopy images of PC3 and DU145 cells under three conditions: control, linagliptin (IC50), and doxorubicin, with increased yellow-red staining indicating more cell death in treated samples. Panels B, C, and D present bar graphs showing relative mRNA expression of Bax, Bad, and Bcl-2 respectively, in both cell lines and treatments, with significant increases in Bax and Bad and decreases in Bcl-2 for linagliptin and doxorubicin compared to control as indicated by asterisks.]FIGURE 11 | Linagliptin induces apoptosis in PC3 and DU145 prostate cancer cells. (A) AO/EtBr double staining assay–live cells and early apoptotic cells in green, with fragmented chromatin late apoptotic cells in orange and necrotic cells in bright red. (B) Bax expression (C) Bad expression (D) Bcl-2 expression. The results are expressed in mean ± SD of three independent experiments. ***P < 0.001 vs. Control, **P < 0.01 vs. Control, *P < 0.05 Vs. Control.[image: Six-panel figure showing flow cytometry dot plots for PC3 (top row, red) and DU145 (bottom row, blue) prostate cancer cell lines. Each plot analyzes Annexin V-FITC versus 7-AAD staining, with quadrants marked and apoptotic percentages indicated. Control, low, and high concentrations of linagliptin are compared, revealing increased upper right quadrant percentages at higher doses, suggesting elevated apoptosis levels in both cell lines.]FIGURE 12 | Apoptosis assay was performed with flow cytometry using PI and Annexin V-FITC double staining. Linagliptin induced apoptosis in PC3 and DU145 cells in a concentration-dependent manner.3.2.7 DPP4 inhibition downregulates FGF17 expression, and suppresses PI3K/AKT signaling
To validate the transcriptomic data, suppression of PI3K/Akt signaling upon DPP4 inhibition, we performed Western blot analysis in PC3 and DU145 cells treated with Linagliptin. DPP4 inhibition led to a marked reduction in the levels of phosphorylated PI3K (p-PI3K) and phosphorylated Akt (p-Akt), indicating suppression of the PI3K/Akt signaling axis (Figures 13A,B). Total Akt protein levels remained unchanged, suggesting that the observed decrease was due to reduced pathway activation rather than total protein depletion. GAPDH and β-actin were used as loading controls and showed consistent expression across all samples. These results confirm that DPP4 inhibition attenuates PI3K/Akt signaling at the protein level, supporting a mechanistic link between DPP4 activity and oncogenic pathway activation in PCa (Figure 13).
[image: Western blot and bar graph panels compare protein expression in PC3 and DU145 cell lines treated with increasing concentrations of a compound. Blots show decreased FGF17, pPI3K, and pAKT levels with higher doses, while AKT and GAPDH or β-Actin serve as controls. Bar graphs quantify significant dose-dependent reductions in FGF17, pPI3K, and pAKT/AKT ratios across groups, indicated by asterisks for statistical significance.]FIGURE 13 | The effect of Linagliptin on FGF17, PI3K/Akt signaling pathway in PCa, A, B Expression of FGF17, PI3K/AKT in PCa, PC3 and DU145 both treated with varying concentrations of Linagliptin (0, 20, and 40 µM for PC3 and 0, 20, and 60 µM for DU145) for 24 h and cell lysates were subjected to western blot analysis with FGF17, PI3K, p-AKT and AKT anti-bodies, followed by sequential re-probing against GAPDH and beta-actin. The bar graph depicts densitometric expression analysis of FGF17, PTEN, PI3K, p-AKT and AKT. All the experiments were performed in triplicates and the data expressed as Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.This study clearly demonstrates that Linagliptin, a well-known DPP-4 inhibitor, can regulate the progression of prostate cancer cells by modulating the PI3k/Akt pathway and its key genes, as illustrated in the schematic presentation (Figure 14). Consequently, it induces apoptosis in prostate cancer cells in vitro. This highlights the in vitro molecular mechanism underlying Linagliptin’s anti-proliferative efficacy in prostate cancer.
[image: Diagram illustrating signaling pathways in prostate cancer related to DPP4, PDGF, and FGF17, showing their interactions with cell surface receptors, the effects of linagliptin inhibition, and downstream activation of PI3K and Akt leading to proliferation, angiogenesis, and cell survival.]FIGURE 14 | Systemic representation of DPP4 inhibitor downregulating FGF17and PDGF Prostate cancer progression via PI3K/AKT pathway.4 DISCUSSION
Prostate cancer (PCa) remains a significant clinical challenge due to its complex molecular heterogeneity and variable treatment responses. Our integrated genomic-transcriptomic investigation has systematically identified DPP4 as a critical molecular regulator of PCa progression through modulation of the PI3K/Akt signaling pathway. These findings provide novel mechanistic insights that advance our understanding of PCa pathogenesis and potential therapeutic interventions. The central role of PI3K/Akt signaling in PCa development and progression has been extensively documented (Wise et al., 2017). Our study builds upon this foundation by employing a comprehensive systems biology approach to identify 22 hub genes (Figures 2A–D) of which 8 genes (FGF17, NGFR, NTRK1, KIT, PDGFRA, ITGA5, COL4A2, COL9A1) significantly enriched in this pathway (Figures 3A–D). The frequent loss of PTEN, a key negative regulator of PI3K/Akt signaling observed in 40%–60% of advanced PCa cases (Jamaspishvili et al., 2018), Cross talk pathway analysis for those hub genes further confirms their role in the Androgen receptor (AR) and Mitogen-Activated Protein Kinase (MAPK) signaling pathways Supplementary Figure S2. Previous studies have reported DPP4’s involvement in AR signaling and MAPK pathways. For example, DPP4 has been shown to influence AR signaling and contribute to progression of castration-resistant PCa (Russo et al., 2018), as well as modulate MAPK-related FGF signaling (Wesley et al., 2005). According to Hashemi et al., 2023, PI3k/Akt pathway is frequently activated in advanced prostate cancer. Further DPP4 and PI3k/Akt pathway in prostate cancer is an area of ongoing research.
TCGA-PRAD cohort analysis revealed a strong association between elevated DPP4 expression and poor clinical outcomes was observed through overall survival analysis (Figures 4A–D), a finding that aligns with previous reports of DPP4 overexpression in metastatic PCa (Lu et al., 2022). However, our study significantly extends these observations by demonstrating that this prognostic association may be mechanistically linked to DPP4-mediated activation of PI3K/Akt signaling (Figures 5A–C). This connection provides a plausible explanation for the aggressive phenotype observed in DPP4-high tumors and suggests potential therapeutic vulnerabilities that could be exploited in clinical settings.
Treatment with the DPP4 inhibitor Linagliptin resulted in marked suppression of PI3K/Akt signaling pathway. The observed dose-dependent effects included: (i) significant downregulation of PI3K and AKT expression (Figure 7Aii associated upregulation of PTEN, (Figure 7Aiii) induction of G1/S cell cycle arrest (Figures 7B,C). This result strongly supports DPP4’s role as a key upstream regulator of this oncogenic signaling cascade in PCa.
Linagliptin’s anti-metastatic properties demonstrated superior efficacy compared to doxorubicin in both wound healing (Figures 8A,B) and transwell migration assays (Figures 9A,B), suggesting that DPP4 inhibition may represent a promising strategy for preventing or treating metastatic PCa. The molecular basis for this activity appears to involve DPP4’s regulation of extracellular matrix components and growth factor signaling pathways, particularly through modulation of FGF17 and PDGFRA expression. The downregulation of FGF17 and PDGFRA (Figures 10A, 13A,B) following DPP4 inhibition provides important context to previous studies linking these growth factors to PCa progression (Teishima et al., 2019). From Figure 10A, DPP4 inhibition also affects collagen genes (COL4A1, COL9A2) offers new insights into potential mechanisms of tumor microenvironment remodeling in PCa, a process that has been increasingly recognized as critical for cancer progression (Zhang et al., 2023). The shift in apoptotic balance we observed (decreased BCL2 with increased BAX expression Figures 11B,C) following DPP4 inhibition further supports the growing recognition of DPP4’s role in cell survival pathways.
Our results strongly support the oncogenic function in primary PCa through PI3K/Akt activation, while some studies have suggested that the DPP4 role is influenced by tissue type, disease stage, and treatment context. DPP4 is found at higher levels in malignant prostate tissue compared to benign or normal prostate tissue. This increased expression is associated with PCa progression and correlates with factors such as prostate-specific antigen (PSA) levels, tumor size, and overall stage of the disease. The reasons behind these varying levels may be connected to the tumor microenvironment and how the tumor interacts with different growth factors and signaling pathways.
In the localized stage of prostate cancer, DPP4 activity may be relatively high, while in advanced metastatic disease, its activity can be reduced. This reduction in activity in advanced disease may be due to a low-molecular-weight inhibitor, suggesting a potential difference in the role of DPP4 in different stages of the disease. Large population-based studies indicate that DPP4 inhibitors confer a survival advantage across various disease stages.
Particularly after treatments like androgen deprivation therapy, this emphasizes the need for a nuanced understanding of its biological context in different phases of PCa. Various treatments, including chemotherapy, androgen deprivation therapy, prostatectomy, and radiation therapy, suggesting that the benefit is not limited to a specific subgroup. DPP4 inhibitors, commonly used for type 2 diabetes, have shown potential in treating advanced prostate cancer in some contexts by improving overall survival. However, the enzyme’s role can shift depending on the progression of the disease and the treatment. Furthermore, studies suggest that DPP4 may act as a tumor suppressor gene in the AR pathway, and its inhibition could potentially accelerate prostate cancer progression, particularly after androgen deprivation therapy.
These findings highlight the importance of considering tissue-specific expression, disease stage and treatment context when evaluating DPP4-targeted therapies in prostate cancer, as their efficacy appears closely tied to the unique biology of this tumor type (Russo et al., 2018; Shah et al., 2019; Mangoura et al., 2024). Such context-dependent behavior underscores the importance of careful patient selection in potential clinical applications of DPP4-targeted therapies. While Linagliptin was chosen for its relevance and specificity to DPP4, though we recognize the limitations of using a single agent and the possibility of off-target effects. Future studies will employ complementary methods, like DPP4-specific siRNA knockdown, and other DPP4 inhibitors, to better confirm DPP4’s role in PI3K/Akt signaling and ensure the observed effects are due to DPP4 inhibition. The clinical implications of our findings are particularly significant given that DPP4 inhibitors are already FDA-approved for diabetes management. Our results provide a strong mechanistic rationale for re-purposing these agents in PCa treatment, building upon epidemiological studies suggesting improved outcomes in diabetic PCa patients taking DPP4 inhibitors (Pan et al., 2021). The multi-modal effects suggest that DPP4 inhibitors could offer comprehensive therapeutic benefits in PCa management.
5 CONCLUSION
To understand the PCa heterogeneity, we integrated whole genome SNV data with transcriptomic profiles from TCGA-PRAD. Although the majority of SNVs were located in non-coding regions, a subset of exonic mutations, primarily missense variants were functionally annotated, revealing 3.806 genes with deleterious effect on protein function. Integration of these deleterious mutation genes with differentially expressed genes identified 357 common genes, including 22 hub genes, with significant enrichment in PI3K/Akt pathway. Among these hubs, DPP4 was found to modulate key regulators of this pathway, such as FGF17, PDGFRA, COL4A1 and COL9A2. Our findings suggest that DPP4 inhibition via (Linagliptin) may suppress regulate PI3K/Akt signaling thereby impacting the cell survival and potentially suppressing PCa metastasis. These results highlight DPP4 as a promising therapeutic target for PCa, warranting further in-vivo validation and mechanistic studies.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
KC: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Validation, Visualization, Writing – original draft. EA: Funding acquisition, Investigation, Project administration, Resources, Software, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
ACKNOWLEDGMENTS
The authors would like to acknowledge the School of Biosciences and Technology, Vellore Institute of Technology, for the resources and facilities. ICMR provided the Senior Research Fellowship to Chitluri Kiran Kumar vide BMI/11(54)/2022. The authors would like to acknowledge Dr. Tamizhselvi R and Tiasha Dasgupta for their support in shaping the manuscript. The authors would also like to thank Ritee Basu for providing the DPP IV activity assay kit.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1606914/full#supplementary-material
REFERENCES
	Adzhubei, I., Jordan, D. M., and Sunyaev, S. R. (2013). Predicting functional effect of human missense mutations using PolyPhen-2. Curr. Protoc. Hum. Genet. 76, Unit7.20. doi:10.1002/0471142905.hg0720s76

	Antonarakis, E. S., Gomella, L. G., and Petrylak, D. P. (2020). When and how to use PARP inhibitors in prostate cancer: a systematic review of the literature with an update on On-Going trials. Eur. Urol. Oncol. 3, 594–611. doi:10.1016/j.euo.2020.07.005

	Berger, M. F., and Mardis, E. R. (2018). “The emerging clinical relevance of genomics in cancer medicine,”, 15. England, 353–365. doi:10.1038/s41571-018-0002-6Nat. Rev. Clin. Oncol.

	Bhargavi, R., Khilwani, B., Kour, B., Shukla, N., Aradhya, R., Sharma, D., et al. (2023). Prostate cancer in India: current perspectives and the way forward. J. Reprod. Healthc. Med. 4, 8. doi:10.25259/jrhm_17_2023

	Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H., Creighton, C. J., Ponce-Rodriguez, I., Chakravarthi, BVSK, et al. (2017). UALCAN: a portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia 19, 649–658. doi:10.1016/j.neo.2017.05.002

	Chitluri, K. K., and Emerson, I. A. (2024). “The importance of protein domain mutations in cancer therapy,” 10. doi:10.1016/j.heliyon.2024.e27655Heliyon e27655

	Creighton, C. J. (2023). Gene expression profiles in cancers and their therapeutic implications. Cancer J. U. S. 29, 9–14. doi:10.1097/PPO.0000000000000638

	Crumbaker, M., Khoja, L., and Joshua, A. (2017). AR signaling and the PI3K pathway in prostate cancer. Cancers (Basel) 9, 34. doi:10.3390/cancers9040034

	Ferroni, C., Del Rio, A., Martini, C., Manoni, E., and Varchi, G. (2019). Light-induced therapies for prostate cancer treatment. Front. Chem. 7, 719. doi:10.3389/fchem.2019.00719

	Gatenby, R. A., and Brown, J. S. (2020). The evolution and ecology of resistance in cancer therapy. Cold Spring Harb. Perspect. Med. U. S. 10, a040972. doi:10.1101/cshperspect.a040972

	Ge, S. X., Jung, D., and Yao, R. (2020). “ShinyGO: a graphical gene-set enrichment tool for animals and plants,” Editor A. Valencia, 36, 2628–2629. doi:10.1093/bioinformatics/btz931

	He, Y., Sun, M. M., Zhang, G. G., Yang, J., Chen, K. S., Xu, W. W., et al. (2021). “Targeting PI3K/Akt signal transduction for cancer therapy,”, 6. Signal Transduct. Target Ther. 425. doi:10.1038/s41392-021-00828-5

	Hoang, D. T., Iczkowski, K. A., Kilari, D., See, W., and Nevalainen, M. T. (2017). “Androgen receptor-dependent and -independent mechanisms driving prostate cancer progression: opportunities for therapeutic targeting from multiple angles,”, 8. Oncotarget , 3724–3745. doi:10.18632/oncotarget.12554

	Jamaspishvili, T., Berman, D. M., Ross, A. E., Scher, H. I., De Marzo, A. M., Squire, J. A., et al. (2018). Clinical implications of PTEN loss in prostate cancer. Nat. Rev. Urol. 15, 222–234. doi:10.1038/nrurol.2018.9

	Jillson, L. K., Yette, G. A., Laajala, T. D., Tilley, W. D., Costello, J. C., and Cramer, S. D. (2021). Androgen receptor signaling in prostate cancer genomic subtypes. Cancers (Basel). Switz. 13, 3272. doi:10.3390/cancers13133272

	Kinsella, R. J., Kahari, A., Haider, S., Zamora, J., Proctor, G., Spudich, G., et al. (2011). Ensembl BioMarts: a hub for data retrieval across taxonomic space. Database 2011, bar030. doi:10.1093/database/bar030

	Li, C., Cheng, D., and Li, P. (2025). Androgen receptor dynamics in prostate cancer: from disease progression to treatment resistance. Front. Oncol. 15, 1542811. doi:10.3389/fonc.2025.1542811

	Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. Engl. 48, W509–W514. doi:10.1093/nar/gkaa407

	Liu, K., Liu, P., Liu, R., and Wu, X. (2015). Dual AO/EB staining to detect apoptosis in osteosarcoma cells compared with flow cytometry. Med. Sci. Monit. Basic Res. U. S. 21, 15–20. doi:10.12659/MSMBR.893327

	Lu, S., Yin, H., Yu, O. H. Y., and Azoulay, L. (2022). Incretin-based drugs and the incidence of prostate cancer among patients with type 2 diabetes. Epidemiology 33, 563–571. doi:10.1097/EDE.0000000000001486

	Ma, M., Zhu, Y., Xiao, C., Li, R., Cao, X., Kang, R., et al. (2024). “Novel insights into RB1 in prostate cancer lineage plasticity and drug resistance,” in Tumori J . 03008916231225576: SAGE Publications Ltd STM. doi:10.1177/03008916231225576

	Maitland, N. J. (2021). Resistance to antiandrogens in prostate cancer: is it inevitable, intrinsic or induced?Cancers (Basel). Switz. 13, 327. doi:10.3390/cancers13020327

	Mangoura, S. A., Ahmed, M. A., and Zaka, A. Z. (2024). New insights into the pleiotropic actions of dipeptidyl Peptidase-4 inhibitors beyond glycaemic control. touchREVIEWS Endocrinol. 20, 19–29. doi:10.17925/EE.2024.20.2.5

	Pan, K., Skelton, W. P., Elzeneini, M., Nguyen, T.-C., Franke, A. J., Ali, A., et al. (2021). A multi-center retrospective analysis examining the effect of dipeptidyl Peptidase-4 inhibitors on progression-free survival in patients with prostate cancer. Cureus 13, e14712. doi:10.7759/cureus.14712

	Russo, J. W., Gao, C., Bhasin, S. S., Voznesensky, O. S., Calagua, C., Arai, S., et al. (2018). Downregulation of dipeptidyl peptidase 4 accelerates progression to castration-resistant prostate cancer. Cancer Res. U. S. 78, 6354–6362. doi:10.1158/0008-5472.CAN-18-0687

	Sekhoacha, M., Riet, K., Motloung, P., Gumenku, L., Adegoke, A., and Mashele, S. (2022). “Prostate cancer review: Genetics, diagnosis, treatment options, and alternative approaches,”, 27. Molecules . doi:10.3390/molecules27175730

	Shah, C., Hong, Y.-R., Bishnoi, R., Ali, A., Skelton, W. P., Dang, L. H., et al. (2019). DPP4 inhibitors as novel agents in improving survival in patients with prostate cancer: a SEER-medicare study. J. Clin. Oncol. 37, e16532. doi:10.1200/JCO.2019.37.15_suppl.e16532

	Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi:10.1101/gr.1239303

	Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics, 2023. CA Cancer J. Clin. 73, 17–48. doi:10.3322/caac.21763

	Silberstein, J. L., Pal, S. K., Lewis, B., and Sartor, O. (2013). “Current clinical challenges in prostate cancer,”, 2. Transl. Androl. Urol. , 122–136. doi:10.3978/j.issn.2223-4683.2013.09.03

	Szklarczyk, D., Gable, A. L., Nastou, K. C., Lyon, D., Kirsch, R., Pyysalo, S., et al. (2021). The STRING database in 2021: customizable protein–protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 49, D605–D612. doi:10.1093/nar/gkaa1074

	Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: an enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res. Engl. 47, W556–W560. doi:10.1093/nar/gkz430

	Teishima, J., Hayashi, T., Nagamatsu, H., Shoji, K., Shikuma, H., Yamanaka, R., et al. (2019). Fibroblast growth factor family in the progression of prostate cancer. J. Clin. Med. 8, 183. doi:10.3390/jcm8020183

	Waarts, M. R., Stonestrom, A. J., Park, Y. C., and Levine, R. L. (2022). “Targeting mutations in cancer,”, 132(8):e154943. J. Clin. Invest . doi:10.1172/JCI154943

	Wang, G., Wang, J., and Sadar, M. D. (2008). Crosstalk between the androgen receptor and β-Catenin in castrate-resistant prostate cancer. Cancer Res. 68, 9918–9927. doi:10.1158/0008-5472.CAN-08-1718

	Wasim, S., Park, J., Nam, S., and Kim, J. (2023). Review of current treatment intensification strategies for prostate cancer patients. Cancers 15, 5615. doi:10.3390/cancers15235615

	Wesley, U. V., McGroarty, M., and Homoyouni, A. (2005). Dipeptidyl peptidase inhibits malignant phenotype of prostate cancer cells by blocking basic fibroblast growth factor signaling pathway. Cancer Res. 65, 1325–1334. doi:10.1158/0008-5472.CAN-04-1852

	Wise, H. M., Hermida, M. A., and Leslie, N. R. (2017). Prostate cancer, PI3K, PTEN and prognosis. Clin. Sci. 131, 197–210. doi:10.1042/CS20160026

	Zhang, Q., An, Z.-Y., Jiang, W., Jin, W.-L., and He, X.-Y. (2023). Collagen code in tumor microenvironment: functions, molecular mechanisms, and therapeutic implications. Biomed. Pharmacother. 166, 115390. doi:10.1016/j.biopha.2023.115390


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Chitluri and Arnold. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
ORIGINAL RESEARCH
published: 04 August 2025
doi: 10.3389/fphar.2025.1634985
[image: image2]
Integrative analysis of lactylation related genes in prostate cancer: unveiling heterogeneity through single-cell RNA-seq, bulk RNA-seq and machine learning
Chenghao Zhou, Lifeng Ding, Huailan Wang, Gonghui Li* and Lei Gao*
Department of Urology, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, China
Edited by:
Lei Yin, Shanghai Jiaotong University School of Medicine, China
Reviewed by:
Ronghao Wang, Southwest Medical University, China
Shengfeng Zheng, Fudan University, China
*Correspondence:
 Gonghui Li, 3193119@zju.edu.cn; Lei Gao, drgaolei0417@zju.edu.cn
Received: 25 May 2025
Accepted: 21 July 2025
Published: 04 August 2025
Citation:
Zhou C, Ding L, Wang H, Li G and Gao L (2025) Integrative analysis of lactylation related genes in prostate cancer: unveiling heterogeneity through single-cell RNA-seq, bulk RNA-seq and machine learning. Front. Pharmacol. 16:1634985. doi: 10.3389/fphar.2025.1634985
Introduction
Lactylation, a post-translational modification characterized by the attachment of lactate to protein lysine residues on proteins, plays a pivotal role in cancer progression and immune evasion. However, its implications in immunity regulation and prostate cancer prognosis remains poorly understood. This study aims to systematically examine the impact of lactylation-related genes (LRGs) on prostate cancer.
Methods
Single-cell and bulk RNA sequencing data from patients with prostate cancer were analyzed. Data were sourced from TCGA-PRAD, GSE116918, and GSE54460, with batch effects mitigated using the ComBat method. LRGs were identified from exisiting literature, and unsupervised clustering was applied to assess their prognostic siginificance. The tumor microenvironment and functional enrichment of relevant pathways were also evaluated. A prognostic model was developed using integrative machine learning techniques, with drug sensitivy analysis included. The mRNA expression profiles of the top ten genes were validated in clinical samples.
Results
Single-cell RNA sequencing revealed distinct lactylation signatures across various cell types. Bulk RNA-seq analysis identified 56 prognostic LRGs, classifying patients into two distinct clusters with divergent prognoses. The high-risk cluster exhibited reduced immune cell infiltration and increased resistance to specific targeted therapies. A machine learning-based prognostic signature was developed, demonstrating robust predictive accuracy for treatment responses and disease outcomes.
Conclusion
This study offers a comprehensive analysis of lactylation in prostate cancer, identifying potential prognostic biomarkers. The proposed prognostic signature provides a novel approach to personalized treatment strategies, deepening our understanding of the molecular mechanisms driving prostate cancer and offering a tool for predicting therapeutic responses and clinical outcomes.

Keywords: prostate cancer, lactylation, prognostic biomarker, machine learning, personalized treatment, immune microenvironment
BACKGROUND
Prostate cancer (PCa) is a leading malignancy in men, is shaped by a complex interplay of genetic, metabolic, and immunological factors that drive its progression and therapeutic resistance (Chen et al., 2021). The disease’s heterogeneity is reflected in its diverse genetic landscape, with notable genomic alterations, including TMPRSS2-ERG fusions and SPOP mutations, emerging in the early stages (He et al., 2022). Next-generation sequencing has revolutionized our understanding of PCa’s genomic landscape, uncovering a range of genetic abnormalities that are linked to disease progression and resistance to treatment (Fujita and Nonomura, 2019; Guo et al., 2024). Recent studies highlight the importance of metabolic shifts within the tumor microenvironment (TME), particularly the roles of lactic acid and lactylation in promoting cancer advancement and immune evasion (Zha et al., 2024).
Lactylation, the covalent attachment of lactate to protein lysine residues, is gaining recognition as a critical post-translational modification (PTM) that bridges metabolism and epigenetics, with profound implications for cancer biology (Brown and Ganapathy, 2020; Lv et al., 2023). In PCa cells, metabolic reprogramming in prostate cancer cells, characterized by the Warburg effect, leads to a shift towards aerobic glycolysis, resulting in lactate production even in the presence of oxygen (Luo et al., 2022). While previously considered a metabolic anomaly; lactate is now understood to function as a signaling molecule and a regulator of gene expression through lactylation. Once regarded solely as a byproduct of anaerobic metabolism, lactate is now recognized for its roles in systemic metabolism, cellular signaling, and as a substrate for oxidative metabolism in other tissues (Li et al., 2022). In PCa, lactate metabolism and lactylation contribute to immune evasion, angiogenesis, and the modulation of tumor microenvironment (TME).
The TME in PCa is characterized by hypoxia and acidosis, conditions that foster promote lactate accumulation (Liang et al., 2024). Through its receptor GPR81, lactate exerts a significant impact on cellular metabolism and tumor growth, independent of monocarboxylate transporters, protons, and glucose metabolism (He et al., 2024). Lactate also stabilizes hypoxia-inducible factor-1α (HIF-1α), a key regulator of the hypoxic response, which in turn activates the transcription of genes involved in tumorigenesis (Berglund et al., 2018). Additionally, lactate influences the immunological landscape of PCa by modulating immune cell function, facilitating immunosuppression and immune evasion. Lactate accumulation in the TME acidifies the environment, impairing T lymphocyte activity and inducing tumor-associated macrophages (TAMs) to adopt a pro-tumorigenic M2 phenotype (Luo et al., 2022).
This study provides a comprehensive analysis of lactylation-associated data derived from single-cell and bulk RNA sequencing, utilizing multiple databases to explore gene expression patterns. A novel prognostic biomarker was developed based on lactylation-related genes (LRGs). This biomarker evaluated the relationship between the LRG signature and various clinical and pathological features, as well as its correlation with PCa progression. Additionally, this study investigated the signature’s association with the TME, genetic mutations, and the effectiveness of immuno- and chemotherapy with PCa. Lastly, the mRNA expression profiles of top ten genes were valdated using ten paired prostate cancer clinical samples.
MATERIALS AND METHODS
Data collection and processing
RNA-seq data and corresponding clinical information for TCGA-PRAD were obtained from UCSC-XENA (https://xenabrowser.net/datapages/). Gene microarray data and clinical details from 248 patients with PRAD in the GSE116918 cohort and 106 patients in the GSE54460 cohort were retrieved from the Gene Expression Omnibus (GEO) database. The ComBat method from the sva package was applied to integrate and adjust for batch effects across the GSE116918, GSE54460, and TCGA-PRAD datasets. Public cancer databases, including GSCA (Liu et al., 2022), Tumor Immune Dysfunction and Exclusion (TIDE) (Jiang et al., 2018), and TISCH2 (Han et al., 2022), were also utilized in the study. As the datasets were publicly available, approval from an Ethical Review Committee and informed consent were not necessary. Patients without prognostic information or expression profiles were excluded from the analysis. The single-cell sequencing dataset of GSE176031 was downloaded from TISCH2, which included 19,969 genes and 15,339 cells. The filtered dataset was further analyzed using the Seurat package, with PCA and t-SNE applied for effective cell sample clustering. The COSG package was utilized for detailed cell type annotation and key gene selection in single-cell data (Dai et al., 2022). To identify genes linked to lactylation-related genes (LRGs), 327 genes were compiled from previously published studies (PMID37242427, PMID35761067. Supplementary Table S1).
We also employed the Single-Cell Identification of Subpopulations by Correlating with bulk Sample phenotypes (SCISSOR) method to investigate, at single-cell resolution, how LRGS relates to prognostic phenotypes, by jointly analyzing survival outcomes and transcriptomic data from the combined cohort (Sun et al., 2022).
Unsupervised clustering of lactylation-related genes
For unsupervised clustering of the LRGs, we utilized the “ConsensusClusterPlus” R package (Wilkerson and Hayes, 2010). Agglomerative clustering was conducted using a spearman correlation distance metric was performed, with 80% of the samples resampled for 10 repetitions. The optimal number of clusters was determined using an empirical cumulative distribution function plot. Kaplan-Meier analysis was performed to assess the RFS (Recurrence Free Survival) of patients with PRAD across different clusters.
Evaluation of the cell tumor microenvironment and functional enrichment of pathways
An immune landscape specific to patients with PRAD was developed to explore the regulatory influence of the LRG score model on the TME. The immune gene signature encompasses the expression of key immune checkpoints and the infiltration characteristics of diverse immune cells. Gene signatures of immune cells were sourced from seven different platforms using the IOBR package: TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC (Zeng et al., 2024). GO and KEGG pathway analyses were conducted using the clusterProfiler package (v4.6.2) (Wu et al., 2021). Further, gene set variation analysis (GSVA) and gene set enrichment analysis (GSEA) were conducted using the GSVA package (v1.46.0) to assess the various gene signatures (Hänzelmann et al., 2013).
Development of a prognostic model using integrated machine learning techniques
To ensure a reliable identification of LRGs, 10 machine-learning algorithms were integrated to enhance accuracy and stability. These algorithms included various techniques such as random survival forest (RSF), elastic network (Enet), Lasso, Ridge, stepwise Cox, CoxBoost, partial least squares regression for Cox (plsRcox), supervised principal components (SuperPC), generalized boosted regression modeling (GBM), and survival support vector machine (survival-SVM). The signature generation process involved: (a)applying these algorithm combinations to the 56 identified prognostic LRGs to build predictive models in the combined cohort, and (b) cross-validating all models using separate datasets (GSE116918, GSE54460, and TCGA-PRAD). The Harrell’s concordance index (C-index) was computed for each model across all validation datasets, and the model with the highest average C-index was deemed as optimal.
Potential drug sensitivity analysis
The oncoPredict R package (Maeser et al., 2021) was used to predict the chemosensitivity of patients with PRAD based on their LRG Risk Score (LRGRS). This approach correlates patients’ tissue gene expression profiles with those of cancer cell lines to estimate the half-maximal inhibitory concentration (IC50). The Wilcoxon test was employed to compare differences in drug IC50 value between high- and low-risk groups, with statistical significance set at p < 0.05.
Collection of patient samples, RNA extraction, and quantitative real-time PCR
The study was approved by the Ethics Committee of Sir Run Shaw Hospital, Zhejiang University, with all patients providing written informed consent. All procedures were performed in accordance with the Declaration of Helsinki. Expression of LRGs was assessed in 20 tissue samples collected from randomly selected patients. The specimen collection process involved the following steps: patient selection and consent, tissue collection, fixation, embedding, sectioning, histopathological analysis, sample storage, and RNA extraction. Tissue RNA was extracted using TRIzol reagent (Invitrogen, CA, United States). First-strand cDNA synthesis was performed using the HiFiScript cDNA Synthesis Kit (CWBio), and real-time quantitative PCR (RT-qPCR) was conducted using the SYBR Green method on a Roche LightCycler® 480 System. Primer sequences used in this study are listed in Table 1.
TABLE 1 | Primers of top ten LRGs.	Gene symbol	Primer F	Primer R
	RBM17	AGT​GGA​GAC​CAG​TGA​CTC​AAA	CTG​GGG​CGA​GGA​CTG​TAC​T
	MTA1	ACG​CAA​CCC​TGT​CAG​TCT​G	GGG​CAG​GTC​CAC​CAT​TTC​C
	PRAM1	GCA​GCC​TGA​GTT​GAG​TAC​CTT	GGC​ACG​GAC​TTC​TTA​GGG​AG
	RACGAP1	ATG​ATG​CTG​AAT​GTG​CGG​AAT	CGC​CAA​CTG​GAT​AAA​TTG​GAC​TT
	VIM	GAC​GCC​ATC​AAC​ACC​GAG​TT	CTT​TGT​CGT​TGG​TTA​GCT​GGT
	MKI67	ACG​CCT​GGT​TAC​TAT​CAA​AAG​G	CAG​ACC​CAT​TTA​CTT​GTG​TTG​GA
	MNDA	AAC​TGA​CAT​CGG​AAG​CAA​GAG	CCT​GAT​TCG​GAG​TAA​ACG​AAG​TG
	CCNA2	CGC​TGG​CGG​TAC​TGA​AGT​C	GAG​GAA​CGG​TGA​CAT​GCT​CAT
	RBM10	ATG​GAG​TAT​GAA​AGA​CGT​GGT​GG	TCC​CGG​TAG​TCG​TGG​TCT​C
	KIF2C	CTG​TTT​CCC​GGT​CTC​GCT​ATC	AGA​AGC​TGT​AAG​AGT​TCT​GGG​T


Statistical analysis
All statistical analyses were conducted using R software (version 4.4.1). A chi-squared test was used to compare clinical characteristics between the training and internal validation sets. The Wilcoxon test, a non-parametric method, was used to assess differences between variables that did not follow a normal distribution. Differentially expressed genes (DEGs) were evaluated for statistical significance using FDR-corrected p-values. Biochemical recurrence-free survival (BCR) among subgroups was compared using Kaplan-Meier survival analysis and the log-rank test with the “survival” package in R. Independent prognostic factors were analyzed using univariate and multivariate Cox regression models. Model performance was evaluated using ROC curve analysis and AUC calculation with the “timeROC” package in R. Spearman’s correlation analysis was conducted to assess the relationship between risk scores and immune cell infiltration. A Student’s t-test was used to analyze qRT-PCR results. Statistical significance was defined as p < 0.05, unless otherwise stated.
RESULTS
Lactylation characteristic in single-cell transcriptome
Single-cell RNA sequencing data from 34,155 PCa cellsusing were anlyzed using the TISCH2 dataset. Dimensionality reduction was performed on the top 2,000 variant genes via principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE). Cells were clustered into 40 groups with a resolution of 0.8. Ten primary cell clusters were identified based on marker genes specific to various cell types: CD8T, epithelial, fibroblasts, malignant, mast, mono. macro, plasma, progenitor, and Treg cells (Figure 1A). Differential gene expression is illustrated in the volcano plot (Figure 1B), while the heatmap highlights the top five marker genes for each cell population (Figure 1C). Functional enrichment analysis of these cell types were analyzed based on Hallmark, KEGG and Reactome pathways (Figures 1D–F).
[image: Panel A shows a tSNE plot with distinct clusters representing cell types labeled as Epithelial, Malignant, Fibroblast, Mast, Mono/Macro, Plasma, Progenitor, Treg, and CD8T. Panel B presents dot plots illustrating the distribution of average log2 fold changes in gene expression for each cell type, with labeled genes. Panel C features a heatmap displaying gene expression levels across cell types, with expression intensity indicated by color. Panel D is a hierarchical clustered heatmap displaying pathway scores for different cell types. Panel E is a dot plot visualizing KEGG pathway enrichment by cell type, with dot size indicating gene ratio and color for adjusted p-value. Panel F is a dot plot showing Reactome pathway enrichment, similarly encoded by gene ratio and p-value color, across cell types.]FIGURE 1 | Single-cell RNA sequencing data analysis in PRAD cohort. (A) The results of the dimension reduction cluster analysis are shown in the t-SNE diagram. (B) Violin plots showing the distribution of average log2 fold change in gene expression for significant genes across different cell types. (C) Heatmap representation of gene expression profiles across various cell types. (D) Hallmark pathways, (E) KEGG pathways and (F) Reactome enrichment analysis among different cell types.Lactylation activity was assessed using the “AddModuleScore” function from the Seurat package to evaluate the expression levels of a 257-gene set across various cell types (Figure 2A). Cells were categorized into high- and low-lactylation groups based on their lactylation activity (Figure 2B). Among the 9 cell types, CD8T and malignant cells exhibited significantly higher lactylation activity (Figures 2C–F).
[image: Panel A shows a tSNE scatter plot colored by lactylation score ranging from blue (low) to red (high); Panel B shows the same plot with cells grouped by high (yellow) or low (blue) lactylation score. Panel C displays a violin plot comparing lactylation scores across different cell clusters. Panel D presents a line plot showing the percentage of each cell cluster in high and low lactylation score groups. Panel E is a stacked bar graph comparing the proportion of cell types in high versus low lactylation groups. Panel F displays stacked bar graphs of cell type composition by patient case.]FIGURE 2 | Lactylation characteristic in the single-cell transcriptome. (A) The activity score of lactylation in each cell types with t-SNE plot. (B) The high- and low-lactylation score group with t-SNE plot. (C) The distribution of the lactylation score in different cell types. (D) The dotplot and (E) barplot of different cell type percentage between high- and low-lactylation score. (F) The barplot of cell type percentage among different patients.Identification of lactylation patterns in bulk RNA-seq
To enhance statistical power and diversity, the GSE116918, GSE54460 and TCGA-PRAD datasets were integrated using the ComBat method. Resulting in a merged cohort consisting of 15,245 genes and 822 patients. Univariate Cox regression analysis was conducted to investigate the prognostic significance of 327 LRGs. Fifty-six genes were found to be significantly associated with RFS (P value <0.01, Figure 3A). Unsupervised cluster analysis based on the 56 prognostic genes categorized samples from the combined cohort into two distinct groups, Cluster A and Cluster B (Figure 3B). Survival analysis revealed that Cluster B was associated with a worse prognosis that Cluster A (P < 0.05, Figure 3C). Figure 3D presents a boxplot illustrating the variations in prognostic genes between Cluster A and Cluster B. The heatmap demonstrated the association of prognostic genes expressions among age, survival status and T stage in different clusters (Figure 3E), suggesting a worse clinical outcome.
[image: Panel A presents a forest plot summarizing hazard ratios, confidence intervals, and p-values for multiple genes; panel B shows a blue consensus clustering heatmap; panel C depicts a Kaplan-Meier survival curve comparing two clusters; panel D illustrates boxplots for gene expression across two clusters; panel E displays a heatmap with gene expression data and annotated sample groups.]FIGURE 3 | Identification of lactylation related molecular subtypes and comprehensive pathway enrichment analysis in combined cohorts. (A) Forest plot displaying the results of cox analysis shows 56 genes with prognostic value (Pvalue <0.01). (B) Consensus clustering matrixes was generated for values as k = 2. (C) Kaplan-Meier survival curves for these two distinct clusters (p < 0.001). (D) Gene set enrichment analysis (GSEA) plot showing the enrichment of gene sets in two clusters. (E) Heatmap of gene expression levels among different clinical characteristics (age, t stage, survival status).Differences in biological characteristics between lactylation subtypes
Enrichment analysis for Cluster A and Cluster B was conducted using the GSVA method, with five types of analyses performed. Pathway enrichment analysis revealed that Cluster B was significantly enriched in cancer-related pathways, including base excision repair, DNA replication, DNA mismatch repair, cell cycle, and integrated cancer pathways (Figure 4A). These results were consistent with the findings from Reactome and Biocart enrichment analyses (Figures 4B–E). In contrast, Cluster A exhibited significant enrichment in hallmark pathways such as estrogen response early, apical surface, myogenesis, and androgen response (Figure 4D). KEGG pathway analysis also indicated that Cluster A was enriched in several metabolic pathways, including beta-alanine metabolism, fatty acid metabolism, propanoate metabolism, tryptophan metabolism, and drug metabolism via cytochrome P450 (Figure 4E).
[image: Five labeled heatmaps (A–E) compare pathway enrichment scores across two clusters and three different projects. Columns represent samples colored by cluster and project. Rows display pathway names, and color bars indicate score values from purple (low) to orange (high).]FIGURE 4 | The functional enrichment analysis results of GSVA methods between different clusters. The (A) wikipathway, (B) Reactome, (C) Biocarta, (D) HALLMARK, and (E) KEGG pathways enrichment of cluster A and B groups.Based on the principal component analysis (PCA) of prognostic genes, the samples in merged cohort could be divided into two cluster A and B (Figure 5A), aligning with the results from Figure 3B. Immune cell analysis revealed that Cluster B exhibited higher levels of activated B cells, activated CD4+ T cells, activated CD8+ T cells, MDSCs, natural killer T cells, natural killer cells, T follicular helper cells, Type 1 helper cells, and Type 2 helper cells (Figure 5B), consistent with immune infiltration results from eight different methods (Figure 5C). These biological characteristics of function enrichment indcated that Cluster B was activated in cancer related pathways, while Cluster A was characterized by distinct metabolic states. Despite the activated immune cells in Cluster B, the presence of immunosuppressive cells was also notable.
[image: Panel A shows a principal component analysis scatter plot separating clusters A and B by PC1 and PC2, with points colored blue and red. Panel B presents box plots comparing immune infiltration across cell types between clusters A and B. Panel C displays a heatmap of immune cell infiltration estimates across samples and clusters, with annotations for cluster and method type.]FIGURE 5 | The immune analysis results between different cluster. (A) The PCA plot of cluster A and B. (B) The immune cells distribution based on ssGSEA algorithm. (C) Heatmap of tumor-related infiltrating immune cells based on TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC methods.Construction of a prognosis signature based on integrative machine learning
To develop a consensus LRG signature (LRGS), ten machine-learning algorithms were employed to analyze 56 prognostic genes identified via univariate Cox regression. A total of 101 prediction models were applied to the merged dataset using tenfold cross-validation, and C-index values were calculated for all training and validation sets (Figure 6A). After extensive screening, the RSF model was identified as the most accurate and clinically relevant predictive model (Figure 6B). In the combined cohort, patients classified as high-risk had significantly poorer RFS compared to those in the low-risk category (p < 0.001, log-rank test). The GSE116918, GSE54460, and TCGA-PRAD datasets further confirmed that RFS was significantly improved in the low-risk group (p < 0.001, log-rank test; Figure 6C). ROC curve analysis showed that the LRGS achieved AUC values of 0.876, 0.853, and 0.793 for 1-, 3-, and 5-year intervals, respectively (Figure 6D). The correlation between the prognostic signature’s risk score and clinical characteristics revealed that higher death rates and higher T stages were associated with higher risk scores (Figures 7A,B). Univariate and multivariate Cox regression analyses on the prognostic risk scores (PRS) within the combined cohort identified LRGS as an independent prognostic factor for patients with PRAD, with a hazard ratio of 1.108 (95% CI: 1.095–1.120, p < 0.001) (Figures 7C,D).
[image: Composite scientific figure with four panels: A shows a heatmap with gene names and cohort annotations using a color gradient; B presents a bar graph ranking genes by variable importance; C displays four Kaplan-Meier survival curves comparing high and low scores across different datasets with statistical significance indicated; D contains a receiver operating characteristic (ROC) curve labeled "Merge" showing sensitivity and specificity for prediction accuracy at multiple time intervals.]FIGURE 6 | A consensus LRGRS was developed and validated via the machine learning-based combined procedure. (A) A total of 10 kinds of machine learning via a tenfold cross-validation framework and further calculated the C-index of each model across all validation datasets. (B) The barplot of hub genes based on forest trees methods. (C) Kaplan–Meier curves of OS according to the LRGRS in the GSE54460, GSE116918, TCGA-PRAD and combined cohorts, based on the log-rank test. (D) The ROC curves in combined cohorts.[image: Panel A presents a boxplot comparing risk scores between alive and dead patient groups, showing a significant increase in risk score among deceased patients. Panel B displays boxplots of risk score across T1 to T4 tumor stages with pairwise statistical comparisons, indicating higher scores in advanced stages. Panels C and D are forest plots from univariate and multivariate Cox regression showing hazard ratios for risk score, T stage, and age relative to survival. Panels E and F are heatmaps visualizing gene expression patterns across patient samples divided by overall status or risk group. Panels G, H, and I display ridge plots of GSEA results for GO, KEGG, and Reactome pathways, highlighting enriched biological processes and signaling pathways related to risk groups.]FIGURE 7 | The association of LRGRS and clinical features, functional enrichments between different risk groups. (A) The boxplot of overall status and riskScore. (B) The boxplot of T stage and riskScore. The results of (C) univariate and (D) multivariate cox regression analysis. The mRNA expression profiles of positive genes (E) and negative genes (F) correlation with risk score. The GSEA results of GO (G), KEGG (H) and Reactome (I) signal pathways.Molecular mechanisms underlying LRGS in bulk transcriptomics
To further elucidate the molecular mechanisms linking the LRGS with prognosis in PRAD, genes positively and negatively correlated with risk scores were identified. Several genes, such as TACC3, CDC20, TROAP, UBE2C, MYBL2 are positive associated with risk score (Figure 7E), while genes such as RDH11, ACPP, CTBS, RNF185, CPE are negative with risk score (Figure 7F). Functional enrichment analysis was performed using the GSEA method, revealing that the GO gene set was enriched in pathways related to chromosome segregation regulation, mitotic spindle checkpoint signaling, and spindle assembly checkpoint signaling (Figure 7G). KEGG pathway analysis indicated gene enrichment in pathways associated with the cell cycle (including cell cycle and DNA replication) and immune processes (such as neutrophil extracellular trap formation, NK cell-mediated cytotoxicity, and Th17, Th1, and Th2 cell differentiation) (Figure 7H). Reactome pathway enrichment analysis (Figure 7I) further confirmed these results, showing strong association with cancer-related biological processes and immune-related pathways.
The correlation of immune microenvironment and immune characteristics with the LRGS
A series of algorithms were used to investigate the TME across different risk score groups. The high-risk group exhibited reduced levels of T cells, CD8T cells, cytotoxic lymphocytes, NK cells, monocytes, and other immune cell types compared to the low-risk group (Figure 8A). Additionally, expression levels of chemokines (such as CCL5, CCL8, CCL16-18, CCL20-22), interleukins (such as IL10, IL11, IL12A-B, IL17, IL23A, IL24, IL27, IL31), interferons (such as IFNA1, IFNB1), and receptors were significantly different between the high- and low-risk groups (Figure 8B). TIDE and dysfunction scores were calculated using the TIDE dataset, indicating that the high-risk group exhibited elevated dysfunction and TIDE scores, suggesting immune effector cell exhaustion in high-risk samples (Figure 8C).
[image: Panel A shows a heatmap visualizing gene expression profiles with colored categories annotated, while panel B displays a second heatmap with different groupings. Panel C presents two boxplots comparing dysfunction and TIDE scores between high-risk and low-risk groups, including statistical significance markers. Panel D contains multiple boxplots comparing the IC50 values of various drugs between the high-risk and low-risk groups, with significance levels indicated above each plot.]FIGURE 8 | Investigations of immune profiling, immune score and drug sensitivity. (A) Heatmap of tumor-related infiltrating immune cells based on TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC algorithms. (B) Heatmap of immune-related genes. (C) The immune function scores based on TIDE dataset. (D) Estimated IC50 of the indicated molecular-targeted drugs. ns > 0.05, p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.To address the malignant potential of PCa, this study explored various drug databases to identify therapeutic agents tailored to specific subtypes, focusing on the different risk score groups. The high-risk group demontrated resistance to targeted therapies such as erlotinib and gefitinib, but exhibited increased sensitivity to axitinib (Figure 8D). This highlights potential therapeutic strategies for PCa based on varying lactylation risk scores.
The correlation of the top ten hub genes with single-cell characteristics
Given their cirtical roles in PCa, then we selected the top ten genes, RBM17, MTA1, PRAM1, RACGAP1, MKI67, MNDA, CCNA2,VIM,MNDA and RBM10 for further analysis. In TISCH2 datasets, MNDA information is not found. Then we only included other nine genes. The results showed that RMB17, RBM10, MTA1, VIM and RACGAP1 were enriched in endothelial, fibroblasts, epithelial and malignant (Figures 9A,B,D,E,I). As for CCNA2, KIF2C, MKI67 and PRAM1 were enriched in monocytes, macrophage and progenitor cells (Figures 9C,F–H). These findings aligned with immune cell infiltration patterns identified through various TME methodologies (Figure 8A).
[image: Nine-panel figure composed of heatmaps labeled A through I, each representing different gene expression datasets. Each heatmap shows expression values, with color intensity indicating magnitude, across several prostate tissue types and metastasis sites. Gene labels in each panel include RBM17, RBM10, CCNA2, VIM, MTA1, KIF2C, MKI67, PRAM1, and RACGAP1. Heatmaps display log-transformed P-values, with greatest intensity in the VIM panel, suggesting higher differential expression in metastatic samples. Dataset names are listed left of each heatmap, tissue types are on the horizontal axis, and a color key is present in each panel.]FIGURE 9 | The mRNA expression profiles top ten genes in single cell sequencing levels based on TISCH2 dataset. The mRNA expression profiles of (A) RBM17, (B) RBM10, (C) CCNA2, (D) VIM, (E) MTA1, (F) KIF2C, (G) MKI67, (H) PRAM1 and (I) RACGAP1 in different PRAD datasets.To assess the prognostic relevance of LRGS, we performed Scissor analysis, an integrative method that links single-cell transcriptomic data with bulk-level phenotypes. By incorporating bulk RNA-seq expression profiles and corresponding survival information from the merged cohort, the Scissor algorithm classified single cells into three distinct groups: Scissor + cells, associated with poorer prognosis; Scissor− cells, linked to better survival outcomes; and background cells with no significant phenotype association (Supplementary Figure S1). Notably, macrophage/monocyte and fibroblast populations exhibited consistent associations across different Scissor analysis iterations, underscoring their potential roles in modulating prognostic phenotypes.
Analysis of the multi-omics characteristics of the hub genes and validation of gene expression in PRAD
Using the GSCA dataset, gene expressions levels of hub top genes and associated with SNV percentage, CNV percentage, methylation. The results demonstrated that MKI67 and KIF2C had 5%, 2% SNV percentage. PRAM1, MNDA and RBM10 had higher methylation levels (Figure 10A). The homozygous CNV showed that MNDA, MKI67, RBM17, MTA1, VIM, RBM10 and RACGAP1 had high homozygous amplication, CCNA2, MNDA, MKI67, RBM17, MTA1, VIM and KIF2C had high homozygous deletion. As for heterozygous CNV, these ten hub genes had high heterozygous CNV (Figure 10B). Subsequcently, the correlation between mRNA expression of ten hub genes and methylation, CNV levels were explored. These ten hub genes, expect MKI67, had significant difference with methylation (Figure 10C). As for the correlation with CNV levels, only RBM17, KIF2C and RBM10 had significant difference (Figure 10D). The analysis revealed that the majority of hub genes exhibited a positive correlation with macrophages, Th1, Tr1, CD4 T cells, iTreg, DC, Tfh cells, as well as CD4 naïve, Th17, and neutrophil cells (Figure 10E).
[image: Multi-panel scientific figure presenting genomic and transcriptomic data for prostate cancer biomarkers. Panel A shows SNV heatmap, CNV percentage pie charts, and methylation difference for genes across cancer types. Panel B displays homozygous and heterozygous CNV dot plots for gene-cancer type associations. Panel C presents a dot plot of correlation between methylation and mRNA expression, while panel D shows correlation of CNV with mRNA expression. Panel E features a grid of correlation scores between gene expression and immune infiltration in PRAD. Panel F consists of paired dot plots comparing relative mRNA expression of eight genes between normal and prostate cancer samples.]FIGURE 10 | The association of gene mutations, CNV, methylation, immune infiltration and mRNA expression profiles in TCGA-PRAD, and validation in ten paired clinical samples. (A) The summary of SNV percentage, CNV percentage and methylation difference. (B) The homozygous and heterozygous CNV of TCGA-PRAD. The correlations between of top ten genes mRNA expression with methylation (C), CNV (D) and immune infiltration (E). (F) qRT-PCR analysis of hub genes expression in prostate cancer and paired adjacent normal tissues based on patient samples from Sir Run Run Shaw Hospital. ns > 0.05, p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.RT-qPCR was performed to assess the mRNA expression levels of the ten hub genes in clinical samples using RT-qPCR.The results indicated that the majority of signature genes (RBM17, MTA1, RACGAP1, MKI67, CCNA2, RBM10 and KIF2C) were expressed at higher levels in PCa tissues compared to adjacent normal samples (Figure 10F).
DISCUSSION
Recent estimates from GLOBOCAN 2024 indicate that PCa remains a leading cause of cancer incidence and mortality, with significant variations across different continents and among various ethnic groups (Bray et al., 2024; Gizzi et al., 2024). This disparity highlights the urgent need for a personalized approach to understanding, diagnosing, and treating PCa. A thorough understanding of its complexity is vital for developing individualized treatment strategies. This study advances the understanding of lactylation, a crucial PTM that influences gene expression and cellular metabolism in cancer cells (Li et al., 2024; Zhang Q. et al., 2024; Zhou et al., 2023).
Our single-cell RNA sequencing analysis reveals significant cellular heterogeneity within PCa, identifying distinct cell types exhibiting diverse lactylation profiles. This cellular diversity mirrors the broader genetic and metabolic heterogeneity of PCa, which is characterized by numerous genomic alterations and extensive metabolic reprogramming (Baca et al., 2013; Barbieri et al., 2012). The identification of LRGs as potential prognostic biomarkers marks a key step toward personalized medicine, enabling the stratification of patients based on LRG expression profiles.
Metabolic reprogramming, particularly the shift toward aerobic glycolysis, is a hallmark of PCa cells. This shift, characteristic of the Warburg effect, results in lactate accumulation, which, through lactylation, can modulate gene expression and promote tumor growt (Zhang X. et al., 2024; Pan et al., 2024). These insights into the immunomodulatory effects of lactate provide a rationale for targeting lactylation as part of immunotherapeutic strategies for PCa.
The TME plays a pivotal role in cancer progression, and our study demonstrates that lactate can profoundly influence the immune landscape within this environment. Lactate-induced acidification of the TME impairs T lymphocyte function and promotes the polarization of TAMs toward the protumorigenic M2 phenotype (Loeb et al., 2014).
These insights into the immunomodulatory effects of lactate provide a rationale for targeting lactylation as part of immunotherapeutic strategies for PCa.
The prognostic biomarker developed in this study, based on LRGs, offers a novel method for predicting treatment response and disease-free survival in patients with PCa. The use of machine learning algorithms to identify this biomarker emphasizes the potential of integrating computational methods with biological data to propel personalized medicine (Zeng et al., 2024). The identification of key genes such as TACC3, CDC20, and UBE2C, which are positively correlated with risk scores, lays the groundwork for further investigation into the molecular mechanisms underlying lactylation’s role in PCa.
The correlation between lactylation status and the immune microenvironment indicates that high-risk groups may exhibit a reduced presence of immune cells, potentially contributing to treatment resistance. This observation, coupled with the finding that high-risk groups may be more resistant to certain targeted therapies but show sensitivity to others, such as axitinib, underscores the critical need for personalized treatment strategies (Barbieri et al., 2012; Bray et al., 2018).
In summary, this study provides an in-depth analysis of lactylation in PCa, emphasizing its roles in tumor biology, immune evasion, and prognosis. The identification of LRGs as a prognostic biomarker, along with insights into their molecular mechanisms, forms the basis for the development of novel therapeutic strategies (Pan et al., 2024). Future research should aim to validate these findings in larger patient cohorts and explore lactylation as a potential therapeutic target. Personalized treatment strategies based on lactylation profiles have the potential to revolutionize PCa management, ultimately improving patient outcomes.
CONCLUSION
This study comprehensively analyzed LRGs in PCa through single-cell and bulk RNA sequencing data. This multifaceted approach enabled the identification and characterization of LRG expression patterns across various cell types within the TME. The prognostic significance of these genes was confirmed by classifying clinical samples into two distinct subtypes, each associated with different tumor-related pathways, metabolic processes, and immune profiles. A machine learning-based prognostic signature model was developed, demonstrating high accuracy and offering new insights into personalized treatment strategies for PCa. This innovative model enhances our understanding of the molecular mechanisms driving PCa and provides a valuable tool for predicting treatment response and disease outcomes, ultimately facilitating more effective clinical management.
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Background

EWSR1::CREB fusion is a newly identified group of aggressive tumors with epithelioid morphology and multiple growth patterns. These tumors are often located in the abdominal cavity and frequently show cytokeratin expression immunohistochemically. This invasive epithelioid soft tissue tumor has a remarkable preference for mesothelial-lined cavities, with rare extension into intra-abdominal organs such as the kidney. Given its rarity, early diagnosis and treatment are crucial. Currently, the diagnosis and treatment of this disease pose significant challenges.





Case demonstration

A 36-year-old male patient with no significant past medical history was admitted with a mass in the left kidney. Computed tomography showed a mass in the lower left kidney near the renal portal, and chromophobe carcinoma was suspected. The patient subsequently underwent a partial nephrectomy. The case was initially diagnosed as a malignant tumor with epithelial and mesenchymal components. RNA sequencing and FISH of the kidney mass confirmed the diagnosis of intra-abdominal epithelioid neoplasms with EWSR1::CREB fusions originating from the kidney. The patient did not undergo any adjuvant therapy and has been followed up for 14 months. He is currently in good condition.





Conclusion

Intra-abdominal epithelioid neoplasm with EWSR1::CREB fusions originating from the kidney is rare. The remarkable morphological features of the case presented here further confirm the significant morphological heterogeneity of tumors characterized by EWSR1::CREB fusion and expand the morphological spectrum of malignant epithelioid tumors with EWSR1::CREM rearrangements originating from the kidney. Additionally, neoplastic cells encircled native renal tubules, demonstrating an infiltrating growth pattern, and the renal tubules proliferated significantly, which may lead to misdiagnosis as other tumors that exhibit biphasic morphology.
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Background

The EWSR1 gene encodes the RNA-binding protein EWSR1, which is a member of the TET family of transcription factors. These factors regulate various cellular processes like gene expression and RNA processing (1). There is increasing evidence that this gene is rearranged in various mesenchymal and epithelial tumors and can merge with many distinct genes (2). The fusion between EWSR1 and the CREB transcription factor family was particularly significant (3). CREB1, ATF1, and CREM form a subfamily of the alkaline leucine zipper (bZIP) superfamily of transcription factors, collectively known as the CREB family of transcription factors, that have multiple biological functions and regulate the expression of other genes (4). EWSR1 is a common fusion gene that fuses with CREB transcription factors, particularly ATF1 and CREB1, as 3′-partners (5). Furthermore, the fusion of the CREB gene family with EWSR1 or FUS gene partners leads to a wide variety of tumor pathogenesis. The EWSR1::CREB gene fusion was first described in a melanoma cell line (6). Later, EWSR1::CREB gene fusion was also reported in various mesenchymal tumors, including clear cell sarcoma of soft tissue, malignant gastrointestinal neuroectodermal tumor, hemangiomatoid fibrohistiocytoma, clear cell carcinoma of the salivary gland, clear cell odontogenic tumor, myoepithelial tumor, primary pulmonary myxoid sarcoma and primary intracranial myxoid sarcoma, paraganglioma, malignant mesothelioma in young adults, and intra-abdominal epithelioid malignancies. Masato et al. (5) statistically found that EWSR1/FUS::CREB rearranged tumors could occur in diverse anatomical locations, including the brain, soft tissue, head and neck, lung, internal organs, and abdominal cavity. Currently, EWSR1/FUS::CREB rearranged epithelioid malignancies have been documented in various intra-abdominal locations, such as the adrenal glands, colon, kidneys, liver, pancreas, stomach, and uterine adnexa (7).





Case demonstration

A 36-year-old male patient was referred in 2024 to the Department of Urology with a finding of a mass on the left kidney for 7 days. He had been diagnosed with a cyst in the left renal parenchyma area 1 year earlier during physical examination, but he had no further tests performed at that time. During physical examination in July 2024, ultrasound revealed once more a hypoechoic area in the left kidney, and further examination was recommended. The patient underwent computed tomography (CT) imaging at another unit, and a mass in the lower pole of the left kidney was found. The possibility of chromophobe renal cell carcinoma was considered.

The patient had no past medical history of hypertension or heart disease. He had no family history of cancer or hereditary diseases that were known. Moreover, he was a non-smoker and a non-drinker.

The patient subsequently underwent a partial nephrectomy at the First Affiliated Hospital of Zhengzhou University. Grossly, the tumor measured 5.5 cm × 5.0 cm × 2.3 cm. On microscopic examination, the tumor was well circumscribed, surrounded by a fibrous capsule (Figure 1A). The neoplastic cells were arranged in nests and sheets (Figure 1B) around the blood vessels, forming a hemangiopericytomatoid growth pattern (Figure 1C) in concordance with what was reported by Zhao et al. (1): a pseudochrysanthemum-like structure (Figure 1D), with local cystic or microcystic changes (Figure 1E). Round or short fusiform tumor cells displayed monomorphic nuclei with smooth nuclear contours and open chromatin. Tumor cells showed a slightly eosinophilic or transparent cytoplasm, with variably prominent nucleoli. The tumor showed relatively low mitotic activity (1 to 2/10 HPFs) and lacked nuclear pleomorphism (Figure 1F). The interstitial fibrocollagen was not prominent, and there were no signs of inflammatory cell infiltration or necrosis. Foam-like histiocyte aggregation, multinucleated giant cell responses, and cholesterol crystallization deposits were focally seen. In particular, neoplasms encircled a higher number of native renal tubules, which were especially pronounced around the tumor. The markedly hyperplastic renal tubules (Figure 2A) exhibited tubular and annular shapes (Figure 2B), with certain areas characterized by the presence of nipples, micronipples, and complex cribriform structures (Figure 2C). Some lumens were either dilated or slit-like, containing eosinophilic secretions (Figure 2D). The renal tubular epithelial cells were arranged in a single row, closely aligned focally, with overlapping nuclei. The epithelium cells showed mild morphological features, such as round nuclei, clear nuclear membranes, fine chromatin, and detectable nucleoli, while showing no mitoses (Figure 2E). The cytoplasm was eosinophilic and partially transparent (Figure 2F).

[image: Panel A: Low-magnification micrograph shows a section of skin tissue with an underlying neoplastic growth. Panel B: Medium-magnification micrograph displays nodular architecture and increased cellularity. Panel C: Higher magnification highlights dense sheets of small blue cells with scattered blood vessels. Panel D: High-magnification view reveals densely packed atypical tumor cells with enlarged nuclei. Panel E: Micrograph depicts a cystic structure lined by epithelium within a cellular stroma. Panel F: High-magnification view of neoplastic cells showing prominent mitotic figures and hyperchromatic nuclei. All panels are stained with hematoxylin and eosin.]
Figure 1 | Histological features of the tumor: (A) a tumor with clearly defined edges and a fibrous envelope. (B, C) The solid and nested tumor cells displayed a hemangiopericytomatoid growth pattern. (D) Dense tumor cells formed clusters resembling pseudochrysanthemums around blood vessels. (E) Localized microcapsules contained pink liquid. (F) The cell boundaries were unclear, with round or oval nuclei and low mitotic activity (1–2/10 HPFs).

[image: Panel A shows a low-magnification histology slide featuring irregular glandular structures and fibrous stroma. Panel B displays medium-magnification glandular and stromal components with scattered ducts. Panel C presents a higher density of complex gland formations. Panel D shows numerous round glandular spaces within a dense matrix. Panel E provides a close-up of crowded, branching glands lined by dark nuclei. Panel F depicts cells with pale cytoplasm and prominent nucleoli arranged in gland-like clusters.]
Figure 2 | The tumor involved abundant renal tubules, particularly in the surrounding areas. (A) Low magnification revealed numerous renal tubules involved both around and within the tumor. (B) Small tubular and annular structures. (C) The affected renal tubules showed significant proliferation, resulting in the formation of micropapillae, papillae, and cribriform structures. (D) Some renal tubules displayed either slit-like or cystic dilatation, accompanied by eosinophilic secretions found in the lumen. (E) Renal tubular epithelial cells are mild, unilinear, featuring rounded nuclei and eosinophilic cytoplasm. (F) Certain areas of proliferative tubular epithelial cells contain a clear cytoplasm.

Immunohistochemical studies revealed that the neoplastic cells were diffusely positive for CD99 (Figure 3A), CD56 (Figure 3B), and CD57, while the involved renal tubules were not immunoreactive. Cyclin D1 showed a moderately positive result. SMA and CD34 were focally positive (Figure 3C). AE1/AE3 (Figure 3D), CK7, and PAX8 were negative in the tumor cells, whereas the adjacent tubular epithelial cells showed diffuse and strong positivity. Additionally, CK20, P504s, WT-1, P63, GATA 3, and renin were negative in the tumor cells. ALK (5A4) and syn showed partial positivity, and the Ki-67 proliferation index was approximately 10%. RNA sequencing revealed EWSR1::CREM gene fusion (Figure 3E). FISH analysis confirmed the EWSR1 break (Figure 3F) and EWSR1::CREM fusion (Figure 3G), whereas no BRAF V600E gene alteration was detected by fluorescence PCR.

[image: Panel A-D contains four histological images of tissue stained to highlight cellular and structural components, showing varying intensities and patterns of brown staining. Panel E is a genomic data visualization depicting chromosomal regions, sequence alignments, and color-coded genetic bases. Panels F and G are microscopy images of cells stained blue, with scattered red and green fluorescent signals indicating molecular markers.]
Figure 3 | Immunohistochemical and molecular findings. This neoplasm was diffusely positive for CD99 (A) and CD56 (B), and the affected tubular epithelium was negative. The tumor cells showed focal positivity for CD34 (C) but were negative for AE1/AE3 (D). In contrast, the affected tubular epithelium was negative for CD34 and diffusely positive for AE1/AE3. RNA sequencing showed EWSR1::CREM fusions (E). FISH confirmed the results of RNA sequencing [(F) EWSR1 broken signals; (G) EWSR1 and CREM fusion signals].

Based on the clinical history, imaging features, histological morphology, immunohistochemical results, and molecular results, the patient was pathologically diagnosed with intra-abdominal epithelioid neoplasm with EWSR1::CREB fusions originating from the kidney. No local recurrence or metastatic lesions were detected 14 months after the surgery without adjuvant therapy, and he is currently in good condition.





Discussion

With the widespread use of RNA sequencing technology, the EWSR1/FUS::CREB fusion mesenchymal tumor family has expanded rapidly to include potentially aggressive tumors rather than any well-established WHO entity. EWSR1/FUS::CREB fusion has been considered to define a group of aggressive tumors with epithelioid morphology. Primary tumors presenting as intraperitoneal internal organs are rare and involve the mesothelial space, often forming a mass in the abdominal cavity (8).

Including our case, there has been a total of nine cases (4, 8–11) of intraperitoneal malignant epithelioid tumors with EWSR1/FUS::CREM rearrangement that originated in the kidney described in the literature. Clinical and pathologic characteristics are summarized in Table 1. Of the nine tumors, five were found in female patients and four in male patients; these patients had a median age of 34 years (range, 17 to 61 years) at diagnosis, whose tumors ranged from 4.0 to 30.0 cm (median: 7.5). All patients presented with a mass in the kidney, with four and three tumors affecting the left and right kidney, respectively. The locations of the other two tumors were not specified. Seven patients underwent radical nephrectomy, one patient had a left renal tumor resection, while the procedure for the rest of the patients was unknown. Six patients had no adjuvant therapy performed after surgery, while two patients underwent adjuvant chemotherapy (10, 11).


Table 1 | Clinicopathological and molecular characteristics of intraperitoneal malignant epithelioid tumors with EWSR1::CREB rearrangement originating from the kidney.
	Case
	Age/sex
	Size (cm)
	Site
	Therapy
	Histology
	RNA sequencing
	FISH
	Clinical follow-up



	Zhao et al. (4)
	18/F
	7.8
	Left
	Radical nephrectomy, NDT
	SEF-like, with hyaline stroma
	EWSR1(ex4)::CREM(ex7) fusion
	EWSR1::CREM fusion
	5 months, multiple bone and spinal metastases


	17/M
	30.0
	Right
	Radical nephrectomy, NDT
	SEF-like, with hyaline stroma
	EWSR1(ex16)::CREM(ex5) fusion
	EWSR1::CREM fusion
	9 months, NED


	61/F
	5.6
	Left
	Radical nephrectomy, NDT
	SEF-like, with hyaline stroma
	EWSR1(ex4)::ATF1(ex4) fusion
	EWSR1::ATF1 fusion
	120 months, NED


	Agaimy et al. (9)
	55/M
	7.5
	Unknown
	Radical nephrectomy, NDT
	Epithelioid cells and fibrous stroma
	EWSR1::CREM fusion
	EWSR1::CREM fusion
	23 months, pelvic metastases


	Agaimy et al. (10)
	34/F
	7.5
	Right
	Radical nephrectomy, Seven cycles of adjuvant chemotherapy
	Epithelioid or round cell composition
	EWSR1(ex 16)::CREM (ex 6) fusion
	Not done
	50 months, NED


	Argani et al. (8)
	29/M
	10.0
	Unknown
	Unknown
	Cystic solid; tumor cells were round and epithelioid
	EWSR1::CREM fusion
	Not done
	Peritoneum, para-aortic metastasis


	Li et al. (11)
	31/F
	5.4
	Left
	Radical nephrectomy, adjuvant chemotherapy
	Round and epithelioid present
	EWSR1::CREM
	Not done
	21 months, NED


	38/F
	4.0
	Right
	Radical nephrectomy, NDT
	Round and epithelioid
	Not done
	EWSR1 isolation and EWSR1::CREB1 fusion
	33 months, NED


	This case
	36/M
	5.5
	Left
	Partial nephrectomy, NDT
	Tumor cells were round or short fusiform, showing renal tubular involvement and significant proliferation
	EWSR1::CREM fusion
	EWSR1::CREM fusion
	14 months, NED





F, female; male; SEF, sclerosing epithelioid fibrosarcomatoid; NDT, no adjuvant therapy was performed; NED, no evidence of disease.



Histologically, three tumors were not encapsulated and displayed irregular borders, while the other six tumors displayed clear boundaries with surrounding renal tissue, four of which had a visible fibrous pseudocapsule. Argani et al. (8) and Wu et al. (12) have outlined the key morphological features of intraperitoneal malignant epithelioid tumors with EWSR1/FUS::CREM rearrangement as follows: i) the presence of epithelioid cells, which can be mixed with epithelial/spindle cells or epithelial/round cells; ii) cystic or microcystic changes; and iii) varying amounts of chronic inflammatory cell infiltration. Among the nine patients, seven tumors exhibited round epithelioid cells, while one tumor was composed of round cells alongside scattered epithelioid cells. The current renal neoplasm, characterized by round and short fusiform shapes, showed cytoplasmic transparent epithelioid cells in the focal area, which is reported for the first time in the kidney. Cystic or microcystic changes were noted in four tumors. Three tumors showed prominent intratumoral inflammation, not including the current tumor. The mitotic activity ranged from 1 to 20/10 HPFs (mean, 4), and necrosis was present in four cases. Notably, neoplasms encircled native renal tubules, and/or a glomeruli growth pattern was commonly seen in four cases, especially in our case, where the involved renal tubular tissue showed prominent hyperplasia displaying a variety of morphological structures, which had not previously been emphasized in EWSR1::CREB fusion neoplasms involving the kidney. Other patterns that were noted in most cases included hemangiopericytoma-like structures, pseudochrysanthemum cluster structures, collagenous sclerotic interstitium, rhabdomyoid cells, and pseudoalveolar-like structures. Additionally, we also observed local histiocytic aggregation, cholesterol crystallization, and a multinucleated giant cell reaction. Immunohistochemically, the reported eight neoplasms showed variable expression of epithelial markers (AE1/AE3, EMA), six tumors showed MUC4 expression, and four cases were immunoreactive for CD99. Our case showed CD56 and CD57 positivity, while AE1/AE3 was negative. This is the second case of an AE1/AE3-negative condition. In the other case of AE1/AE3 negativity, EMA was focally positive (11). Seven neoplasms showed EWSR1::CREM fusion by RNA-seq, and four tumors were confirmed by FISH. Additionally, one neoplasm exhibited EWSR1::ATF1 fusion (4), and another one exhibited EWSR1::CREB1 fusion (11).

According to previous literature, intra-abdominal epithelioid neoplasms with EWSR1::CREB fusions originating from the kidney should be considered in the differential diagnosis of sclerosing epithelioid fibrosarcoma (SEF), angiomatoid fibrous histiocytoma (AFH), epithelioid mesothelioma (EM), clear cell sarcoma of the kidney (KCCS), synovial sarcoma (SS), solitary fibrous tumors (SFT), or metanephric stromal tumor (MST) (4). The key points for identification are listed in Table 2. From a morphologic perspective, the most important distinction to be made in our case is bidirectional synovial sarcoma (BSS). The cases presented here showed a large amount of normal renal tubular tissue wrapped by tumor tissue, with tubular, annular, papillary, micropapillary, or complex cribriform structures forming biphasic morphology with short spindle tumor cells, mimicking SS. SS occurs mainly in the deep soft tissues of the extremities and is rarely seen in the kidney. Biphasic SS comprises different proportions of epithelioid cells and spindle cells. Epithelioid cells may contain glandular secretion or mucus, and they may form papillary, beam, and solid nest mass patterns. More than 95% of SS has the characteristic t(X; 18) (p11.2; q11.2) chromosomal translocations resulting in the generation of SS18::SSX gene fusion, subsequently resulting in diffuse, positive nuclear expression of SS18-SSX (13). The other tumor to be differentiated from our case is renal carcinosarcoma (RC). Renal carcinosarcoma is a highly malignant tumor that occurs in the kidney and has both epithelial and mesenchymal differentiation (14). The malignant epithelial component originates from the renal tubular epithelium or renal pelvis epithelium, and the pathological manifestations are renal cell carcinoma and transitional cell carcinoma. The sarcomatous components are derived from the renal interstitium, and the pathological manifestations are fibrosarcoma, leiomyosarcoma, and other mesenchymal tissue sarcomas. Finally, given the characteristic features of extensive infiltrating growth pattern that result from its interaction with entrapped native renal elements, as well as the marked hyperplasia of renal tubules, the differential diagnoses should also include an MST, which is an extremely rare benign tumor of the kidney. The tumor cells are spindle-shaped or stellate, and they are arranged characteristically in a “concentric circle” pattern around the invaginated blood vessels or renal tubules, resembling an “onion skin-like change,” with dysplasia of the invaginated blood vessels. Immunohistochemistry reveals that the tumor cells exhibit varying degrees of positive CD34 expression. The BRAF V600E mutation is frequently present (15). In this case, the BRAF V600E gene alteration was not detected by fluorescence PCR, thereby ruling out MST. For a renal epithelial-like tumor, the following diagnostic process is recommended: First, morphological screening should be conducted to determine whether the tumor is mainly composed of epithelial-like cells or contains other components (such as spindle cells, glands, and heterologous components). Second, immunohistochemical screening can be performed using a set of immunohistochemical markers such as PAX8, CK, CD99, CD34, ERG, STAT6, MUC4, SS18-SSX, BCOR, and WT1. If all the above markers are negative or only CK is positive (including diffuse positivity or focal positivity), EWSR1::CREB fusion epithelioid tumors, angiomatoid fibrous histiocytomas, and other conditions should be suspected. The final diagnosis must rely on molecular testing, such as FISH detection (EWSR1 break probe) or next-generation sequencing, to determine whether there is EWSR1::CREB family fusion and to pay attention to the final distinction from a morphologically similar angiomatoid fibrous histiocytoma. In summary, an EWSR1::CREB fusion epithelial-like tumor originating from the kidney is an “exclusively” diagnosable condition. A systematic morphological, immunohistochemical, and molecular pathological analysis is required to rule out all the above similar tumors before making an accurate diagnosis.


Table 2 | Differential diagnosis of intraperitoneal malignant epithelioid tumors with EWSR1::CREB rearrangement originating from the kidney.
	Tumor
	Key morphological features
	Core immunohistochemical markers
	Genetic alteration



	Intra-abdominal epithelioid neoplasm with EWSR1::CREB fusions
	Epithelioid cells are dominant, with rare true spindle cell components and mucoid or collagenous stroma.
	AE1/AE3 and EMA were focal or dot-like or had diffuse positivity, whereas PAX8 and WT1 were negative.
	EWSR1::CREM/ATF1, EWSR1::CREB1 (common)


	BSS
	The tumor exhibits a distinct biphasic pattern composed of spindle and epithelioid cells, with the formation of glandular lumina and potential stromal calcification.
	EMA and CK (AE1/AE3) showed strong positivity in the epithelial area. TLE1 was nuclear positive (sensitive but not specific). Simultaneous positivity for S100 and CD99 is helpful for diagnosis. The positivity of SS18-SSX antibodies is related to specificity.
	t(X;18), resulting in the SS18::SSX1/2/4 fusion gene


	RC
	For the vast majority of carcinosarcomas, if sufficient tissue samples are obtained, different proportions/types of renal cell carcinomas can be observed.
	The cancerous area expresses markers such as PAX8, PAX2, and CK. The sarcoma area expresses corresponding mesenchymal or epithelial markers to varying degrees (such as SMA, desmin, S100).
	The molecular genetics of different types of renal cell carcinomas vary considerably. For instance, clear cell carcinomas may have a 3-chromosome deletion or be associated with VHL syndrome, while papillary renal cell carcinomas may have trisomy of chromosomes 7 and 17 and deletion of the Y chromosome.


	MST
	The cells are mainly in a spindle shape, forming a “sock-like” structure that surrounds the renal tubules. The background is composed of collagen. This condition is more common in children.
	CD34+, WT1−, S100−, PAX8−
	The BRAF V600E gene mutation is a key molecular alteration


	SEF
	Epithelioid and spindle cells are embedded in dense sclerotic collagen, with a low cell density.
	MUC4 showed a strong positive reaction (highly sensitive and specific), and almost all markers mentioned in this article were negative.
	The most common gene rearrangement is EWSR1::CREB3L1, with a few being EWSR1::CREB3L2 fusion


	AFH
	Multiple nodular formations, pseudo-vascular tumor-like cavities, and lymphocytic cuffs. The tumor cells can be spindle-shaped, histiocyte-like, or epithelioid.
	Desmin+ (50%), EMA+ (40%), and CD99 may be positive.
	EWSR1::CREB fusion, or there can also be FUS::ATF1 fusion.


	EM
	The epithelioid cells are arranged in sheet-like, tubular, and papillary patterns, and the cytoplasm is often eosinophilic and basophilic.
	CK5/6+, calretinin+, WT1+ (nuclear+), D2-40+, PAX8−
	BAP1 deficiency (common), CDKN2A homozygous deletion


	CCSK
	The morphology is diverse, the nucleolus is not prominent, the cytoplasm is lightly stained, and the interstitium is rich in branched vascular networks. This is commonly seen in children.
	BCOR+, cyclin D1+, WT1−, PAX8−
	BCOR : CCNB3 fusion, BCOR ITD or YWHAE::NUTM2


	SFT
	“Unstructured” pattern, spindle-shaped cells, antler-shaped blood vessels, and collagenization.
	STAT6+ (nuclear), CD34+
	NAB2::STAT6 fusion





BSS, bidirectional synovial sarcoma; RC, renal carcinosarcoma; MST, metanephric stromal tumor; SEF, sclerosing epithelioid fibrosarcoma; AFH, angiomatoid fibrous histiocytoma; EM, epithelioid mesothelioma; CCSK, clear cell sarcoma of the kidney; SFT, solitary fibrous tumor.



Currently, no standard treatment exists for neoplasms with EWSR1::CREB fusions (6), while complete surgical resection with negative margins is recommended as the main treatment strategy for these genetically defined tumor types (16). According to the reports in earlier literature, most patients underwent radical nephrectomy (seven of nine) (4, 8–11), while our case underwent partial nephrectomy but with negative margins. In addition, only two patients (10, 11) received adjuvant chemotherapy after surgery. One patient (10) underwent seven consecutive cycles of chemotherapy. Most patients (six of nine) had a good prognosis with no signs of disease for 5 to 120 months after the initial diagnosis, while three patients experienced metastases during follow-up, including multiple bone and spinal lesions (4), pelvic (9), and peritoneal and para-aortic (8) metastases. Overall, three of nine tumors were progressive at the last follow-up, indicating an overall progressive course in 33.3% of patients, indicating the highly aggressive nature of the tumor. Therefore, such tumors may require long-term follow-up to monitor the possibility of late recurrence or metastasis. In addition, large-scale reports of tumors with EWSR1/FUS::CREB fusion features, whether intrarenal or extrarenal, are rare in the literature. A relatively large number of cases were reported by Argani et al. (8) and Shibayama et al. (17), with 13 and 8 cases of tumors with EWSR1/FUS::CREB fusion, respectively. A total of 21 cases were included, comprising 8 with EWSR1::CREM fusion, 8 with FUS::CREM fusion, 4 with EWSR1::ATF1 fusion, and 1 with EWSR1::CREB1 fusion. Among patients with EWSR1::CREM fusion, the maximum follow-up duration was 204 months. Of these, five cases (5 of 8) experienced recurrence or metastasis, one case succumbed to the disease, and one case remained free of recurrence or metastasis during follow-up. Four patients with FUS::CREM fusion were lost to follow-up, while the remaining four patients had the longest follow-up period of 58 months. Three patients experienced recurrence or metastasis (3 of 4), among whom two died of tumors, and one had no recurrence or metastasis during the follow-up period. Two patients with EWSR1::ATF1 fusion experienced recurrence or metastasis during the follow-up period, of which one died of the tumor, and two had no recurrence or metastasis during the follow-up period. The longest follow-up period was 25 months. There was only one patient with EWSR1::CREB1 fusion. The follow-up duration for this patient was 122 months; however, there were two recurrences. The recurrence or metastasis rates of the four different fusion genes were 62.5%, 75.0%, 50.0%, and 100%, respectively, and the mortality rates were 12.5%, 50.0%, 25.0%, and 0%, respectively. Based on these data, the EWSR1::CREB1 fusion had the highest recurrence or metastasis rate, followed by the FUS::CREM fusion. The FUS::CREM fusion had the highest mortality rate, followed by the EWSR1::ATF1 fusion. However, these data are limited by the small number of cases and require more data support.





Conclusion

In summary, we describe a new case of intra-abdominal epithelioid neoplasm with recurrent EWSR1::CREB gene fusions involving the kidney, which exhibited notable native renal tubular hyperplasia and were immunonegative for keratin AE1/AE3. The unusual histological morphology and immunophenotype have not been previously reported in the literature, which could lead to misdiagnosis as tumors with bidirectional morphology, such as synovial sarcoma and carcinosarcoma. Molecular detection, along with morphological and immunohistochemical observations, is essential for accurately diagnosing this type of tumor.
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Categories

Number of ADR reports

18,257

Lenva

28819

Sorafeni

35,009

41,733

4,955 (27.14%)

Female 15,408 (53.46%) 9,297 (26.56%) 13,621 (32.64%)
Male 12,098 (66.26%) 12,703 (44.08%) 23,606 (67.43%) 25,078 (60.09%)
Unknown 1,204 (6:59%) 708 (2.46%) 2,106 (6.02%) 3,034 (7.27%)
0-27 days 3 (0.02%) 1.(0.01%) 13 (0.04%) 5 (0.01%)
28 days to 23 months 2 (0.01%) 1.(0.01%) 15 00u0) 1(0.01%)
2-11 years 7 (0.04%) 13 (0.05%) 135 (0.39%) 19 (0.05%)
12-17 years 14 (0.08%) 44 (0.15%) |15 0500 58 (0.14%)
18-44 years 487 (2.67%) 800 (2.78%) 2,079 (5.94%) 1,790 (4.29%)
45-64 years 6,186 (33.88%) 7,488 (25.98%) 12580 (3593%) 13,359 (32.01%)
7 years 5,195 (28.45%) 7,137 (24.76%) 8,523 (24.35%) 10,544 (25.27%)
275 years 2,835 (15.53%) 4,125 (1431%) 4,672 (13.35%) 5,190 (12.44%)
Unknown 3,528 (19.32%) 9,210 (3196%) 6,817 (19.47%) 10767 (25.80%)
Americas 11,689 (64.02%) 11,888 (41.25%) 12420 G5 800 | 23736 56.92%)
Asia 3313 (18.15%) 13,205 (45.82%) 14,021 (40.05%) 6,897 (16.53%)
Europe 3,135 (17.17%) 3,391 (11.77%) 8,239 (23.53%) 10,174 (24.38%)
Oceania 18 (0.10%) 295 (1.02%) | 205 (059%) 357 (0.86%)
Africa 102 (0.56%) 40 (0.14%) 120 035%) | 19 132%)
2025 195 (1.07%) 528 (1.83%) 127 (0.36%) 64(0.15%)
2024 2,309 (12.65%) 7,706 (26.74%) 1,331 (3.80%) 984 (2.36%)
2023 1922 (10.53%) 6,330 (21.96%) 2,019 (5.77%) 1423 (3.41%)
2022 2,916 (15.97%) 4,468 (15.50%) 157 a2 2472 (5.92%)
2021 2,276 (1247%) 2,573 (8.93%) 1,399 (4.00%) 1,926 (4.62%)
2020 1,826 (10.00%) 2,169 (7.53%) ) 2,046 (4.90%)
2019 993 (5.44%) 2,489 (8:64%) 2,053 (5.86%) 3,121 (7.48%)
2018 960 (5.26%) 1,228 (4.26%) 2,374 (6.78%) 3,785 (9.07%)
2017 692 (3.79%) 819 (2.84%) 4,033 (11.52%) 3717 (891%)
2016 897 (491%) 423 (1.47%) | 2723 00 )
2015 1,486 (8.14%) 83 (0.29%) 3,333 (9.520%) 4447 (10.66%)
before 2014 1,785 (9.78%) 3 (001%) 12,381 (35.37%) 14476 (34.69%)
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System organ classes

Axitinib (N =
18,257)

Lenvatinib (N =
28,819)

Sorafenib (N =
35,009)

Sunitinib (N =
41,733)

Blood and lymphatic system disorders
Cardiac disorders

Congenital, familial and genetic disorders
Ear and labyrinth disorders

Endocrine disorders

Eye disorders

Gastrointestinal disorders

General disorders and administration site conditions

402 (2.20%)
859 (4.71%)
7 (0.04%)

176 (0.96%)

859 (4.71%)

382 (2.09%)

8,560 (46.89%)

8,982 (49.20%)

1,265 (4.39%)
1,514 (5.25%)

9 (0.03%)

134 (0.46%)
2,187 (7.59%)
433 (1.50%)
15,896 (55.16%)

10,963 (38.04%)

2475 (7.07%)
1,612 (4.60%)
33 (0.09%)

298 (0.85%)

176 (0.50%)

573 (1.64%)
21436 (61.23%)

15,701 (44.85%)

5,785 (13.86%)
2,401 (5.75%)

38 (0.09%)

347 (0.83%)

1,584 (3.80%)
1,436 (3.44%)
26,444 (63.36%)

25,495 (61.09%)

Hepatobiliary disorders
Immune system disorders

Infections and infestations

Injury, poisoning and procedural complications
Investigations

Metabolism and nutrition disorders

675 (3.70%)
157 (0.86%)
1,293 (7.08%)
3,015 (1651%)
3,825 (2095%)

1,985 (10.87%)

1,533 (5.32%)
250 (0.87%)
2,763 (9.59%)
2,660 (9.23%)
8,197 (28.44%)

4,976 (17.27%)

2311 (6.60%)
289 (0.83%)
3,169 (9.05%)
4,508 (12.88%)
7,164 (2046%)

4,688 (13.39%)

1,649 (3.95%)
380 (0.91%)
4,224 (10.12%)
4,901 (11.74%)
11,857 (28.41%)

5,480 (13.13%)

Musculoskeletal and connective tissue disorders

Neoplasms benign, malignant and unspecified (incl
eysts and polyps)

Nervous system disorders
Pregnancy, puerperium and perinatal conditions

Psychiatric disorders

2,180 (11.94%)

3,058 (16.75%)

3,391 (18.57%)
2(0.01%)

858 (4.70%)

3,729 (12.94%)

3,052 (10.59%)

5,724 (19.86%)
3 (0.01%)

1,385 (4.81%)

4954 (14.15%)

5,182 (14.80%)

5,651 (16.14%)
6 (0.02%)

1,936 (5.53%)

5,496 (13.17%)

8,206 (19.66%)

9,373 (22.46%)
24 (0.06%)

2,482 (5.95%)

Renal and urinary disorders
Reproductive system and breast disorders
Respiratory, thoracic and mediastinal disorders
Skin and subcutaneous tissue disorders

Social circumstances

Surgical and medical procedures

Vascular disorders

Product issues

1,077 (5.90%)
123 (0.67%)

3,220 (17.64%)
2,380 (13.04%)

73 (0.40%)

637 (3.49%)

2,247 (1231%)

44 (0.24%)

2,294 (7.96%)
281 (0.98%)
4,646 (16.12%)
3,459 (12.00%)
119 (041%)
512 (1.78%)
4,151 (14.40%)

58 (0.20%)

1,392 (3.98%)
476 (1.36%)
4,960 (14.17%)
16,034 (45.80%)

198 (0.57%)

952 (2.72%)

2,741 (7.83%)

79 (0.23%)

3,028 (7.26%)
567 (1.36%)
5,979 (14.33%)
9,798 (23.48%)
187 (0.45%)
492 (1.18%)
4,543 (10.89%)

77 (0.18%)
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Axitinib

ROR (95%Cl)

086 (0.84-0.89)

PRR (95%Cl)

089 (0.87-0.91)

Lenvatinib
Sorafenib

Sunitinib

1.04 (1.02-1.06)
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097 (0.96-0.99)
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1.06 (1.05-1.08)
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Axitinib (N = 18,257)

Lenvatinib (N = 28,819)

Sorafenib (N = 35,009)

Sunitinib (N = 41,733)

ADR Report ADR Report ADR Report ADR Report
rate % rate % rate % rate %
Diarrhoea 15.05% Diarrhoea 1202% Diarrhoea 1572% Diarrhoea 1189%
Fatigue 1073% Fatigue 1034% Rash 843% Fatigue 10.48%
Death 9.00% Hypertension 942% Fatigue 783% Nausea 7.65%
Hypertension 873% Decreased appetite 820% Decreased appetite | 7.20% Death 7.59%
Neoplasm 821% Malignant neoplasm 735% Nausea 640% Neoplasm 7.52%
progression progression progression
Off label use 6.48% Nausea 7.10% Off label use 627% Disease progression | 7.43%
Disease progression | 6.04% Blood pressure increased | 6.34% Asthenia 564% Asthenia a0
Nausea 570% Vomiting 565% Death 541% Hypertension 6.04%
Dysphonia 558% Asthenia 555% Hepatocellular 522% Decreased appetite | 5.61%
carcinoma
Decreased appetite | 5.46% Weight decreased 466% Pain in extremity | 4.67% Vomiting 5.20%
Blood pressure 448% Hypothyroidism 455% Abdominal pain 458% Stomatitis 4.10%
increased
Asthenia 417% Dehydration 397% Alopecia 431% | Thrombocytopenia | 3.99%
Weight decreased  4.06% Headache 3.90% Vomiting 430% | Dysgeusia 3.75%
Stomatitis 3.08% Rash 3.08% Pruritus 408% Malaise 3.68%
Headache 3.05% Stomatitis 289% Weight decreased | 4.04% Weight decreased 341%
Vomiting 291% Arthralgia 278% Hypertension 395% Platelet count 3.19%
decreased
Hypothyroidism 256% Constipation 258% Blister 363% Pain in extremity 3.10%
Mahise 255% Dysphonia 253% Pyrexia 326% Blood pressure 3.04%
increased
Rash 249% Abdominal pain 249% Skin exfoliation 287% Anaemia 2.86%
Pain 246% Death 238% Pain 286% Pain 2w
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Targets Binding energy (kcal/mol) Hydrogen bond sites Hydrogen bond leng

AKT1L | GLY-16, ARG-15 224; 234, 284, 234
BCL-2 [ -67 | GLU-1I3, LYS-24; ARG-28; ARG-70 | 26A; 22A; 1.9A; 284
Caspase3 -7.1 ‘ ASN-208; TRP-214; PHE-250 2.3A, 27A, 2.14; 2.44; 214, 234, 254

ILIB | -638 | GLU-64; LYS-65 | 24A;27A

JUN -70 \ LYS-122; ASN-175; LYS-49 1.94; 2.44; 26A

MYC [ -80 | SER-91; ILE-90 25A; 254

TNF -67 | ASN-195 ARG-31 26A; 294

TP53 | -82 ‘ ARG-1597; ASN-1594 | 25A, 2.84; 2,04, 244
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Active Chemical Drug targets Main conditions The earliest year on
ingredients formula the market
Axitinib, Inlyta, Axinix | Cp,H;gN,08 VEGER and PDGFR | Renal cell carcinoma, Pancreatic cancer 2012
Lenvatinib Lenvima CaaHasCIN,OS VEGER, FGFR, Thyroid cancer, Renal cell carcinoma, 2015
PDGEFR, RET Hepatocellular carcinoma
Sorafenib Nexavar | CagHa,CIFN,O VEGFR, Renal cell carcinoma, Hepatocellular 2005
PDGFR, RAF carcinoma, Thyroid cancer
Sunitinib Sutent CagHysFN,0; VEGFR, PDGFR, KIT | Renal cell carcinoma, Gastrointestinal 2006

and FLT3

stromal tumor, Pancreatic cancer
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Characteristic patients

Age,Median (range) — yr 60.2 (33.5-82.3)
Male sex — no. (%) 16 (80.0)
ECOG,no. (%)

0-1 14 (70.0)

2 6 (30.0)

IMDC prognostic risk, no. (%)

Intermediate 15 (75.0)

Poor 5(250)
Stage, no. (%)

m 7(350)

v 13 (65.0)

Sites of metastasis — no. (%)

Lung 9 (45.0)
Bone 5(250)
Lymph node 5(25.0)
pancreas 1(5.0)
omentum 1(50)
brain 1(50)
Liver 1(5.0)

ECOG, eastern cooperative oncology group; IMDC, international metastatic renal cell
e e e b e
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CPS Gene muta
1 )0 VHL $80R, BAP1
2 %5 | ARIDIA c101 + 1G>A, VHL WIIZS. MET, BAPL
3 %0 1 MAP2K2 F57L, NONO-TFE3 (N3:T7). BAP1
4 (+); 60 CDKN2A A36fs, TP53 P75fs, TP53 VIS7F, BAP1
5 %0 BAP1 $482fs
6 )0 | PIEN PIKCA
7 ()20 VHL CHEK1 TP53
8 %0 POLDI, TP53
9 ()20 | FGERL. ARIDIA
10 %0 VHL HI15N
[ )0 [ MTOR R2368Q
2 )5 TP53 G266R
13 %0 VHL E55Vfs*77
14 (=) 01 | PIKsCA EFO7K. TSCI R37C
15 )0 PIK3CA H1047R. KRAS G12V, TP53 R273C. VHL VI130Lfs'29
16 %0 MTOR $2215F, FGFR3 E157K. ATRX D1916N
17 )0 TSC1 R509°, VHL F765fs*83
18 )8 TP53 H179R. VHL CI62A5°8
19 ()55 ATM Q1531
0 @)1 | CONDI E280V. VHL 12066s'50

PD-L1, programmed death receptor ligand 1; CPS, Combined Positive Score;

D-L1,
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System organ classes

ADRS

Blood and lymphatic system disorders Anaemia, Thrombocytopenia 2

Cardiac disorders Cardiac failure, Palpitations, Cardiac failure congestive, Atrial fibrillation, Cardiac disorder, 6
Myocardial infarction

Endocrine disorders Hypothyroidism 1

Eye disorders Visual impairment, Vision blurred 2

Gastrointestinal disorders Flatulence, Stomatitis, Haematemesis, Dry mouth, Oral pain, Mouth ulceration, Pancreatitis, | 21
Gastrointestinal haemorrhage, Abdominal pain, Haematochezia, Dyspepsia, Nausea, Abdominal
distension, Diarrhoea, Constipation, Vomiting, Abdominal pain upper, Abdominal discomfort,
Dysphagia, Glossodynia, Gastrointestinal disorder

General disorders and administration site conditions  Condition aggravated, Mucosal inflammation, Pyrexia, Discase progression, Oedema, Drug 21
ineffective, Oedema peripheral, Feeling abnormal, Malaise, Gait inability, Chest pain, Chills,

General physical health deterioration, Peripheral swelling, Fatigue, Gait disturbance, Drug
intolerance, Swelling, Pain, Asthenia, Death

Hepatobiliary disorders Liver disorder, Hepatic function abnormal 2

Immune system disorders Hypersensitivity 1

Infections and infestations Urinary tract infection, Pneumonia, Nasopharyngitis, Sepsis, Infection 5

Injury, poisoning and procedural complications Fall, Product dose omission issue, Product use in unapproved indication, Contusion, Toxicity to | 7
various agents, O label use, Product use issue

Investigations Blood creatinine increased, Haemoglobin decreased, Weight increased, Heart rate increased, White | 14
blood cell count decreased, Weight decreased, Blood pressure increased, Alanine aminotransferase
increased, Hepatic enzyme increased, Blood bilirubin increased, Aspartate aminotransferase
increased, Blood glucose increased, Blood potassium decreased, Platelet count decreased

Metabolism and nutrition disorders Feeding disorder, Dehydration, Hyperkalaemia, Decreased appetite, Hypophagia, Hyponatraemia | 6

Musculoskeletal and connective tissue disorders Back pain, Joint swelling, Myalgia, Arthralgia, Muscular weakness, Muscle spasms, 9
Musculoskeletal pain, Bone pain, Pain in extremity

Skin and subcutaneous tissue disorders Alopecia, Skin exfoliation, Dry skin, Pruritus, Blister, Erythema, Acne, Skin discolouration, Skin | 13
disorder, Rash, Skin ulcer, Urticaria, Hyperkeratosis

Neoplasms benign, malignant and unspecified (incl  Renal cell carcinoma, Renal cancer, Malignant neoplasm progression 3

cysts and polyps)

Nervous system disorders Balance disorder, Burning sensation, Memory impairment, Cerebral haemorrhage, Somnolence, | 18
Lethargy, Tremor, Headache, Dizziness, Seizure, Speech disorder, Neuropathy peripheral, Loss of
consciousness, Ageusia, Cerebrovascular accident, Hypoaesthesia, Syncope, Paracsthesia,

Dysgeusia

Psychiatric disorders Insomnia, Anxiety, Confusional state, Eating disorder, Depression 5

Renal and urinary disorders Proteinuria, Renal failure, Acute kidney injury, Renal impairment, Haematuria 10

Respiratory, thoracic and mediastinal disorders Cough, Epistaxis, Haemaoptysis, Pleural effusion, Dysphonia, Interstitial lung disease, Pulmonary 10
oedema, Oropharyngeal pain, Pulmonary embolism, Dyspnoea

Social circumstances Loss of personal independence in daily activities 1

Vascular disorders Deep vein thrombosis, Haemorrhage, Hypertension, Thrombosis, Blood pressure fluctuation, | 6

Hypotension
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System organ

classes

Blood and lymphatic
system disorders

Cardiac disorders

Eye disorders

Gastrointestinal
disorders

Lenvatinib

Polycythaemia

Cardiomyopathy

Tongue discomfort, Glossitis, Swollen
tongue

Large intestine
perforation, Intestinal
obstruction, Intestinal
perforation

Sorafenib

Tachycardia

Melaena, Pancreatitis acute, Faeces
discoloured, Gastritis, Oesophageal
varices haemorrhage

Sunitinib

Disseminated intravascular
coagulation

Bradycardia, Pericardial effusion

Lacrimation increased, Eye
swelling, Eyelid oedema,
Periorbital oedema

General disorders and
administration site
conditions

Therapy partial responder Decreased activity

Feeling hot, Unevaluable event,
Adverse drug reaction

Multiple organ dysfunction
syndrome, Face oedema

Hepatobiliary disorders

Immune system
disorders

Infections and
infestations

Hypertransaminasaemia, Hepatic
cytolysis

Cholangitis, Gallbladder
disorder, Cholecystitis
acute

Drug hypersensitivity

Candida infection Cystitis, Septic shock

Hepatic cirrhosis, Hepatic pain

Gastroenteritis

Decreased immune
responsiveness

Injury, poisoning and
procedural
complications

Investigations

Metabolism and

Product dose omission in error, Wound, | Incorrect dose
Intentional product use issue, Infusion | administered
related reaction, Product prescribing

error

Heart rate decreased,
Blood magnesium
decreased, Blood calcium
decreased

Laboratory test abnormal

“Tumour lysis syndrome,

Lipase increased, Blood alkaline
phosphatase increased, Body
temperature increased, Alpha

1 foetoprotein increased

Fluid intake reduced,

Full blood count abnormal, Red
blood cell count decreased, Full
blood count decreased, Blood
urea increased, Ejection fraction
decreased

nutrition disorders Electrolyte imbalance, ~ Hypophosphataemia
Type 1 diabetes mellitus
Musculoskeletal and Fistula Flank pain Pain in jaw
connective tissue
disorders
Skin and subcutancous | Night sweats Dermatitis bullous, Rash papular, ~ Hair colour changes, Yellow skin
tissue disorders Palmoplantar keratoderma,
Dermatitis, Rash erythematous, Drug
eruption, Skin burning sensation
Neoplasms benign, Cancer pain Hepatocellular carcinoma, Gastrointestinal stromal tumour

malignant and
unspecified (incl cysts
and polyps)

Nervous system
disorders

Altered state of
consciousness, Migraine

Cognitive disorder, Dysstasia, Movement
disorder

Metastases to bone, Acute myeloid
leukaemia, Hepatic cancer, Thyroid
cancer, Metastasis, Metastases to
central nervous system, Metastases to
lung

Psychiatric disorders

Renal and urinary
disorders

Delirium, Hallucination

Mental status changes

Chronic kidney disease

Reproductive system and
breast disorders

Respiratory, thoracic and
mediastinal disorders

Vaginal haemorrhage

‘Throat irritation, Rhinorrhoea

Surgical and medical
procedures

Vascular disorders.

Hospice care, Therapy interrupted,
Nephrectomy

Polycythaemia Internal haemorrhage

Flushing

Pallor
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CGA-PRAD (n 38) GEO116918 223) GEO46602
<60 219 87 31 15
>60 269 51 192 21
Pathological T stage
T1+ T2 187 86 127 19
T3 + T4 301 52 9% 17
Gleason score
<7 287 17 127 32
>7 201 21 9% 4
Status
Recurrence free 39 103 172 14
Recurred 92 35 51 2
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Gene nam:

Main function

Signaling pathways

Role in prostate cancer progression

| ALYREF Involved in mRNA export from the nucleus CDK13/NSUNS/ACCI pathway ‘ inducing
DNMT1 Maintains DNA methylation patterns during DNA PI3K-Akt signaling pathway inducing
replication
 DNMT3B Responsible for de novo DNA methylation PI3K-Akt signaling pathway | inducing
EXO1 Involved in DNA repair, particularly in the 5' to 3' P53 signaling pathway inducing
exonuclease activity

‘ HNRNPA2B1 Involving in mRNA processing and transport TGE-p and FOXO pathways ‘ inducing

 TRDMTI Catalyzes the methylation of tRNAs = | inducing
‘
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Dataset  Sample Number of Number of

cells genes
GSE193337 | GSMS5793828 2,420 19815
GSM5793829 5724 21344

GSM5793831 5,087 21,890

GSM5793832 5,964 21,530






