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Recent studies showed that lipid metabolism reprogramming contributes to tumorigenicity and malignancy by interfering energy production, membrane formation, and signal transduction in cancers. HNSCCs are highly reliant on aerobic glycolysis and glutamine metabolism. However, the mechanisms underlying lipid metabolism reprogramming in HNSCCs remains obscure. The present review summarizes and discusses the “vital” cellular signaling roles of the lipid metabolism reprogramming in HNSCCs. We also address the differences between HNSCCs regions caused by anatomical heterogeneity. We enumerate these recent findings into our current understanding of lipid metabolism reprogramming in HNSCCs and introduce the new and exciting therapeutic implications of targeting the lipid metabolism.
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Introduction

Over 850,000 people are diagnosed with head and neck squamous cell carcinomas (HNSCCs) worldwide, and 440,000 people die of it (1, 2). Although human papillomavirus (HPV)-positive HNSCCs patients have better outcomes with overall survival (OS) rate of 70% (3, 4), patients with stage III–IV disease still suffer from local invasion and therapeutic failure, with a poor prognosis and OS of approximately 40% at 5 years (5). The treatment for HNSCCs is individualized, with either surgery or combined with radiotherapy, chemotherapy, target therapy or immunotherapy, as indicated by the pathological or clinical features and anatomical regions (6). Extensive tissue resection, reconstruction, and side effects of radiotherapy and chemotherapy seriously affect the life quality and survival rate of HNSCCs patients, primarily due to impaired swallowing, speaking and breathing functions (7). Because of inadequate nutrient intake, half of the HNSCCs patients are malnourished and about 80% of them lose weight during treatment (8, 9), whereas some lose up to 20% of body weight (10). After exposure to treatments, several metabolic changes occur because of wound repairing and immune response (7), accompanied with other existed metabolism reprogramming in tumors (11).

It’s well known that HNSCCs are highly reliant on glucose metabolism, known as Warburg effect (12, 13). However, nutritional limitation of the total calorie intake in HNSCCs patients promote cancer cell proliferation (14, 15), indicating that not only glucose metabolism, but also other metabolic processes, such as glutamine and lipid metabolism, are vital. As a newly discovered cancer characteristic (16), studies have found that lipid metabolism is reprogrammed in cancers, too (17). Lipid metabolism could support survival, proliferation, invasion, and metastasis in cancer cells by contributing to membrane formation, energy production and signal transduction, and even mediate drug resistance (18, 19). Due to the rapid proliferation rates and high metabolic energy requirements, cancer cells have tremendous demand of lipids (20, 21). Moreover, a variety of intermediate substrates produced by glucose and glutamine metabolism could participate in lipid metabolism, forming a “shortcut” cycling (22). Thus, lipid metabolism reprogramming plays a “vital” role in HNSCCs.

However, it should be noted that the anatomical HNSCCs regions, especially in the neck and supraclavicular regions, mainly contain brown adipose tissue and beige adipose cells (23), which promote energy consumption and help improve the glucose and lipid metabolic disorders (24). And this could partially explain the marked heterogeneity among different head and neck regions (25), especially nasopharyngeal carcinoma (NPC). In NPC, the most common manifestation is cervical lymph node metastasis, which is riches in brown adipose tissue (23). Distant metastasis occurs in about 20% of NPC cases, and half of them are bone/bone marrow metastasis (26), a region where adipocytes predominate (27). Latest studies found that activated brown adipose tissue can reduce glucose around cancers and inhibit cancer growth (28). Because of these differences in adipose tissue distribution, the mechanisms underlying lipid metabolism in different HNSCCs, and other solid carcinomas may vary.

Up to date, most studies were working on the key enzymes involved in lipid uptake and synthesis in HNSCCs, and the upregulation of these enzymes indicates the therapeutic potentials of lipid uptake and synthesis inhibitors in HNSCCs. In this review, we summarize the current studies working on lipid metabolism enzymes and signal transduction molecules and introduce the advancements for lipid metabolism disruption in HNSCCs. Lipids are composed of fat (triglyceride, TG) and lipoid (phospholipid, cholesterol, and cholesterol esters) and both are involved in lipid uptake, synthesis, storage, and catabolism (20). Thus, this review introduces the reprogramming of lipid metabolism in HNSCCs by FA and cholesterol, which are the main substrate for fat and lipoid.



Lipid uptake in HNSCCs


Cholesterol uptake

Cholesterol, which plays a crucial role in membrane structure, is absorbed by intestinal enterocytes (29) and used to synthesize very low-density lipoprotein (VLDL) in the liver (30). VLDL is released into the blood and processed into low-density lipoprotein (LDL), which is taken up by low-density lipoprotein receptors (LDLR) on peripheral cells (31). Nicotine in tobacco can induce an increase in LDLR expression in oral epithelial cells, while smoking is an important risk factor for HNSCCS (32). But the blood cholesterol and LDL levels are significantly decreased in oral carcinoma patients (33, 34). These results indicate that HNSCCs require more cholesterol and LDL than normal cells. Daker et al. also found that Epstein-Barr virus encoded RNA (EBERs) up-regulated LDLR and FA synthase (FASN) in NPC cells (35). Besides, experiments on head and neck cancer (HNC) cell lines revealed that the expression of CD36 and LOX-1, another two LDL membrane receptors, were significantly upregulated after exposure to oxidized LDL (oxLDL) (36), which also suggested that the uptake of cholesterol increased in HNSCCSs. However, lipid metabolism varies according to different tumor microenvironment (TME) and progression stages (37, 38). When oxLDL upregulated CD36 in HNC cell lines, the migration of cancer cells were reduced after oxLDL exposure (36). Thus, the regulation of LDL receptors needs further exploration in order to guide the administration of cholesterol uptake inhibitor. The mechanisms underlying cholesterol efflux proteins, such as LXR or ABCA1, in HNSCCs are still lacking, which worth more attention since they affect the total concentration of cholesterol inside the cells, too.



FA uptake

FA is another essential molecule involved in lipid biosynthesis and serves as a substrate for energy production metabolism. Mammals produce only a few endogenous FAs, which carry a double bond at δ 9 in the hydrocarbon chain. Other necessary FAs, especially polyunsaturated FAs, need to be obtained from food (20, 39). FA are taken up by simple diffusion through the lipid bilayer or by FA transporters on the membrane (22). The currently known FA transporters include differentiated cluster 36 (CD36, also known as FA translocation enzyme), FA transporter family (FATPs, also known as SLC27), and FA binding proteins on the plasma membrane (also known as FABPs). Abnormal elevation of these three proteins occurs in a variety of cancers (20, 40). Among them, CD36 has been studied most comprehensively in HNSCCs. In oral squamous cell carcinoma (SCC), CD36 upregulation promotes tumor metastasis, while its inhibition leads to complete remission or elimination of lymph node and lung metastases in in vivo oral carcinoma models (40). These findings suggest the therapeutical use of CD36 inhibitors in advanced HNSCCs patients. What’s more, CD36 inhibitors could reduce the growth of oral SCC cells and inhibited lipid droplet (LD) formation, tumor progression, and metastasis (41–43). And it is important to know that our daily dietary intake may affect the expression of CD36 as Pascual et al. found that dietary palmitic acid (PA) activated CD36 in oropharyngeal carcinoma and stimulated metastasis of cancer cells, which was promoted by a specialized proregenerative extracellular matrix secreted from cancer-associated Schwann cells (44). Thus, nutritional interventions should be considered together with lipid metabolism inhibitors for cancer treatment. Similar to CD36, Rauch et al. found that FABP protein expression was significantly increased in HNSCCs compared to normal tissues (45). Then, Ohyama et al. further found abnormal expressions of FABP4 and FABP5 in tongue carcinoma, whereas only FABP5 was expressed in normal tongue epithelial cells, which showed a higher expression level in injured and cancer tissues (46). Although few studies have evaluated the role of FA transporter family in HNSCCs, these studies revealed that HNSCCs require more FAs than normal cells. However, the killing efficiency of the FA uptake inhibitors should be researched more specifically, along with the optimal duration of use, usefulness and efficiency of nutritional interventions, and long-term side effects.




Lipid synthesis and storage in HNSCCs

Citric acid, produced by the citric acid cycle or glutamine metabolism, is the starting molecule involved in intracellular lipid synthesis. ATP-citric acid lyase (ACLY) converts citric acid to acetyl-CoA and oxaloacetate, which are used to synthesize different lipids in the cells (Figure 1). Although there is no direct evidence of ACLY expression in HNSCCs, Zheng et al. found that the long non-coding RNA TINCR could bind to ACLY and protect it from degradation in NPC, which maintained the total acetyl-CoA level in cells (47). In addition, Sur et al. reported that bitter gourd extract could significantly reduce the expression of ACLY, acetyl-CoA carboxylase (ACC), and FASN genes in oral carcinoma, and promote cell apoptosis (48). These results suggest that the ACLY expression is increased in HNSCCs, which may contribute to the survival of cancer cells and ACLY inhibition may be used as a new anticancer treatment in HNSCCs.




Figure 1 | Lipid synthesis and storage in HNSCCs. Lipid synthesis begins with citric acid, produced from the TCA cycle, which is used to synthesize different lipids in the cytoplasm. There are two main pathways involved: FA de novo synthesis and cholesterol synthesis. The produced lipids are stored as LDs. Most enzymes involved in lipid synthesis are upregulated in HNSCCs.




Cholesterol synthesis

Cholesterol biosynthesis begins with the conversion of two molecules of acetyl-CoA to acetoacetyl-CoA by acetyl-CoA acetyltransferase (ACAT). Subsequently, a third acetyl-CoA molecule is synthesized into HMG-CoA by HMG-CoA synthase (HMGCS). HMG-COA reductase (HMGCR) is the next rate-limiting step in cholesterol synthesis and produces mevalonate (Figure 1). Mevalonate can be modified to produce different cholesterols with various physiological functions, such as lipid raft in cell membrane (29). Using genetic variation assessment, Gormley et al. reported that there was limited evidence regarding LDL reduction by HMGCR, Niemann-Pick type C1-like 1 (NPC1L1), CETP, or other circulating lipid trait genes on the risk of oral or oropharyngeal carcinoma (49). However, ACAT1 was reported to be associated with poor prognosis of oral SCC (50). This may be explained by the lack of consideration of cholesterol efflux in the previous study, which affects the total quantity of cholesterol inside the cancer cells. Although previous findings related to cholesterol synthesis are controversial and there are limited reports about the expression and prognostic role of cholesterol synthesis-related enzymes in HNSCCs, statins, which are the cholesterol-lowering drugs that act by HMGCR inhibition (51), could induce apoptosis of cancer cells by consuming non-steroidal mevalanoic acid metabolites in HNSCCs (52). Furthermore, statins could enhance the effects of cisplatin with concomitant use and potentiate the efficacy of immunotherapy in HNSCCs (53). These results highlight the potential therapeutic use of statins in HNSCCs, which should be further studied to clarify the mechanisms behind.



FA de novo synthesis

FA de novo synthesis begins with the conversion of acetyl-CoA to malonyl-CoA by ACC. Then, acetyl-CoA and malonyl-CoA are catalyzed by FASN to form palmitate, which is further modified by elongase of very long chain fatty acids (ELOVL) enzymes to elongate the length of FA chains. Finally, polysaturated FAs, such as palmitic acid, are desaturated to produce unsaturated FAs by stearoyl-CoA desaturase (SCD) and/or other fatty acyl-CoA desaturases (Figure 1). The expression of various rate-limiting enzymes involved in FA de novo synthesis was increased in HNSCCs. In HNSCCs with lymph node metastasis, highly phosphorylated ACC expression was found to be associated with poor survival outcomes (54). And ACC2 serves as a vital prognostic indicator and potential therapeutic target in HNSCCs (55). As another key rate-limiting enzyme in FA synthesis, FASN expression was found to be increased in HNSCCs, too. Epstein-Barr virus could promote FASN expression in NPC cells (35, 56) and FASN transcription was increased in cisplatin-resistant SCCs and played a role in cisplatin resistance (57). Furthermore, FASN siRNA inhibited the growth of in vivo oral SCC and lymph node metastasis (58), and FASN inhibitors increased the sensitivity to radiotherapy (59). The aforementioned results suggest that inhibition of FA synthesis would be a novel and exciting treatment for HNSCCs. Clinical trials evaluating the efficiency of the FASN inhibitors are currently ongoing on variety of cancers, including oral cancers (NCT02223247) (www.clinicaltrails.gov). Besides, SCD inhibitors could hinder cancer cell proliferation and invasion in oral carcinoma (60, 61), but need more in-depth and long-term studies.



Total lipid synthesis and storage

After synthesis, FAs bind to different backbones to produce different classes of fat in the body, such as phospholipids and TGs with glycerol is the most common backbone, except phospholipids. FAs produce TGs through several enzymes, including Gly3P phosphate acyltransferase (GPAT), 1-acyl-sn-Gly3P acyltransferase (AGPAT), PA phosphatase (PAP), and DAG acyltransferase (DGAT). TGs are then encapsulated in LDs, which is the main storage form of lipids (Figure 1). LD accumulation serves as a phenotype for metastasis initiation, energy storage, and regulatory mechanism of reactive oxygen species in carcinomas (62). HNSCCs show increased LD accumulation, too (63, 64). However, the distribution and mechanism of key enzymes and molecules, such as lipins, in HNSCCs have not been reported previously, and merit further exploration.




Lipid catabolism in HNSCCs


Lipolysis

In response to the requirements of rapid growth and invasion, intracellular lipolytic enzyme activity is also increased (65). In mitochondria, long chain FAs are transformed into acetyl-CoA through lipid catabolism (20), thereby providing ATP and substrates for lipid synthesis (66). The initial step of lipolysis is the hydrolysis of TG into diacylglycerol (DAG) by lipases. Two main lipases are involved in this process, namely, hormone-sensitive lipase (HSL) and fatty triglyceride lipase (ATGL, also known as phospholipase A2, PNPLA2, or PLA2). Rather than TG, HSL hydrolyzes DAG to monoacylglycerol (MAG), while ATGL almost completely hydrolyzes TGs to release DAG (67, 68). DAG is derived from TGs via ATGL, and DAG is hydrolyzed by HSL to 2-MAG. Then, 2-MAG is hydrolyzed by MAG lipase (MGL) to free FAs and glycerol, which is then secreted extracellularly (22) (Figure 2).




Figure 2 | Lipid catabolism in HNSCCs. Enzymes involved in lipid catabolism are shown in the figure. After release from the LD, triacylglycerol is broken into FA-CoA by lipolysis-related enzymes and catabolized by FAO to produce energy and substrates for the mitochondrial TCA cycle. β-oxidization are reported to be upregulated in HNSCCs, however, the expression of ATGL in HNSCCs is still controversial.



In 2012, Tripathi et al. found that, along with the Warburg effect, the phosphatidylcholin/lysophosphatidylcholine and phosphatidylcholine/glycerophosphatidylcholine ratios were significantly increased and the activity of ATGL in HNSCCs (oral, tongue, and larynx) was enhanced (69). However, Zhou et al. found that in NPC, ATGL expression was inhibited, lipolysis was reduced, and LD accumulation was increased (63). In addition, they found that low ATGL expression was associated with poor prognosis of patients and ATGL inhibition was regulated by Epstein-Barr virus-encoded membrane latent protein 2A (LMP2A). LMP2A not only promoted lipid accumulation by inhibiting ATGL, but also enhanced migration in vitro (64). Thus, the expression and mechanisms of ATGL varied according to the anatomical regions of HNSCCs. As we mentioned above, this gene heterogeneity may be related with the different adipose tissue distribution and lipid metabolism in HNSCCs.



FA catabolism

In addition to being a metabolic intermediate in lipid anabolism, FAs are an important energy source. FAs are catabolized by fatty acid oxidation (FAO), also known as β oxidation. FA-CoA was transformed into FA-carnitine by carnitine palmityl transferase (CPT) and transported from the cytosol across the outer mitochondrial membrane. Within the mitochondria, FAs are repeatedly cleaved to produce acetyl-CoA, which is recycled into the citric acid cycle to produce the reductive equivalent of oxidative phosphorylation (Figure 2). Du et al. found that increased CPT1A-mediated FAO was significantly associated with radiotherapy resistance in NPC (70), suggesting the potential use of combination treatment of FAO inhibitors and radiotherapy. However, the mechanism underlying the role of CPT1/2 in other HNSCCs as well as its other functions require further evaluation.




Regulation pathways of lipid metabolism reprogramming in HNSCCs

In addition to the key lipid metabolic steps mentioned previously, there are also many important signaling pathways involved in lipid metabolism regulation, such as PI3K/AKT, mTOR, and AMPK pathways, which have been discussed previously and are not included in this review (22, 71). In addition to the above pathways, there is a star lipid regulation pathway, which is involved in the regulation of synthesis of multiple lipids, namely, INSIG/SCAP/SREBPs, and requires further attention. The INSIG/SCAP/SREBPs complex is located on the endoplasmic reticulum but does not have any regulatory activity. After cholesterol or glucose stimulates INSIG, the SCAP/SREBPs complex is transported to the Golgi and cleaved into the activated form. Then, SREBP-1c is released into the cell nucleus and regulates the downstream genes as a transcriptional factor. SREBPs has three main forms, namely, SREBP1a, SREBP1c, and SREBP2. SREBP1 mainly regulates the expression of FA synthesis genes and LDLR, while SREBP2 preferentially regulates the expression of cholesterol biosynthesis genes (20). In NPC, SREBP1 activation mediated lipid synthesis and promoted tumor proliferation and progression (72). However, the distributions, expression levels, and specific mechanisms of INSIG/SCAP/SREBPs in different HNSCCs are still unclear.



Effects of high-risk factors on lipid metabolism reprogramming in HNSCCs tumor microenvironment


Tobacco and alcohol

Compared with non-smoker who never drank, those who drank and smoked every day had a 14-fold higher risk for head and neck squamous cell carcinoma (73). Alcohol consumption alone increases the risk for head and neck squamous cell carcinoma (74, 75). Ethanol is oxidized into acetaldehyde after absorption, which forms various proteins and DNA adducts that promote DNA repair failure, lipid peroxidation and metabolism (76). In HNSCCs, there is a significant positive dose-response relationship between prediagnosis alcohol intake and worse OS, especially associated with the fast ADH1B and the slow/nonfunctional ALDH2 genotype combination (77), two dehydrogenase for alcohol and aldehyde. Chronic alcohol exposure decreases the DNA binding ability of PPARα, a nuclear hormone receptor involved in mitochondrial β-oxidation regulation (78, 79), and impairs cholesterol synthesis (80, 81), which may promote cancer progression, and may also occur in head and neck epithelial cells. Another risk factor that HNSCCs patients are frequently exposed to is tobacco. Difference in lipidome signatures can be found between smokers and non-smokers across a number of lipid species (82, 83). Compared with unexposed, active or passive smokers have higher LDL (84–87) and lower HDL (88). Nicotine in tobacco can induce up-regulation of LDLR expression in oral epithelial cells (32). However, the serum levels of total lipids, cholesterol and HDL in patients with oral cancer are significantly reduced, while triglycerides and VLDL are increased (33, 34). Above results support that lipid metabolism reprogramming has a significant relationship with HNSCCs development, although the specific mechanisms of alcohol and tobacco regulation is still unclear.



Virus infection

As a part of the upper aerodigestive tract, HNSCCs are often affected by viral or bacterial microbes, such as HPV and EBV. Viruses require lipid-mediated endocytosis to enter the cell and HPV proteins L1 and L2 could activate lipid-raft mediated endocytosis to increase its infection (89). The HPV16 E5 protein even can change the lipid composition in cells to help establishing an immune suppressed TME that favors HPV long-term infection (90). HPV16 E6 and E7 could up-regulate lipid synthesis by activating PI3K/AKT/mTOR (91) and SREBPs lipid synthesis signaling pathways (92–94). HPV-positive HNSCCs patients had higher levels of gene expression in TCA cycle, oxidative phosphorylation and β-oxidation, compared with HPV-negative patients (95). However, due to the different adipose tissue distribution, the lipid metabolism regulated by HPV may also varied in different cancers. For example, although HPV is involved in the regulation of cell metabolism in both cervical cancer and HNSCCs, its functions varied. In HPV-associated HNSCCs, it mainly promotes oxidative phosphorylation to obtain energy (96, 97), while in cervical cancer, HPV E6 protein up-regulates lipolysis and down-regulates oxidative phosphorylation (98).

Another well-known virus risk factor in HNSCCs is Epstein-Barr virus, which is also involved in lipid metabolism reprogramming in HNSCCs TME. EBV encoded LMP1 has been reported to regulate glycolysis and lipogenesis in NPC (56, 99, 100). EBV-mediated reprogramming of lipid biosynthesis promotes B-cell activation and differentiation surrounding TME (101, 102), which help shaping a tumor favored TME. At the same time, EBV can also release inflammatory factors, such as IL6, IL-10 and leptin, which promote fat consumption (103–105) and help cancer cells to evade immune surveillance (106). Therefore, virus associated HNSCCs show differences in lipid metabolism compared with non-infectious HNSCCs, which worth more study in the future.



Dietary interventions

Dietary interventions alter the metabolic substrates concentrations in the TME, which will reprogram the cancer cell metabolism and induce cancer development and progression (107–111). Caloric restriction inhibits the growth of pancreatic cancers and helps limit cancer progression (112). However, the total calory intake restriction intervention does not improve the survival prognosis in HNSCCs, but improves the cancer cells proliferation (14, 15). Whether a hypoglycemic diet will inhibit cancer growth may be determined by the mismatch between the fatty acid desaturation degree and the available specific fatty acid types in the cancer (112). Therefore, the role of lipid metabolism in HNSCCs deserves further investigation.

Ferroptosis is an iron-mediated lipid peroxidation that causes non-apoptotic cell death, which is associated with cancer development and therapy response. Inhibition of GPX4, an important ferroptosis regulation molecule, can sensitize drug-resistant cancer cells in HNSCCs (113). During ferroptosis, polyunsaturated fatty acids (PUFAs) are most susceptible to peroxidation, which can cause the destruction of the lipid bilayer and affect membrane function (114). In oral cancer, glutathione can regulate lipid oxidation by binding to PTGS2 which promotes ferroptosis (115). What’s more, high fat-soluble vitamins, such as Vitamin D is associated with lower risk of cancer (116). Thus essential nutrients such as glutathione (GSH), fat-soluble vitamins A, D and K, which help remove ROS (98) and regulate lipid peroxidation and ferroptosis (117), have potential anticancer application in HNSCCs by promoting ferroptosis.

In addition to essential nutrients, there are many exogenous lipid nutrients with potential cancer killing effects in HNSCCs. Reports have shown that docosahexaenoic acid, a ω-3 fatty acid, can induce the degradation of HPV E6/E7 oncoprotein and promote apoptosis (118). Ergosterol Peroxide extracted from mushroom can increase radiotherapy sensitization in cervical cancer cells (119). Salvianolic acid B extracted from salvia miltiorrhiza, which could can also inhibit the malignant transformation of oral premalignant lesion (120), which has been reported had the protective effect on metabolic homeostasis by regulating PPARγ, FASN, SCD1 and CD36 (121). These results suggest that exogenous unsaturated fatty acids and lipid nutrients extracted from plants may have therapeutical potential in HNSCCs.




Regulation of lipid metabolism in HNSCCs by cancer associated cells in TME

Apart from cancer cells, cancer-associated cells in the TME also play an important role in the occurrence and development in cancers. Among them, the one that has been studied the most is cancer-associated fibroblasts (CAFs), which can be derived from normal fibroblasts around cancers, mesenchymal stem cells and cancer cells undergoing EMT transformation (27). It interacts with cancer cells and other components in the TME which help forming a tumor-supporting TME (122–124). HPV-negative oropharyngeal cancer cells can stimulate normal fibroblasts to produce HGF and IL-6 (125), and senescent CAFs will secrete more IL-6, COX2 and PGE2 (126). And then, IL-6 further promotes cancer cell invasion, lipid depletion and immunosuppression (103–106). Although there is evidence that CAFs in HNSCCs exhibit similar metabolic characteristics with cancer cells (127, 128), studies on lipid metabolism in CAFs are still lacking. What’s more, Pascual et al. found that dietary PA could induce the cancer associated Schwann cells to secrete a specialized extracellular matrix to promote metastasis (44). All these results support that cancer associated cells help reprogramming the lipid metabolism in HNSCCs TME.

Adipocytes also can differentiate into CAFs (27). Cancer cells could regulate lipid metabolism of adipocytes to produce cancer-associated adipocytes, which are morphologically and functionally different from normal adipocytes (129). Cancer-associated adipocytes then further release fatty acids, mitogens and proinflammatory adipokines to promote the occurrence and development of cancers (130–134). Adipokines such as leptin and adiponectin are lower in HNSCCs patients (135–138), whereas visfatin and chemerinze are higher (28, 139).However, adipocytes distribution in different regions of HNSCCs varies, which may be the reason for the distinct metabolism CAFs subtypes in HNSCCs (128, 140). All these evidences support that cancer associated adipocytes and CAFs play a vital role in lipid metabolism in HNSCCs, but needs more exploration.



Summary and future prospects

The mask of lipid metabolic reprogramming in HNSCCs is gradually being revealed. Previous studies reported that a variety of lipid metabolic enzymes are upregulated in HNSCCs, but heterogeneous was also existed according to different TME and anatomical regions. Cancer cells are constantly reprogramming their lipid metabolisms in response to the TME and/or metastasis/colonization needs in HNSCCs. In this article, we summarized the previous research on lipid metabolism reprogramming in HNSCCs. However, as shown in Table 1, only few lipid metabolism enzymes have been researched and there are still a lot of vacancy in this area which need further exploration in the future. Importantly, HNSCCs comprise a diverse group of cancers that affect the upper aerodigestive tract. The differences in reprogramming of lipid metabolism under different TMEs in HNSCCs require additional studies. Lipid metabolism reprogramming not only shows extensive interaction with other metabolic mechanisms, but also has various crosstalk with surrounding cells, cytokines, growth factors, and even nutrient molecules within the malignant cancer cells. Therefore, the role of lipid metabolism reprogramming in HNSCCs needs additional studies, including, but not limited to, its effects on the immune microenvironment and angiogenesis. Further understanding of the lipid metabolism reprogramming mechanisms, key rate-limiting enzyme functions, and regulatory pathways in HNSCCs may help to develop the potential use of lipid metabolism pathways as targets for anti-tumor therapy, as well as the use of dietary/nutritional interventions to improve the prognosis and life quality of HNSCCs patients.


Table 1 | Expression of key lipid metabolism enzymes in HNSCCs.
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Melatonin inhibits HCC progression through regulating the alternative splicing of NEMO
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Hepatocellular carcinoma (HCC) is one of the most common primary cancers with limited therapeutic options. Melatonin, a neuroendocrine hormone produced primarily by the pineal gland, demonstrates an anti-cancer effect on a myriad of cancers including HCC. However, whether melatonin could suppress tumor growth through regulating RNA alternative splicing remains largely unknown. Here we demonstrated that melatonin could inhibit the growth of HCC. Mechanistically, melatonin induced transcriptional alterations of genes, which are involved in DNA replication, DNA metabolic process, DNA repair, response to wounding, steroid metabolic process, and extracellular matrix functions. Importantly, melatonin controlled numerous cancer-related RNA alternative splicing events, regulating mitotic cell cycle, microtubule-based process, kinase activity, DNA metabolic process, GTPase regulator activity functions. The regulatory effect of melatonin on alternative splicing is partially mediated by melatonin receptor MT1. Specifically, melatonin regulates the splicing of IKBKG (NEMO), an essential modulator of NF-κB. In brief, melatonin increased the production of the long isoform of NEMO-L with exon 5 inclusion, thereby inhibiting the growth of HepG2 cells. Collectively, our study provides a novel mechanism of melatonin in regulating RNA alternative splicing, and offers a new perspective for melatonin in the inhibition of cancer progression.
Keywords: melatonin, HCC, NEMO, alternative splicing, MT1
INTRODUCTION
Liver cancer is the sixth most common cancer, and the third leading cause of cancer death all over the world (Sung et al., 2021). HCC accounts for about 80% of liver cancers, which has poor prognosis and is the major cause of liver cancer-related mortality (Yang et al., 2019). The current treatment strategies for HCC includes surgical resection, chemotherapy, hormonal therapy, liver transplantation and percutaneous local ablation. Due to the absence of specific symptoms in early stages and the lack of diagnostic markers, more than 70% of patients with HCC are often diagnosed in an advanced stage (Llovet et al., 2016; Montella et al., 2016; Liu and Qin, 2019). The multiple-target tyrosine kinase inhibitor sorafenib is one of the most effective drugs for the advanced HCC (Yang et al., 2019). However, only about 30% of patients can benefit from sorafenib treatment, which might lead to drug resistance and side effects as well. HCC is a heterogeneous tumor, containing alterations of multiple signaling pathway. The complex patho-physiology of HCC urgently drives the discovery of new treatment or combination therapy (Huang et al., 2020; Tang et al., 2020).
Melatonin (N-acetyl-5-methoxytryptamine), a neuroendocrine hormone produced primarily by the pineal gland, has various functions, including regulating circadian rhythm and antioxidant. Melatonin can activate melatonin receptor MT1, MT2, MT3, and ROZ/ROR to function in a receptor-mediated manner. Meanwhile, melatonin can also be soluble into water and lipid environments, thus easily diffusing through cell membranes and penetrating cellular compartments to work through non-receptor-mediated mechanisms (Mao et al., 2010; Liu et al., 2016; Asghari et al., 2017; Ferlazzo et al., 2020). Melatonin exerts oncostatic functions in numerous human malignancies, containing breast cancer, ovarian cancer, prostate cancer, skin cancer, and liver cancer, etc. (Zhao et al., 2019). Melatonin could suppress cancer progression through regulating cancer cell proliferation, migration, invasion, angiogenesis, apoptosis and cell cycle (Fernandez-Palanca et al., 2021). In particular, as a natural compound, melatonin intriguingly plays antithetical roles in normal cells and cancer cells. For example, melatonin increases the activity of SIRT1 and inhibits apoptosis by reducing the expression of Ac-FOXO1A, Ac-TP53, or Ac-BAX in normal cells. Conversely, SIRT1 is highly activated in cancer cells, and melatonin blocks SIRT1, thereby inhibiting cell proliferation and exerting a tumor suppressing effect (Mayo et al., 2017). However, due to the clinical complexity, the anticancer mechanisms of melatonin in cancer therapeutics are still largely less understood.
Alternative splicing (AS) is a crucial post-transcriptional mechanism to regulate gene expression patterns that allows a single gene to code for multiple transcript isoforms, thereby increasing the diversity and complexity of the transcriptome (Yuan et al., 2017; Hu et al., 2020). Alternative splicing plays an important role in tumorigenesis and cancer progression. Aberrant splicing could induce the production of noncanonical and cancer-specific mRNA transcripts, causing the inactivation of tumor suppressors or the activation of oncogenes (Chen et al., 2019). These RNA variants could be translated into distinct protein isoforms, and might be involved in different tumor biological functions, such as proliferation, apoptosis, angiogenesis, metabolism, stemness, drug-resistance and metastasis (Bonnal et al., 2020; Sciarrillo et al., 2020). Importantly, abnormal RNA alternative splicing can promote the development of HCC. For example, BIN1 generates a short isoform (BIN1-S, which lacks exon 12a) that exerts a tumor suppressing effect by inhibiting the binding of c-Myc to target gene promoter in the normal liver. However, upregulated NONO helps the oncogenic splicing switch of BIN1 from BIN1-S to BIN1-L (a long isoform, which contains exon 12) to promote carcinogenesis in HCC (Hu et al., 2020). Therefore, the study of molecular mechanisms of alternative splicing might provide novel therapeutics for liver cancer. However, whether alternative splicing is involved in melatonin-mediated inhibition of tumor progression is still largely unknown.
Here, we reported that melatonin can exert antitumor effects by regulating cancer-related splicing events in HCC. To systematically identify melatonin-regulated splicing events, we performed mRNA-seq analysis on HepG2 cells with melatonin treatment for 24 h and 48 h. Importantly, in addition to the regulation of gene expression, melatonin also modulated the occurrence of a wide range of splicing events. Briefly, we identified 391 overlapped differentially expressed genes and 335 overlapped AS events after melatonin treatment for 24 h and 48 h in HepG2. Our results showed that exon skipping is the predominant type of melatonin-induced alternative splicing events, and we identified the alternative splicing switches of IKBKG, LPIN1, ITGA6, TERF1, KIF23, SIN3B, which might regulate the mitotic cell cycle, kinase activity, GTPase regulator activity, cellular response to DNA damage stimulus, and histone modification functions. The regulatory effect of melatonin on alternative splicing is partly mediated by MT1. Moreover, melatonin could exert tumor suppressing effect by up-regulating the expression of the long isoform of IKBKG. Taken together, our study systematically identified melatonin-mediated alternative splicing events, which might provide a new avenue to interpret the tumor suppressing function of melatonin in HCC.
MATERIALS AND METHODS
Cell culture and reagents
Human HCC HepG2 cell line and Hep3B cell line were obtained from the American Type Culture Collection. HepG2 cell line and Hep3B cell line were maintained at standard culture conditions (37°C, 5% CO2) in MEM medium with 10% FBS (BI), Sodium Pyruvate (macgene, CC007), Nonessential Amino Acids Solution (macgene, CC25025). HEK-293T cells were maintained at standard culture conditions (37°C, 5% CO2) in DMEM medium with 10% FBS. NCI-H1299 cells were maintained at standard culture conditions (37°C, 5% CO2) in 1640 medium with 10% FBS. A549 cells were maintained at standard culture conditions (37°C, 5% CO2) in F12K medium with 10% FBS. Melatonin was purchased from Selleck (S1204).
Plasmid constructions and generation of stable cell lines
To generate the mammalian expression plasmids pCDH-Flag-NEMO-L and pCDH-Flag-NEMO-S, human NEMO-L and NEMO-S cDNA were amplified by PCR and then cloned into lentivirus vector pCDH-CMV-MCS-EF1-Puro with N-terminal Flag tag with restriction enzymes Nhe I and Not I. shRNAs targeting MT1 were cloned into the pLKO.1. To stably overexpress NEMO-L/S or knockdown MT1 in HepG2 cells, lentiviral particles were produced by transient transfection of HEK-293T cells with pCDH-Flag-NEMO-L or pCDH-Flag-NEMO-S or pCDH-empty or plko.1-empty or plko.1-shMT1 vectors. Media contains lentivirus were used to infect HepG2 cells, followed by 4 μg/ml puromycin (Solarbio, P8230) selection for 5 days. The expression of transgenes was confirmed by western blots, semi-quantitative RT-PCR or RT-qPCR before further analysis.
Western blot
Cells were washed twice with cold 1 × PBS and then lysed by RIPA lysis buffer containing 1 mM PMSF and 1 mM Cocktail. Cells were scraped off and collected into EP tubes, and centrifuged at 12,000 rpm for 15 min to remove cell debris. Equal amount of total protein was separated by 10% SDS-PAGE and transferred to nitrocellulose membrane, which were blocked with 5% fat-free milk and incubated with primary antibody at 4°C overnight. The following antibodies were used: Anti-Flag (Sigma, F1804), anti-GAPDH (Proteintech, 60004-1-Ig) and anti-NEMO (Proteintech, 18474-1-AP). After PBS washes, the membrane was incubated with secondary antibodies for 1 h at room temperature. Finally, bound antibodies were visualized with the ECL enhanced chemiluminescence regent Kit (NCM Biotech).
RT-qPCR and semi-quantitative RT-PCR
Total RNAs were extracted from cells treated with or without melatonin using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Genomic DNAs were removed and total RNA (2 μg) was reverse transcribed by the Thermo Scientific RevertAid First Strand cDNA Synthesis Kit (with DNase I). We performed RT-qPCR used MonAmp™ Taqman qPCR Mix (Monad) according to the manufacturer’s instructions. The expression level of targets was normalized to the endogenous expression of GAPDH. The cDNA was also used as the template for semi-quantitative RT-PCR. Products were separated on 3% agarose gels, and imaged were captured using a CCD camera (Tanon 2500R). The primers listed in Supplementary Table S1.
RNA-seq analysis
HepG2 cells were treated with melatonin 1 mM or DMSO for 24 h and 48 h, and then extracted total RNAs using TRIzol and cleaned using RNAeasy Kit (Qiagen). The DNA was removed from total RNAs by digesting in column with RNase free DNase according to manufacturer’s instructions. Polyadenylated RNA were purified from total RNA by using Illumina TruSeq Total RNA Sample Prep kits. For discover splicing junctions, we mapped the paired-end sequences to human genome (hg38) using Map Splice 2.0.1.6 (default parameters). The level of gene expression was analyzed by the mapped reads with Cufflinks. We analyzed the changes of splicing isoforms using MISO package with annotation of all known alternative splicing events, and the results filtered according to the PSI values.
We preformed gene ontology analysis and KEGG analysis using metascape.org to search for enriched functions and pathways. The functionally correlated network of melatonin-regulated genes was analyzed by STRING database.
IC50 measurement and growth curve assay
CCK8 assay was used to detect the IC50. Cells were seeded into 96-well plates (4000 cells/well) to culture overnight and then treated with different concentrations (0, 0.5, 1, 1.5, 2.5, 5, 7.5, 10 mM) of melatonin for 72 h. Then 10 µL/well CCK8 was added, allowing cells to continuously culture at 37°C for 2 h. Absorbance at 450 nm was measured using an ELISA reader (DNM-9602, Perlong). Dose-response curves were plotted to determine half maximal IC50 of melatonin using the GraphPad Prism. For growth curve assay, cells were seeded into 96-well plates (1000 cells/well) and cell viability was measured using CCK8 assay. Cell growth curves were determined by absorbance at 450 nm.
Colony formation
Cells were seeded in 60-mm dishes (1500 cells per dish) and incubated at 37°C, 5% CO2 in humidified incubator for 15 days. Each treatment was carried out in triplicate. Colonies were fixed with 4% PFA and stained with crystal violet.
Liver cancer tissue specimens
We collected fresh liver cancer tissues and adjacent normal tissues from patients with pathologically and clinically confirmed liver cancer. All human tumor tissues were obtained with written informed consent from patients or their guardians prior to participation in the study. The Institutional Review Board of the Dalian Medical University approved use of the tumor specimens in this study. All of tissue specimens were immediately frozen in liquid nitrogen and kept at −80°C until the extraction of RNA.
Statistical analysis
Data was presented as mean ± SD. Statistical significance was determined by unpaired t test, one-way ANOVA or two-way ANOVA. Statistical analyses were performed using GraphPad Prism 7 (NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
RESULTS
Melatonin inhibits HCC cell proliferation
To explore the role of melatonin in HCC, HepG2 and Hep3B cells were treated with different concentrations of melatonin for 72 h and cell viability was determined by cell counting kit-8 (CCK8). The half maximal inhibitory concentration (IC50) of melatonin in HepG2 and Hep3B cells were 1.995 mM and 1.409 mM, respectively (Figures 1A,B). Importantly, melatonin inhibits cell proliferation in a dose-dependent manner in HCC HepG2 and Hep3B cells as judged by CCK8 and colony formation assay (Figures 1C–F). The treatment of 1 mM of melatonin showed a significant inhibition of cell growth, whereas higher concentrations (2 and 4 mM) demonstrated a much stronger inhibitory effect in HepG2 and Hep3B cells (Figures 1C–F). Altogether, melatonin can inhibit the growth of HCC cells in a dose-dependent manner.
[image: Figure 1]FIGURE 1 | Melatonin inhibits cell proliferation. (A) HepG2 cells were treated with gradient concentrations of 0, 0.5, 1, 1.5, 2.5, 5, 7.5, 10 mM melatonin for 72 h, and cell viability was measured by CCK8 assay. (B) Hep3B cells were treated with gradient concentration of 0, 1, 2, 3, 4, 5, 6 mM melatonin for 72 h, and cell viability was measured by CCK8 assay. IC50 were calculated using GraphPad Prism. (C,D) The cell viability of HepG2 cells and Hep3B cells treated with gradient concentration of 0, 1, 2, 4 mM melatonin for 62 h, was measured by CCK8 assay at intervals, with p values calculated by two-way ANOVA. (E,F) The proliferation of HepG2 cells and Hep3B cells treated with gradient concentration of 0, 1, 2, 4 mM melatonin was examined with colony formation assay. Images of the whole plate are shown. The mean ± SD of relative colony numbers was plotted and p values calculated by one-way ANOVA.
Analysis of gene expression changes induced by melatonin
To further explore the molecular mechanism of melatonin-induced cell growth inhibitory, we performed high-throughput mRNA sequencing (mRNA-seq) with HepG2 cells treated with 1 mM melatonin for 24 h and 48 h separately. We identified 1163 genes and 2201 genes with significant expression change after 24 h and 48 h treatment with melatonin respectively as compared to controls (p < 0.05). Among which, 391 overlapping genes were differentially expressed in HepG2 cells treated with melatonin for 24 h and 48 h (Figure 2A). These genes are closely associated with DNA replication, DNA metabolic process, response to wounding, steroid metabolic process, extracellular matrix, calcium ion binding, cellular response to DNA damage stimulus, sulfur compound metabolic process and angiogenesis as judged by gene ontology analysis (Figure 2B, and Supplementary Figure S1A). In addition, those genes are enriched in homologous recombination, complement and coagulation cascades, steroid hormone biosynthesis, arachidonic acid metabolism, cell adhesion molecules, fatty acid biosynthesis, and PPAR signaling pathway as judged by KEGG analysis (Figure 2C, and Supplementary Figure S1B). Most of melatonin treatment for 48 h induced genes were functionally connected into a well linked interaction network that contains genes associated with DNA replication, response to wounding and extracellular matrix, as judged by the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (Figure 2D). Meanwhile, many of those genes induced by melatonin treatment for 24 h were functionally correlated into a network that includes genes correlated with steroid metabolic process, response to wounding and extracellular matrix (Supplementary Figure S1C). Several target genes-induced by melatonin were randomly selected to further validate with quantitative real-time RT-PCR (RT-qPCR) in HepG2 cells treated with 1 mM melatonin for 24 h and 48 h, and the changes were consistent with the results obtained from mRNA-seq (Figure 2E). Among these genes, CRISPLD2 and SESN3 are involved in extracellular matrix. EFR3B and GPCPD1 participate in regulating phospholipid metabolic process function. Taken together, melatonin can regulate the expression of cancer-related genes.
[image: Figure 2]FIGURE 2 | Analysis of gene expression changes induced by melatonin. (A) Venn diagram showed the overlapping genes differentially expressed in HepG2 cells treated with melatonin for 24 h and 48 h (B) Gene ontology analyses of gene expression events induced by melatonin treatment for 48 h. Fisher exact p values were plotted for each category. (C) KEGG pathway analyses of gene expression events induced by melatonin treatment for 48 h. (D) Functional association network of melatonin-induced gene expression changes. Genes in panel B were analyzed using the STRING database, and subgroups are marked according to their functions. (E) The identified gene expression changes were validated by RT-qPCR. The mean ± SD of relative fold changes was plotted (n = 3) with p values calculated by one-way ANOVA.
Analysis of alternative splicing events induced by melatonin
In order to explore the effect of melatonin on AS, we systematically analyzed mRNA-seq data to identify differentially changed AS events. We respectively identified 1670 and 2838 AS events with a significant change of percent-spliced-in (PSI) values (the change of PSI >0.15) after 24 h and 48 h treatment with melatonin compared to controls. 335 overlapping AS events were differentially expressed in HepG2 cells treated with melatonin for 24 h and 48 h (Figure 3A). Figure 3B shows the read tracks of one example. We found that melatonin can modulate various types of AS, including skipped exon (SE), alternative 5′ ss exon (A5E), alternative 3′ ss exon (A3E), retained intron (RI) and mutually exclusive exons (MXE) (Figure 3C and Supplementary Figure S2A). Subsequent analysis indicated that most of the SE events were positively regulated by melatonin (increased PSI value) while most of the RI events were negatively controlled (decreased PSI value) (Figure 3D and Supplementary Figure S2B).
[image: Figure 3]FIGURE 3 | Analysis of alternative splicing events induced by melatonin. (A) Venn diagram showed the overlapping AS events differentially expressed in HepG2 cells treated with melatonin for 24 h and 48 h. (B) Example of alternative splicing affected by melatonin. Alternative splicing of TERF1 was chosen to represent an increase of PSI, and numbers of exon junction reads were indicated. (C) Quantification of the different AS events affected by melatonin treatment for 48 h. (D) The relative fraction of each AS event positively or negatively induced by melatonin treatment for 48 h. (E) Gene ontology analyses of AS events regulated by melatonin treatment for 48 h. Fisher exact p values were plotted for each category. (F) Pathways were analyzed by KEGG pathway database for melatonin treatment 48 h induced AS events. (G) Functional association network of melatonin-induced AS events using the STRING database.
We analyzed cellular functions of melatonin-induced AS events using gene ontology and found that these genes are associated with mitotic cell cycle, microtubule-based process, kinase activity, DNA metabolic process, GTPase regulator activity, cellular response to DNA damage stimulus, histone modification, spindle, DNA repair and cell division as judged by gene ontology analysis (Figure 3E and Supplementary Figure S2C). Meanwhile, the AS events are abundantly enriched in PPAR signaling pathway, nucleotide metabolism, homologous recombination, peroxisome and other pathways as judged by KEGG analysis (Figure 3F and Supplementary Figure S2D). In addition, we performed STRING analysis and found that many melatonin-regulated AS events were functionally connected into well linked interaction networks that contains genes associated with mitotic cell cycle, cellular response to DNA damage stimulus and kinase activity (Figures 3G, Supplementary Figure S2E). Taken together, these results suggest that the biological processes affected by melatonin are related to tumorigenesis and cancer progression.
Alternative splicing switches induced by melatonin
We subsequently validated mRNA-seq results by measuring the splicing change of randomly chosen targets in HepG2 and Hep3B cells treated with melatonin by the semi-quantitative RT-PCR assay. Consistent with the results from mRNA-seq analysis, melatonin promoted exon 5 splicing of IKBKG (inhibitor of nuclear factor kappa-B kinase subunit gamma). Similarly, melatonin also stimulated the inclusion of exon 6 of LPIN1 (phosphatidic acid phosphatase 1), exon 25 of ITGA6 (Integrin alpha-6), exon 7 of TERF1 (telomeric repeat-binding factor 1), exon 8 of KIF23 (mitotic kinesin-like protein 1) and exon 7 of PLEKHM2 (Pleckstrin homology domain-containing family M member 2). Meanwhile, melatonin could induce the skipping of exon 10 of SIN3B (histone deacetylase complex subunit) and exon 10 of ATXN2 (spinocerebellar ataxia type 2 protein) (Figure 4A and Supplementary Figures S3,S4). In addition, other types of splicing events induced by melatonin were also validated. Briefly, melatonin promoted the upstream 3′ ss usage of ENTPD6 (ectonucleoside triphosphate diphosphohydrolase 6) and inhibited the distal 5′ ss usage of CLEC16A (c-type lectin domain family 16 member A) (Figures 4B,C). Among these genes, IKBKG encodes nuclear factor κB essential modulator (NEMO), which acts as a tumor repressor in HCC. Moreover, NEMO protects the liver against chronic inflammation, progression of nonalcoholic steatohepatitis, and hepatocarcinogenesis (Luedde et al., 2007; Kondylis et al., 2017). LPIN1 could regulate nuclear remodeling, mediating the effect of mTORC1 on SREBP pathway (Peterson et al., 2011). SIN3B is a transcription suppressor, which interacts with MXI1 to repress MYC responsive genes, thereby antagonizing MYC oncogenic activities (Alland et al., 1997). SIN3B also regulates cell cycle progression by repressing the expression of cell cycle inhibitor genes (Bowman et al., 2014). Taken together, melatonin could regulate a variety of splicing events in HCC.
[image: Figure 4]FIGURE 4 | Alternative splicing switch induced by melatonin. (A) Exons skipping in IKBKG, LPIN1, ITGA6, TERF1, KIF23, PLEKHM2, SIN3B, and ATXN2 were examined by semi-quantitative RT-PCR in HepG2 cells treated with 1 mM melatonin for 48 h. The mean ± SD of PSIs from three experiments were plotted and p values calculated by unpaired t test. (B,C) Alternative 3′ splice sites usage of ENTPD6 and alternative 5′ splice sites usage of CLEC16A were examined by semi-quantitative RT-PCR in HepG2 cells treated with 1 mM melatonin for 48 h. The mean ± SD of PSIs from three experiments were plotted and p values calculated by unpaired t test.
THE REGULATORY EFFECT OF MELATONIN ON ALTERNATIVE SPLICING IS PARTIALLY DEPENDENT ON MT1
Previous study reported that melatonin exerted anti-tumor effect through interacting with melatonin receptors MT1 or MT2 (Mao et al., 2010; Liu et al., 2016; Asghari et al., 2017; Ferlazzo et al., 2020). Therefore, we investigated whether the regulation of alternative splicing by melatonin is dependent on melatonin receptors. Since MT2 is not expressed in HepG2 cells (Carbajo-Pescador et al., 2009; Carbajo-Pescador et al., 2011), we constructed HepG2 cells with MT1 stable depletion, and verified the knockdown efficiency by RT-qPCR (Figure 5A). Subsequently, we treated MT1-depleted and control HCC cells with different concentrations of melatonin for 24 h, and examined splicing switches using semi-quantitative RT-PCR. Importantly, we found that melatonin-induced splicing switches are at least partially dependent on the status of MT1. We revealed that melatonin promoted the production of the long-isoforms of IKBKG, ITGA6, and PLEKHM2 in a dose-dependent manner, while the regulatory effect of melatonin was significantly attenuated in MT1-depleted HepG2 cells (Figure 5B). Overall, the regulatory effect of melatonin on alternative splicing in HCC cells is at least partly modulated by MT1.
[image: Figure 5]FIGURE 5 | The regulatory effect of melatonin on alternative splicing is dependent on MT1. (A) The MT1 expression was validated by RT-qPCR. (B) Exons skipping of IKBKG, ITGA6, and PLEKHM2 were examined by semi-quantitative RT-PCR in control and MT1-konckdown HepG2 cells treated with 1mM and 2 mM melatonin for 24 h. The mean ± SD of PSIs from three experiments were plotted and p values calculated by one-way ANOVA.
IKBKG splicing switch participated in melatonin-induced HCC inhibition
We have demonstrated that melatonin promoted the inclusion of exon 5 of IKBKG, resulting in an increase of full length of IKBKG (Figure 6A). In addition to liver cancer, we examined the splicing change of IKBKG upon melatonin treatment in NCI-H1299 and A549 lung cancer cells, and human embryonic kidney HEK-293T cells. We found that melatonin could affect the splicing of IKBKG in multiple cell lines (Supplementary Figure S5A). Importantly, IKBKG encoding protein NEMO/IKK-γ, together with IKK-α and IKK-β to form IKK complex, thereby regulating the activity of NF-κB. Previously, NEMO was identified as a tumor suppressor in liver by conditional hepatocyte-specific deletion of NEMO in mice (Luedde et al., 2007; Seki and Brenner, 2007; Kondylis et al., 2015; Mossanen et al., 2019). Moreover, NEMO expression was down-regulated in HCC as compared to their surrounding non-neoplastic liver tissues (Aigelsreiter et al., 2012). Therefore, we further performed western blot assay and validated that melatonin could increase the protein level of long isoform of NEMO (Supplementary Figure S5B). Next, we sought to investigate the role of the long isoform (NEMO-L) and the short isoform (NEMO-S) of IKBKG in HCC progression. NEMO-L isoform is the full-length transcript, whereas NEMO-S isoform lacks the exon 5 that encodes the domain associating with TANK (Figure 6B). In order to explore the effects of two NEMO isoforms on cell proliferation, we stably overexpressed NEMO-L or NEMO-S in HepG2 cells respectively. The expression of NEMO-L and NEMO-S were verified at both RNA and protein levels using semi-quantitative RT-PCR and western blot assays (Figures 6C,D). We found that HepG2 cells expressing NEMO-L grew much slower as compared to control cells, as well as HepG2 cells expressing NEMO-S as judged by CCK8 and colony formation assays (Figures 6E,F). These results suggested that NEMO-L, the full-length isoform, could inhibit HCC cell proliferation. Due to lack of exon 5, NEMO-S lost the ability to suppress HCC cell proliferation.
[image: Figure 6]FIGURE 6 | NEMO-L inhibits cell proliferation. (A) Alternative exon of IKBKG affected by melatonin. Numbers of exon junction reads and PSI were indicated. (B) Schematics of human IKBKG (NEMO) pre-mRNA and protein. NEMO-long isoform included the exon 5, while NEMO-short isoform skipped the exon 5. (C,D) HepG2 cells with stable expression of Flag-tagged NEMO-L or NEMO-S were constructed. RNA levels of IKBKG were examined by semi-quantitative RT-PCR (C). Protein levels of exogenous NEMO were confirmed by western blot analysis using anti-Flag antibodies (D). (E) Cell proliferation of HepG2 cells stably expressing NEMO-L or NEMO-S were analyzed by CCK8 assay at intervals, with p values calculated by two-way ANOVA. (F) Colony formation assays of HepG2 cells stably expressing NEMO-L or NEMO-S. Images of the whole plate are shown. The mean ± SD of relative colony numbers was plotted (n = 3) and p values calculated by one-way ANOVA. (G,H) Alternative splicing of IKBKG were measured in six paired liver cancer tissues and adjacent normal tissues by semi-quantitative RT-PCR. PSI values were plotted. * Indicated p < 0.05.
To further investigate the clinical significance of IKBKG splicing in cancer patients, we examined the relative levels of two IKBKG isoforms in six pairs of liver cancer samples and adjacent normal tissues. Relative mRNA levels of IKBKG-L were significantly decreased in six liver cancer samples compared with paired normal tissues (Figures 6G,H), indicating that despite the apparent heterogeneity of different tumor samples, the expression of IKBKG-L is generally reduced. Taken together, our results indicate that melatonin suppresses HCC progression through mediating IKBKG splicing.
DISCUSSION
Melatonin is a natural indole amine that is mainly produced by the pineal gland in human body. Melatonin has various functions, including the regulation of antioxidant and circadian rhythm. Numerous studies have shown that melatonin has significant anti-tumor activity in multiple cancers, including HCC, breast cancer, colorectal cancer, non-small lung cancer, and melanoma. Moreover, the tumor suppressing effect of melatonin is achieved by regulating various physiological functions, such as tumor proliferation, angiogenesis, metastasis, apoptosis, metabolism and immune escape (Talib, 2018; Talib et al., 2021). For example, melatonin and peroxisome proliferator-activated receptors (PPARγ) agonists synergistically induce apoptosis in breast cancer cells (Korkmaz et al., 2009). Melatonin inhibits proliferation of lung cancer cells by enhancing mitochondrial energy metabolism and reversed the Warburg effect (Chen et al., 2021). In addition, melatonin suppresses the migration and invasion of HCC cells by reducing the expression of VEGF and HIF1α (Colombo et al., 2016). Accumulating evidence suggests that melatonin has great potential in cancer therapy.
Alternative splicing of pre-mRNA is recognized as a key driver of proteomic diversity in human, by which a single gene can produce multiple isoforms with different or even opposite functions. For example, the long isoform of Bcl-x (Bcl-xL) plays an anti-apoptotic role, while its short isoform Bcl-xS functions as a pro-apoptotic factor (Wang et al., 2014). Alternative splicing can be deregulated in cancer, leading to the generation of aberrant splicing variants. These aberrant splicing variants can regulate tumorigenesis and cancer progression (Wang and Aifantis, 2020; Kitamura and Nimura, 2021). Accumulating evidence suggests that aberrant splicing variants confer therapeutic drug resistance in cancer (Sciarrillo et al., 2020). In our study, we demonstrated that melatonin exerts antitumor effects by regulating alternative splicing of many cancer-related genes. Specifically, melatonin could shift the splicing of IKBKG to increase the production of NEMO long isoform, thereby inhibiting cancer cell proliferation. This might be because that the full-length isoform of NEMO prevents RIPK1 activation and subsequent apoptosis by NF-κB-dependent or -independent functions, suppressing HCC progression (Kondylis et al., 2017). NEMO-S, the short isoform with the skipping of exon 5, impairs the TANK binding domain and cannot inhibit cancer cell proliferation. Our study provides a novel mechanism for melatonin to suppress cancer progression by regulating the alternative splicing of cancer-related genes.
In addition to the regulation of NEMO splicing, melatonin might also inhibit cancer progression through modulating the splicing of some other cancer-related genes. Using mRNA-seq analysis, we found that melatonin can regulate some splicing events related to mitotic cell cycle, kinase activity, DNA metabolic process, and GTPase regulator activity functions. For example, melatonin can regulate the splicing of LPIN1 and KIF23, whose function is related to mitotic cell cycle. Taken together, melatonin may offer new opportunities for cancer therapeutics by regulating RNA alternative splicing.
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Phase I pharmacokinetic study of an oral, small-molecule MEK inhibitor tunlametinib in patients with advanced NRAS mutant melanoma
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Background: Malignant melanoma is an aggressive disease. Tunlametinib (HL-085) is a potent, selective, and orally bioavailable MEK1/2 inhibitor. The objective of this study was to determine the pharmacokinetics (PK) of tunlametinib and its main metabolite M8 in patients with NRAS-mutant melanoma following a single dose and multiple doses in a phase I safety and PK study.
Methods: A multiple-center phase I study was performed in patients with melanoma including dose-escalation phase and dose-expansion phase. PK following a single oral dose and multiple doses of 0.5–18 mg twice daily was assessed.
Results: A total of 30 participants were included in the dose escalation phase and then 11 patients were included in the dose-expansion phase (12 mg twice daily). Tunlametinib plasma concentration rapidly increased after dosing, with a Tmax of 0.5–1 h. Mean elimination half-life (t1/2) was dose-independent and had a range from 21.84 to 34.41 h. Mean apparent clearance (CL/F) and distribution volume (V/F) were 28.44–51.93 L/h and 1199.36–2009.26 L, respectively. The average accumulation ratios of AUC and Cmax after the multiple administration of tunlametinib were 1.64–2.73 and 0.82–2.49, respectively. Tunlametinib was rapidly transformed into the main metabolite M8 and M8 reached the peak concentration about 1 h after administration. Mean t1/2 of M8 was 6.1–33.54 h. The body exposure of M8 in plasma was 36%–67% of that of tunlametinib. There were general dose-proportional increases in maximum concentration (Cmax) and area under the curve (AUC) of tunlametinib and M8 both in the single dose phase and in the multiple doses phase.
Conclusion: Tunlametinib was absorbed rapidly and eliminated at a medium speed after drug withdrawal. Pharmacokinetic body exposure increased in general dose-proportional manner from 0.5 mg up to 18 mg. Slight accumulation was found after multiple oral doses. The pharmacokinetics of tunlametinib and its metabolite suggest that twice daily dosing is appropriate for tunlametinib.
Keywords: melanoma, NRAS mutation, mek inhibitor, pharmacokinetics, tunlametinib
BACKGROUND
Melanoma is a malignance of melanocytes and an aggressive disease, which was recognized as the most dangerous type of skin cancer (Schadendorf et al., 2018). The five world regions with the greatest melanoma incidence and mortality rates were Australia, North America, Eastern Europe, and Western Europe and Central Europe (Karimkhani et al., 2017). The incidence of melanoma is keeping a worldwide increase. Incidence in Europe is about 25 cases per 100,000 population, while in Australia it reaches a rate of 60 new cases per 100,000 (Podlipnik et al., 2020; Conforti and Zalaudek, 2021). Total melanoma incidence was higher in male than female in US individuals (limited to white race), Canada, Australia, and New Zealand. Meanwhile, and male had higher rates of melanoma of the head and neck and trunk than female (Olsen et al., 2020). The age-standardized incidence rate of melanoma has increased from 0.4 per 100,000 in 1990 to 0.9 per 100,000 in 2017 in China (Wu et al., 2020). The median survival was about 1 year for advanced metastatic melanoma (Tsao et al., 2004). For 40 years, few effective systemic treatments to melanoma are available. The standard-of-care treatments included dacarbazine chemotherapy and immunotherapy with the cytokine IL-2/PD-1/PD-L1/CTLA-4. In the past 10 years, new targeted therapy has changed the treatment option for patients with metastatic melanoma (Luke et al., 2017; Schadendorf et al., 2018; Davis et al., 2019; Jenkins and Fisher, 2021).
Activating mutations in the MAPK signaling cascade was an important pathway that has the highest oncogenic and therapeutic relevance for melanoma (Carlino et al., 2015). Common mutations in the MAPK pathway include BRAF, NRAS, HRAS, KRAS and NF1 (Schadendorf et al., 2015; Randic et al., 2021). BRAF signaling is dependent on downstream activation of MEK1/2 (Solit et al., 2006). Thus, several MEK inhibitors have been developed for melanoma treatment alone or in combination (Del Vecchio et al., 2015; Robert et al., 2015; Ascierto et al., 2016; Dummer et al., 2017). MEK inhibitors trametinib, cobimetinib and binimetinib have been approved for BRAF V600 melanoma by the Food and Drug Administration (Kakadia et al., 2018). However, no MEK inhibitor was approved for melanoma patients with NRAS mutation worldwide.
Tunlametinib (also known as HL-085) is a selective inhibitor of MEK1 and MEK2 with a half-maximum inhibitory concentration (IC50) of 1.9–10 nmol/L (Cheng and Tian, 2017). Tunlametinib inhibited proliferation of RAS/RAF-mutated cell lines at nanomoles concentrations (unpublished investigator brochure, Shanghai KeChow Pharma.). Pharmacokinetic profiling results indicated a mean effective half life (t1/2) of 3.55–4.62 and 3.99–9.37 h in rats and beagle dogs after single oral dosing of tunlametinib. CYP2C9 was the main metabolic enzyme of tunlametinib. The main metabolite M8 is inactive. >60% of 14C-tunlametinib were excreted from feces in rats (unpublished investigator brochure, Shanghai KeChow Pharma.). Tunlametinib may be a potential treatment option for NRAS-mutant melanoma.
Tunlametinib was recently assessed in first-in-human trial: a single ascending-dose and a multiple ascending-dose phase I study in patients with advanced NRAS-mutated melanoma patients, which evaluated the safety, tolerability, and pharmacokinetics of tunlametinib in melanoma patients. Presented here are the pharmacokinetic data from this phase I study.
METHODS
Study design and patients
This study was an open, single-arm, dose-escalation/dose-expansion phase I trial including two parts: a dose-escalation phase (Part 1) and an expansion phase (Part 2). The Part 1 dose-escalation phase adopted a standard 3 + 3 design to evaluate the pharmacokinetic characters of tunlametinib, and to identify the dose-limiting toxicity (DLT), maximum-tolerated dose (MTD), recommended Phase II dose (RP2D). According to a 3 + 3 design, at least three patients were treated at each dose level. In the Part 2 dose-expansion phase, patients were administered at the RP2D to further evaluate the tolerability, safety, and efficacy of tunlametinib. The design of this study was presented in the Supplementary Figure S1.
Data for pharmacokinetics are reported here while other data will be reported separately. The study protocol was approved by local Ethics Review Committee and registered at clinicaltrials.gov (NCT03973151). All patients provided written informed consent. Studies were conducted in accordance with Declaration of Helsinki, Good Clinical Practice and applicable laws and regulations.
Eligible patients were aged 18–70 years with histologically or cytologically confirmed unresectable stage III or IV melanoma harboring NRAS mutations. Tumor biopsy was adequate for genetic testing of NRAS mutations. Patients were also required an Eastern Cooperative Oncology Group (ECOG) performance score of one or less; with measurable lesions per Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1; life expectancy of >3 months and adequate hematologic, renal, and hepatic function.
Patients were excluded if they had active central nervous system disease except for patients with stable brain disease for ≥3 months following stereotactic brain radiotherapy or surgery; inability to swallow or any small intestinal resection that would preclude adequate absorption of the study drug; uncontrolled concomitant or infectious diseases; history of retinal disease; prior treatment with a specific MEK inhibitor; or known allergy to the study drug or its analogs. Strong inducers or inhibitors of CYP isozyme had to be discontinued ≥1 week before study treatment.
Procedures
This dose-escalation study experienced 10 dose-levels, including 0.5, 1, 2, 3, 4, 6, 9, 12, 15, and 18 mg, and all the patients were administered tunlametinib capsule twice daily except in the PK lead-in period. In dose-escalation phase, a 7-day pharmacokinetic lead-in period was designed for each patient before entering treatment cycles. During the PK lead-in period, all the patients were administered only one dose. In dose-expansion phase, patients were given the recommended phase II dose (12 mg BID) without lead-in period.
To assess the pharmacokinetic profile of tunlametinib and its main metabolite M8 (inactive metabolite), serial venous blood samples were collected after overnight fasting on day -7 (single dose, lead-in period) and day 28 (multiple doses).
In the lead-in period, blood samples were drawn pre-dose (0 h) and at 1, 2, 3, 4, 8, 12, 24, 48, 72, 96, 120, and 144 h after tunlametinib administration in the dose cohorts of 0.5 and 1 mg; This was optimized to pre-dose and at 0.25, 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, and 144 h after dosing for the following dose cohorts. On day 28, total seven time points of blood were collected pre-dose and 1, 2, 3, 4, 8, and 12 h post dose in the 0.5 mg cohort; and this was changed into total 8 time points including pre-dose and 0.25, 0.5, 1, 2, 3, 4, 8, and 12 h post dose in the other doses cohorts.
In the dose-expansion phase, total 8 time points of blood were taken at pre-dose and at 0.25, 0.5, 1, 2, 4, 8, and 12 h post dose on both day 1 and day 28 of cycle 1.
Sparse sampling was also collected on days 8, 15, and 22 of cycle one at pre-dose in both dose-escalation and dose-expansion phases.
Sample processing and bioanalysis methods
Blood samples were collected into vacutainer tubes with EDTA-K2 anticoagulation. Immediately after collection, the blood-containing tubes were centrifuged at 1500 g at 4°C for 10 min. All the plasma samples were stored in a freezer at −80°C until subsequent bioanalytical analysis.
Plasma samples were assayed for tunlametinib and M8 concentrations at Peking Union Medical College Hospital using a validated ultra-performance liquid chromatography-tandem mass spectrometry method. Samples were prepared by using a solid phase extraction method. The quantification range for tunlametinib and M8 in plasma were 0.1–100 ng ml−1 [ 0.3, 8, and 80 ng ml−1 for quality controls (QCs)]. Stable isotope labeled tunlametinib (D4-tunlametinib) and M8 (D3-M8) were used as an internal standard, respectively. The lower limit of quantitation of tunlametinib and M8 in plasma were 0.1 ng·mL−1. The accuracy of the QC samples used during sample analysis ranged from -1.5% to 4.9% [relative standard deviation (RSD)% ≤ 13.2%] for tunlametinib and from -2.1% to 3.3% (RSD% ≤ 16.1%) for M8. All samples were analyzed within established storage stability periods.
Study outcomes
The parameters assessed during the study were maximum observed plasma concentration (Cmax), time to Cmax (Tmax), area under the plasma concentration-time curve from the time of dosing extrapolated to infinity (AUCinf), area under the concentration-time curve during a dosing interval at steady-state (AUCτ), terminal elimination half-life (t1/2), apparent clearance (CL/F), apparent volume of distribution during the terminal elimination phase (Vz/F), accumulation ratio calculated from AUCτ (day28) and AUC0−12 h (PK lead-in period or day 1).
Statistical analysis
The pharmacokinetic analysis set (PKAS) were used for the analysis of all pharmacokinetic data. The PKAS included all participants who took at least one dose of tunlametinib and had at least one collecting sample point parameter.
Plasma concentration-time data were analyzed and the PK parameters were calculated via non-compartmental analysis method using WinNonlin (version 8.3, Pharsight Corporation, United States). Cmax and Tmax were determined directly from experimental observations. AUCτ was calculated using the linear trapezoidal method (linear up and log down). The first order rate constant (λz) of decline in tunlametinib and M8 plasma concentrations in the terminal phase of the plasma concentration-time curve was estimated using linear regression. The t1/2 was estimated from ln2/λz. AUCinf was calculated using the following equation: AUC0-t + AUCEx, where AUC0-t was the area under the concentration-time curve from time zero (pre-dose) to the time of the last quantifiable concentration, and AUCEx was the observed concentration at last sampling time divided by λz. CL/F was calculated as the dose divided by AUCinf, and Vz/F was estimated by dividing the apparent CL by λz. The accumulation ratio for tunlametinib and M8 at steady state was determined by dividing the AUCτ (or Cmax) on day 28 by the AUC0–12 h (or Cmax) on PK lead-in period. PK parameters of tunlametinib and M8 were summarized using descriptive statistics, including mean, coefficient of variation, median, minimum, maximum, and geometric mean, where applicable.
Dose-exposure relationship after single- and multiple-dose administration of tunlametinib capsule was evaluated. Dose proportionality using AUCinf and Cmax over the administered dose range was determined by using a power model: log (parameter) = α + β log(dose) where α was the intercept and β was the slope. β = 1 + Lnθ/Lnr, where r was the ratio of high dose divided by low dose (for 0.5–18 mg dose range, r = 36), θ was the acceptance limit (lower limit θL = 0.80, upper limit θH = 1.25). θL < rβ−1< θH, dose proportionality was assessed based on whether the 90% CI constructed for the estimate of rβ−1 was within the acceptance interval (0.80–1.25), that is to say, whether the 90% CI of β was within the acceptance interval (0.938.1.062).
RESULTS
Demographics
A total of 30 participants were included in the dose escalation phase and then 11 patients were included in the dose-expansion phase (12 mg twice daily). The demographic characteristics of 41 patients are summarized in Table 1. The range of age was from 34 to 69 years and males and females accounted for 51.2% and 48.8%, respectively. Overall median body mass index (BMI) was in the 18.43–36.00 kg/m2 range.
TABLE 1 | Demographics characteristics of participants treated with tunlametinib.
[image: Table 1]Single-dose pharmacokinetics
Tunlametinib and M8 plasma concentration increased and reached to the peak concentration fast after tunlametinib administration, and then declined slowly. The concentration-time curve of tunlametinib and M8 was shown in Figure 1. Pharmacokinetics parameters of tunlametinib and M8 were shown in the Table 2.
[image: Figure 1]FIGURE 1 | | Plasma concentration (mean ± SD)-time profiles of tunlametinib and M8 after orally administrated with 0.5–18 mg (n = 41) tunlametinib capsules. (A) single dose (0–144 h, tunlametinib); (B) single dose (0–12 h, tunlametinib); (C) multiple dose (tunlametinib); (D) single dose (0–144 h, M8); (E) single dose (0–12 h, M8); (F) multiple dose (M8).
TABLE 2 | Summary of pharmacokinetic parameters of tunlametinib and M8.
[image: Table 2]Tunlametinib was rapidly absorbed, typically attaining Tmax within 0.50–1 h after dosing. After Cmax was reached, concentrations of tunlametinib declined in a biphasic manner, with a t1/2 of 21.84–34.41 h regardless of dose level investigated. The coefficient of variation of t1/2 of tunlametinib was low (13.03%–47.03%). The median CL/F was within the range of 28.44–51.93 L/h. The Vz/F was high across all dose levels (median Vz/F was within the range of 1199.36–2009.26 L). AUC0-t was higher than 80% of AUCinf for each dose level except to 0.5 mg dose group. Both the average Cmax and AUCinf of tunlametinib increased with increasing dose level in an approximately dose-proportional manner in the tunlametinib 0.5–18 mg dose range with a minimum of 2.24 ng/ml and 7.03 h*ng/ml (0.5 mg) and a maximum of 349.33 ng/ml and 635.74 h*ng/ml (18 mg) for Cmax and AUC (Table 2). In the power model analysis, the β point estimates (90% CIs) of AUCinf and Cmax after single dose of tunlametinib were 1.003 (0.870–1.136) and 1.282 (1.150–1.414), respectively (Table 3). Dose proportionality for the systemic exposure parameters of tunlametinib could not be concluded because the 90% CIs for β estimates were not completely fell within the pre-specified interval of 0.938–1.062.
TABLE 3 | Linear evaluation of plasma pharmacokinetic parameters after single and multiple oral administration of 0.5–18 mg tunlametinib capsule in patients.
[image: Table 3]Similarly, the main metabolite M8 was produced rapidly. Median Tmax range of M8 was 0.97–1 h for the 0.5–18 mg twice daily tunlametinib doses. The average t1/2 range of M8 was 6.10–33.54 h and no dose dependency was observed for terminal half-life was detected throughout the study. The body exposure of metabolite M8 (based on AUCinf) was 25%–75% of that of tunlametinib (Table 2). Both Cmax and AUCinf of M8 appeared to generally increase in a dose-proportional manner in the tunlametinib 0.5–15 mg dose range (Figure 1). In the power model analysis, the β point estimates (90% CIs) of AUCinf and Cmax after single dose of tunlametinib were 1.148 (0.873–1.424) and 1.167 (1.019–1.315), respectively (Table 3; Figure 2). Dose proportionality for the systemic exposure parameters of M8 could not be concluded because the 90% CIs for β estimates were not completely fell within the pre-specified interval of 0.938–1.062.
[image: Figure 2]FIGURE 2 | Scatter plot of AUC and Cmax versus dose after orally administrated with 0.5–18 mg (n = 41) tunlametinib capsules. (A) single dose (AUC0–12 h, tunlametinib); (B) single dose (Cmax, tunlametinib); (C) multiple dose (AUCτ, tunlametinib); (D) multiple dose (Cmax, tunlametinib); (E) single dose (AUC0–12 h, M8); (F) single dose (Cmax, M8); (G) multiple dose (AUCτ, M8); (H) multiple dose (Cmax, M8).
Multiple doses pharmacokinetics
Data from the dose-escalation phase and dose-expansion phase were pooled for multiple doses analysis according to twice daily dose level. The pharmacokinetic profiles of tunlametinib and M8 after the single dose and multiple doses of tunlametinib were similar. The concentration-time curve of tunlametinib and M8 was shown in Figure 1.
Median Tmax range of tunlametinib was 0.50–1 h for the 0.5–18 mg twice daily tunlametinib doses. The mean accumulation ratio range of tunlametinib was 1.83–2.73, indicating minimal accumulation. Coefficient of variation of AUCτ of tunlametinib was low (8.21%–47.52%) in the 0.5–18 mg range. The coefficient for variation for the Cmax range of tunlametinib was 5.85%–70.08% (Table 2). Both Cmax and AUCtau of tunlametinib appeared to generally increase in dose-proportional manner in the tunlametinib 0.5–18 mg dose range (Table 3; Figure 1). In the power model analysis, the β point estimates (90% CIs) of AUCτ and Cmax after multiple doses of tunlametinib were 1.077 (0.968–1.187) and 1.113 (0.936–1.289), respectively (Table 3). Dose proportionality for the systemic exposure parameters of tunlametinib could not be concluded because the 90% CIs for β estimates were not completely contained within the pre-specified interval of 0.938–1.062. Dose proportionality was not proved, which might be related to the limited number of subjects.
Median Tmax range of M8 was 0.98–1.92 h for the 0.5–18 mg twice daily tunlametinib doses. The mean accumulation ratio range of M8 was 2.04–5.16 (Table 2). Both Cmax and AUCtau of M8 appeared to increase in dose-proportional manner in the tunlametinib 0.5–18 mg dose range (Table 1; Figure 1). But in the power model analysis, dose proportionality for the systemic exposure parameters of M8 could not be concluded because the 90% CIs for β estimates were not completely contained within the pre-specified interval of 0.938–1.062 (Table 3; Figure 2).
DISCUSSION
Tunlametinib capsule was absorbed rapidly after administration, and the peak time of tunlametinib plasma in most subjects was within 1 h after administration. During the collection of PK blood samples in the 0.5 mg dose group, blood samples within 1 h after administration were not collected, so that the first sampling time (1 h after administration) of all subjects in this dose group was the peak time of tunlametinib and M8. Therefore, starting from the 1 mg dose group, the blood collection time points of 0.25 and 0.5 h after administration were added in each dose group. At the same time, in order to reduce the total amount of blood collection, the blood collection 3 h after administration was removed.
According to the allometric scaling model based on preclinical data, the predicted effective half-life (t1/2) of human is approximately 10 h. In addition, to secure the safety of patients such as dose related skin toxicity observed in pre-clinical studies, twice daily administration was selected to reduce the peak concentration of tunlametinib and minimize the potential adverse reactions during the first-in-human trial. Based on the current clinical research results, it is also proved that twice daily administration can achieve good safety and the tunlametinib exposure accumulation ration from Day 28 to Day 1 is low (1.83–2.73), supporting the BID administration. No dose-limiting toxicity (DLT) was reported during dose escalation and maximum tolerated dose (MTD) was not reached with tunlametinib doses up to 18 mg twice daily. Dose-proportional appears to increase in tunlametinib exposure. At the recommended phase II dose, the exposure profile of the tunlametinib showed low interpatient variability.
The single-dose of tunlametinib pharmacokinetics recorded rapid absorption of tunlametinib (for all doses 0.5–18 mg; median Tmax range 0.5–1 h), which was shorter than other MEK inhibitors such as trametinib (1.0–2.08 h) (Infante et al., 2012), binimetinib (1.00–3.00 h) (Bendell et al., 2017), selumetinib (1.0–3 h) (Adjei et al., 2008) and cobimetinib (2.4–3 h) (Rosen et al., 2016). Tunlametinib could be rapidly transformed into M8 after dosing. The Tmax of M8 was a bit longer than that of tunlametinib (≤1 h vs. 0.98–1.92 h) after multiple doses while Tmax was similar for M8 and tunlametinib after single administration.
The decline in concentrations of tunlametinib in a biphasic manner regardless of the dose level investigated. The reason for this phenomenon may be that the absorbed tunlametinib is distributed to the tissues at a faster speed and then cleared from the body at a slower speed. The pharmacokinetic data from the multiple doses (tunlametinib in the dose range of 0.5–18 mg) were consistent with the data from the single-dose of tunlametinib. There were general dose-proportional increases in Cmax and AUC of tunlametinib and its main metabolite M8 in the single-dose and multiple doses of tunlametinib. Rats and dogs also demonstrated proportional increase in Cmax and AUC with increasing tunlametinib doses (unpublished data). The degree of accumulation in AUCτ for tunlametinib was not obvious with one- to two-fold after multiple doses which were lower than M8 (approximately 2–5 folds). There was low interpatient variability for Cmax and AUC of tunlametinib for most of dose cohorts including 12 mg cohort at which dose recommend phase II dose was determined (detail data will be reported elsewhere). No food effect study was performed in this study but was performed in an independent study. The pharmacokinetics profile supports twice-daily dosing of tunlametinib. In our study, the dose escalation range of tunlametinib was 0.5–18 mg, while the range was 0.125–4 mg (Infante et al., 2012) for trametinib, 10–100 mg for cobimetinib (U.S. Food and Drug Administration Center For Drug Evaluation And Research, 2015), 30–80 mg for binimetinib (Bendell et al., 2017). Consistent with the approved MEK inhibitors, tunlametinib exhibited linear PK around the therapy dose. The pharmacokinetics monitoring in each dose in the dose escalation phase contributes to the RP2D selection and the general linear PK results provide an important instruction to dose selection in clinical use. Along with the KRAS inhibitor sotorasib (Skoulidis et al., 2021), the proof-of-concept of tunlametininb as a therapeutic approach towards NRAS mutant melanoma may broaden the once challenging area of RAS mutant cancer.
In the current study, a few limitations should be noted. Firstly, blood collecting points were not designed after 12 h in the expansion cohort, therefore, we could not calculate the parameters which related to elimination phase after multiple doses of tunlametinib, such as CL/F and Vz/F. Secondly, limited number of participants may contribute the large interpatient variability of some parameters.
CONCLUSIONS
This phase I study showed that tunlametinib is rapidly absorbed and eliminated at a medium speed after drug withdrawal. The pharmacokinetics of tunlametinib and its metabolite suggest that twice daily dosing is appropriate for tunlametinib. The results of these phase I studies support the feasibility of further investigation of the efficacy and safety of tunlametinib in melanoma. A phase II study to assess the safety and efficacy of tunlametinib (NCT05217303) was ongoing.
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Endometrial cancer is considered a significant barrier to increasing life expectancy and remains one of the most common malignant cancers among women in many countries worldwide. The increasing mortality rates are potentially proportional to the increasing obesity incidence. Adipose tissue secretes numerous adipocytokines, which may play important roles in endometrial cancer progression. In this scenario, we describe the role of adipocytokines in cell proliferation, cell invasion, cell adhesion, inflammation, angiogenesis, and anti-apoptotic action. A better understanding of the mechanisms of these adipocytokines may open up new therapeutic avenues for women with endometrial cancer. In the future, larger prospective studies focusing on adipocytokines and specific inhibitors should be directed at preventing the rapidly increasing prevalence of gynecological malignancies.
Keywords: endometrial cancer, signalling pathway, adipokines, inflammatory cytokines, angiogenic factors
1 INTRODUCTION
Endometrial cancer is considered a significant barrier to increasing life expectancy with significantly increased incidence (Morice et al., 2016) and remains one of the most common malignant cancers among women in many countries worldwide, particularly in more developed countries (Oaknin et al., 2022). Worldwide, endometrial cancer, which is classified into two histological subtypes (type I and type II), ranks sixth in incidence among all female cancers (Morice et al., 2016; Sung et al., 2021). Data from the International Agency for Research on Cancer indicate that 417,367 new corpus uteri cancer cases and approximately 97,370 deaths occurred in 2020. According to the results of previous study, the highest incidence rate was noted in North America (21.1 per 100,000) and was approximately 10-fold greater than the lowest rate, which was observed in Middle Africa (2.3 per 100,000) (Sung et al., 2021).
However, the variation in mortality rates in different regions was not as obvious. The lowest mortality rate was observed in Northern Africa (0.7 per 100,000), and the highest was noted in Eastern Europe (3.7 per 100,000) (Sung et al., 2021). In China, the endometrial cancer incidence rate is approximately 7.74/100 000, and the mortality rate is approximately 1.60/100 000 (Sun et al., 2022). The increasing mortality rates are mainly associated with the increasing incidence of obesity, a leading cause of endometrial cancer (Ding et al., 2020; Larsson.et al., 2022; Moukarzel et al., 2022). In adjusted mixed linear models, weight loss is strongly related to the levels of cancer-associated biologically active substances, including reduced interleukin-6 (IL-6) levels and increased adiponectin levels (Linkov et al., 2012).
As a major site for the secretion of protein signals, adipose tissues mainly comprise adipocytes. In addition, as a major endocrine gland, dysfunctional adipose tissue is involved in obesity-related tumorigenesis, which is correlated with its high degree of plasticity (Sakers et al., 2022) and the permissive microenvironment generated by aberrant inflammatory cytokines, adipokines, angiogenic factors, and aromatase (Hefetz-Sela and Scherer 2013). White adipose tissue (WAT), the most abundant adipose form, secretes numerous adipokines and cytokines to regulate whole-body metabolism. Moreover, WAT inflammation, which increases the expression of proinflammatory and proneoplastic genes, is associated with endometrial cancer (Moukarzel et al., 2022). Additionally, it has become helpful to evaluate biomarkers in relation to cancer risk (Linkov et al., 2018).
2 ARTICLE TYPES
Review.
3 MANUSCRIPT FORMATTING
3.1 Role of adipokines in endometrial cancer progression
Adipokines, a diverse group of biologically active substances, are characterized by adipose tissue secretion (Trayhurn and Wood 2004). The levels of various adipokines, such as leptin (Madeddu et al., 2022), visfatin (Wang et al., 2019), galectin (Boutas et al., 2021), resistin (Ozgor et al., 2019), adiponectin (Ellis et al., 2020), and vaspin (Erdogan et al., 2013), are increased or decreased in endometrial cancer and significantly correlated with cancer progression (Ray et al., 2022).
3.1.1 Leptin
Leptin is a 16 kDa cytokine-like hormone encoded by the obesity gene on chromosome 7q31.3, which was first discovered in 1994 (Zhang et al., 1994). The mature leptin protein consists of 146 amino acids and is mainly secreted from white adipose tissue (Zhang et al., 1994). Women with genotype AG of SNP -2548 G/A of leptin are less likely to be at risk for endometrial cancer given that the heterozygote AG is less frequently observed in endometrial cancer patients (Bienkiewicz et al., 2017). Leptin acts on the hypothalamic regions by binding to leptin receptors (Ob-R), which exist in six isoforms with different lengths and C-terminal sequences (Baumann et al., 1996). The AG polymorphic variant of SNP LEP-R c.668A>G (p. Gln223Arg, rs1137101) in the leptin receptor is less frequently observed and considered a protective factor in women with endometrial cancer (Bienkiewicz et al., 2021). By analyzing data from tissue samples and whole blood, overexpression of leptin and its receptors was implicated in endometrial cancer both at the mRNA and protein levels (Boron et al., 2021). In endometrial cancer tissues, Ob-Ra is considered the most common form influencing biological outcomes, not Ob-Rb, which has the same extracellular domain (Yuan et al., 2004). Expression of the long leptin receptor isoform is approximately 5-fold higher in neoplastic tissue compared with normal tissue (Mantzos et al., 2011).
Leptin is involved in endometrial cancer by controlling energy homeostasis and increasing glycolytic capacity. Exposure to leptin could alter endometrial cancer cell morphology. The higher the leptin concentration, the greater the surface roughness (Dabrus et al., 2020). A positive correlation was noted between endometrial cancer and elevated serum leptin levels (Petridou et al., 2002; Tessitore et al., 2004). The incidence rate increased with increasing body mass index (BMI) in endometrial cancer patients (Cymbaluk et al., 2008). The cancer risk of postmenopausal women with the highest tertile of circulating leptin levels was almost three times that noted for women with the lowest tertile (Dallal et al., 2013). In addition, overexpression of leptin and its receptors was observed (Boron et al., 2021). These observations indicated that leptin and its receptors may be potential targets for intervention in the pathophysiology. Furthermore, useful cancer treatment strategies could be designed based on these findings (Boron et al., 2021).
To understand the potential molecular mechanisms of leptin, several studies have been conducted (Bogusiewicz et al., 2006; Carino et al., 2008; Zhou et al., 2015; Daley-Brown et al., 2019). These findings indicated that leptin, a known mitogenic, inflammatory, and angiogenic factor promoted the development of endometrial cancer mainly through the activation of classical biological signalling pathways.
Leptin receptors, including both long and short receptors, can bind to janus-activated kinases and transduce certain signals (Hegyi et al., 2004). Leptin induces two key cell-growth signalling pathways (extracellular signal-regulated kinase (ERK) (Carino et al., 2008) and the serine/threonine kinase (AKT) (Carino et al., 2008)) after rapidly activating the janus-activated kinase (JAK)/signal transducers and activators of transcription (STAT) pathway (Hegyi et al., 2004) (Figure 1). The addition of tyrphostin AG490 abolished leptin-induced proliferation by blocking ERK and AKT phosphorylation (Sharma et al., 2006). Furthermore, the increased phosphorylation of ERK1/2 and leptin-induced stimulation of proliferation were observed upon treatment with 100 ng/ml leptin (Gong et al., 2007). Leptin triggers the phosphatidylinositol3-kinase (PI3K)/AKT pathway by activating the leptin receptor, which is correlated with cell proliferation and invasiveness (Bogusiewicz et al., 2006).
[image: Figure 1]FIGURE 1 | Role of leptin in endometrial cancer. Leptin induces two key cell-growth signalling pathways (ERK and AKT) after rapidly activating the JAK/STAT3 pathway. Leptin-induced NF-κB activation inhibits cancer cell apoptosis through the NIK/IKK signalling pathway. ERK: extracellular signal-regulated kinase; AKT: the serine/threonine kinase; JAK: janus-activated kinase; STAT3: signal transducers and activators of transcription 3; NIK: nuclear factor-kappa B inducing kinase; IKK: IKB kinase.
Another pathway involved in cancer progression is nuclear factor-kappaB inducing kinase (NIK)/IKB kinase (IKK), and leptin-induced NIK/IKK phosphorylation inhibits cancer cell apoptosis in carcinoma cells (Zhou et al., 2015) (Figure 1). First discovered in 1986, NF-κB is essentially involved in driving immune and inflammatory responses (Sen and Baltimore 1986). The NF-κB family includes five members and mediates DNA contact by forming homo or heterodimers (May and Ghosh 1997; Caamano and Hunter 2002). The IκB family of proteins, which includes four members, binds to the NF-κB family of proteins to inhibit the activity of transcription factors (Hoesel and Schmid 2013). Nuclear positivity for subunits of NF-κB as well as cytoplasmic staining for three IκB family members was assessed in 57 endometrial carcinoma cases by immunohistochemical evaluation. These data suggest that NF-κB/IκB may be involved in endometrial carcinoma cell proliferation and apoptosis (Pallares et al., 2004). Furthermore, leptin inhibits apoptosis of cancer cells by stimulating phosphorylation of IκBα, IκB kinase α (IKKα), IκB kinase β (IKKβ), and NIK in a dose-dependent manner (Zhou et al., 2015).
Leptin is involved in endometrial carcinoma cell mitosis, and leptin-mediated effects on endometrial cancer cell cycle progression are concentration-dependent. Leptin reduces the fraction of G0/G1-phase cells and increases S-phase cells by stimulating cyclin D1, a significant cell cycle regulator. Leptin-induced cyclin D1 overexpression increases STAT3-DNA and cAMP-response element binding protein (CREB)-DNA binding activity and recruitment (Catalano et al., 2009).
A positive correlation between overexpression of leptin and hypoxia-inducible factor 1 alpha (HIF-1α), an indicator of tissue hypoxia consisting of two subunits, was clearly observed in endometrial cancer tissues (Koda et al., 2007). Furthermore, leptin overexpression was stimulated through HIF-1α interaction with the leptin gene promotor in hypoxic adipocytes (Grosfeld et al., 2002). Among 48 human endometrioid adenocarcinoma patients, the number of patients positive for STAT3, HIF-1, leptin, and ObR was 36, 38, 29 and 15, respectively. It was clearly demonstrated that leptin induced HIF-1α through STAT3 in response to hypoxia (Wincewicz et al., 2008).
Leptin stimulates cell proliferation by increasing cyclooxygenase-2 (COX-2) protein expression through the JAK2/STAT3, MAPK/ERK, and PI3K/AKT signalling pathways (Gao et al., 2009). COX-2, a rate-limiting enzyme, is of considerable functional importance (Tsujii et al., 1998). The findings of basic in vivo and in vitro studies suggest that COX-2 overexpression is associated with increased susceptibility to endometrial cancer (Chen and Liao 2009; Ma et al., 2015). Increased COX-2 expression was found in higher-grade tumours. Several studies have indicated that functional activation of COX-2 is mediated by JAK2/STAT3 (Peng-Fei et al., 2021), MAPK/ERK (Adderley and Fitzgerald 1999), and PI3K/AKT (Rodriguez-Barbero et al., 2006) signalling pathways. After being treated with inhibitors (AG490, U0126, LY294002, and NS398) respectively, stimulated endometrial cancer cell proliferation and increased COX-2 protein expression induced by leptin were abolished (Gao et al., 2009). Therefore, COX-2 is also considered a significant biomarker for endometrial cancer diagnosis and prognosis (Oplawski et al., 2020).
Leptin-induced aromatase P450 (P450arom) overexpression increases oestrogen formation to promote endometrial cancer progression. P450arom, a key enzyme, is involved in the conversion of androstenedione to oestrogens (Noble et al., 1996). Excessive P450arom activity and transcript levels were found in endometrial cancer tissues. Higher P450arom mRNA and protein expression as well as oestradiol concentrations were observed in endometrial carcinoma cells treated with 100 ng/ml leptin, indicating a strong correlation between leptin and P450arom (Liu et al., 2013).
3.1.2 Adiponectin
Adiponectin, a type of insulin-sensitizing adipokine, is secreted predominantly by WAT (Scherer et al., 1995; Hu et al., 1996; Maeda et al., 1996; Nakano et al., 1996). In addition, recent studies have indicated that adipose-derived stem cell (ASC) is an important source of intracellular adiponectin (Ciortea et al., 2018). In human plasma, Acrp30, a type of full-length adiponectin which consists of 247–amino acid protein is the main adiponectin form found in circulation (Scherer et al., 1995). In a large case‒control study, three SNPs in the ADIPOQ gene (rs3774262, rs1063539, rs12629945) were identified that potentially correlated with energy intake (Chen et al., 2012). Structurally, the adiponectin receptor has two isoforms, both of which include an internal N and an external C-terminus region (Yamauchi et al., 2003). AdipoR1 is ubiquitously expressed but has a higher affinity for globular adiponectin. However, AdipoR2 exhibits intermediate affinity for both globular and full-length adiponectin (Goldstein and Scalia 2004; Kadowaki and Yamauchi 2005). Analysis of endometrial tissues showed that both adiponectin receptors were expressed throughout the menstrual cycle and were especially present at higher levels in the mid-luteal phase (Takemura et al., 2006). Similar to leptin, adiponectin is also correlated with obesity. Higher levels of abdominal fat were found in the endometrial cancer group, and plasma adiponectin level was in a negative linear correlation with the abdominal fat level. (Mihu et al., 2013). Of note, significantly lower adiponectin levels were implicated in endometrial cancer patients (Rzepka-Gorska et al., 2008). Additionally, the abnormal expression of adiponectin receptors was observed in several insulin resistance-related tumours, such as breast cancer (Mocino-Rodriguez et al., 2017; Cicekdal et al., 2020), prostate cancer (Kaklamani et al., 2011; Huang et al., 2021), ovarian cancer (Jin et al., 2016), and endometrial cancer (Petridou et al., 2003; Soliman et al., 2006; Barb et al., 2007). In addition, adiponectin suppresses endometrial cancer proliferation by acting through AdipoRs, which were expressed in both tissue samples and cell lines (Moon et al., 2011). Positive staining was observed in low-grade adenocarcinoma, whereas negative staining was noted in high-grade adenocarcinoma. These results indicate that lower AdipoR expression was strongly correlated with higher histological grade in endometrioid adenocarcinoma (Yamauchi et al., 2012). Data from a study including 60 patients indicated that AdipoR1 levels are related to myometrial invasion (Yunusova et al., 2015). Moreover, another study indicated that the expression of AdipoR-1, not AdipoR-2, exerts suppressive effects on cancer cell proliferation, adhesion, and growth in a group of endometrial carcinoma patients (Yabushita et al., 2014).
Adiponectin directly reduced the viability of normal human endometrial stromal cells without any change in AdipoR1 and AdipoR2 levels (Bohlouli et al., 2013). Moreover, numerous findings showed that serum adiponectin levels were reduced in endometrial cancer patients compared with individuals with no history of endometrial cancer (Soliman et al., 2006; Cust et al., 2007; Ma et al., 2013; Zeng et al., 2015; Ellis et al., 2020). The expression levels of adiponectin and vaspin, which are considered anti-inflammatory molecules, are inversely proportional to endometrial cancer risk even after controlling for potential confounders (Erdogan et al., 2013). In particular, a linear dose-response relationship indicated that the risk was reduced by 3% for every 1 μg/ml increase in adiponectin (Lin et al., 2015). Furthermore, among women younger than 65 years, the odds ratios derived from three different models by multiple logistic regression indicated that the risk was reduced by 50% for a 1 SD increase in adiponectin (Petridou et al., 2003). Additionally, adiponectin concentrations were progressively reduced from grade 1 (19.04 μg/ml) to grade 2 (13.48 μg/ml), and finally grade 3 tumours (12.86 μg/ml). A significant difference was noted between grade 1 and grade 3 tumours but not between grade 1 and grade 2 tumours (Rzepka-Gorska et al., 2008).
Leptin-to-adiponectin ratios (L/A ratios) may be more informative in studies of the risk of endometrial cancer among postmenopausal women (Dallal et al., 2013). Higher L/A ratios were strongly related to endometrial cancer progression even after controlling for the factors of diabetes mellitus and age. The OR of the L/A ratio [6.0 (95% CI: 3.2–11.9)] was higher than those of leptin alone [3.2 (95% CI: 1.8–5.8)] or adiponectin alone [0.5 (95% CI: 0.3–0.9)], suggesting that L/A ratios in individuals may better indicate cancer growth and proliferation (Ashizawa et al., 2010).
Adiponectin exerts an antiproliferative effect on endometrial cancer by increasing the number of G1/G0-phase cells and decreasing the number of S-phase cells. The reduction in cell counts in the HEC-1-A and RL95-2 cell lines reached approximately 30% and 20%, respectively, upon treatment with 40 mg/ml adiponectin. Furthermore, cyclin D1 and cyclin E2 expression was reduced, and 5 adenosine monophosphate-activated protein kinase (AMPK) was rapidly activated within 30 min in human endometrial cancer cell lines (Cong et al., 2007). Moon, H. S et al. (Moon et al., 2011) showed for the first time that adiponectin upregulated the tumour suppressor gene liver kinase B1 (LKB1), an adaptor molecule required for AMPK activation, to stimulate the AMPK/S6 axis. In addition, Wu et al. (Wu et al., 2012) demonstrated that Acrp30 effectively reduced leptin-induced STAT3 phosphorylation by stimulating the MAPK pathway in aggressive SPEC-2 endometrial cancer cells. After Ishikawa cells were treated with 10 μg/ml adiponectin, AMPK phosphorylation was rapidly activated and reached a maximum at 30 min. A 50% reduction in activated ERK and a 40% reduction in AKT expression were observed. Moreover, compound C inhibited adiponectin-induced ERK and AKT phosphorylation, demonstrating that ERK and AKT are downstream targets of AMPK. In addition, 10 μg/ml adiponectin treatment also caused significant reductions in cyclin D1 mRNA (49%), cyclin D1 protein (62%), B-cell lymphoma-2 (Bcl-2) mRNA (45%) and Bcl-2 protein (36%). This result suggested that adiponectin induced mitochondrial dysfunction by decreasing the Bcl-2/bcl-2-associated x (Bax) ratio (Zhang et al., 2015). Cai et al. (Cai et al., 2018) showed that AMPK phosphorylation was significantly induced by adiponectin, whereas mTOR and ribosomal protein S6 kinase-1 protein phosphorylation was inhibited. A considerably reduced proliferation inhibition ratio and enhanced cell migration were found in the inhibitor + adiponectin group than in the adiponectin group without the addition of an inhibitor. Adiponectin may inhibit cell proliferation and migration through the AMPK/(mTOR)/(S6K1) signalling pathway in patients with malignancies (Figure 2).
[image: Figure 2]FIGURE 2 | Role of adiponectin and visfatin in endometrial cancer progression. Adiponectin exerts an antiproliferative effect on endometrial cancer by stimulating AMPK pathway activation and suppressing PI3K/AKT, MAPK/ERK1/2 and IGF pathway activation. Visfatin promoted cancer progression mainly through PI3K/AKT, and MAPK/ERK1/2 pathway activation and IR. AMP: 5 adenosine monophosphate; AMPK: AMP-activated protein kinase; PI3K: phosphatidylinositol 3-kinase; AKT: the serine/threonine kinase; MAPK: mitogen-activated protein kinase; ERK1/2: extracellular signal-regulated kinases 1 and 2; IGF: insulin-like growth factor; IR: insulin resistance.
However, contrary to the previous role of adiponectin in suppressing cancer progression, several studies have showed that adiponectin contributes to an increased risk of liver cancer (Aleksandrova et al., 2014). Moreover, a study involving in exploring the relation between cancer and adiponectin underlying the obesity paradox, has showed that exogenous adiponectin significantly inhibited cell apoptosis by up-regulating p-AMPK and Bcl-xL levels in renal cell carcinoma (Ito et al., 2017). This conclusion was consistent with the results of the later study conducted by Lee et al. (Lee et al., 2020). The study conducted in Hong Kong, including 5658 participants, indicated an interesting adiponectin paradox. They demonstrated that higher adiponectin concentrations might be harmful, and positively correlated with the incidence and deaths of cancer in type 2 diabetes (Lee et al., 2020). As the role of adiponectin still remains controversial in various cancers, further studies should be directed to exploring the complex mechanism.
3.1.3 Visfatin
Visfatin, a 52 kDa protein (Fukuhara et al., 2005), plays a significant role in cell growth (Zhang et al., 2011) and insulin resistance (Fukuhara et al., 2005). Recently, accumulating evidence has suggested that visfatin may be a complementary diagnostic and prognostic marker for malignancies, especially those that are strongly related to dysfunctional adipose tissue, such as breast cancer (Rajput et al., 2022), colorectal cancer (Zhao et al., 2020), and endometrial cancer (Mu et al., 2012). Tian et al. (Tian et al., 2020) reported that visfatin protein expression was upregulated by the PI3K/AKT and MAPK/ERK signalling pathways in polycystic ovary syndrome (PCOS) patients with endometrial cancer.
Tian et al. (Tian et al., 2013) suggested that serum visfatin levels were significantly higher in endometrial cancer patients compared with other groups. Furthermore, visfatin expression was measured in tissue samples. Visfatin tissue expression increased gradually from normal proliferative or secretory endometrium (58.1%) and hyperplastic endometrium (66.7%) to endometrial cancer (80.5%). Moreover, visfatin expression was significantly related to serum levels in 50 endometrial cancer patients. High serum visfatin levels represent a key factor correlated with deep myometrial invasion and poor survival (Tian et al., 2013). Visfatin promotes cancer progression mainly through PI3K/AKT and MAPK/ERK1/2 activation as well as insulin resistance (IR) (Figure 2). In 2014, Nergiz Avcioglu et al. (Nergiz Avcioglu et al., 2015) indicated three possible mechanisms (obesity, increased lipolysis, and insulin resistance) to explain the increased serum visfatin levels in endometrial cancer (Nergiz Avcioglu et al., 2015). A study focusing on the molecular mechanisms showed that visfatin exerts pro-proliferative and anti-apoptotic effects by stimulating cell proliferation and increasing the S-phase fraction of cells.
The expression of visfatin and its substrates was upregulated in the context of IR, and maximal levels were noted at 30 min. Increased C-MYC and cyclin D1 expressions as well as decreased caspase-3 expression were also observed with visfatin treatment. To confirm the effect of the PI3K/AKT and MAPK/ERK signalling pathways, Ishikawa cells were treated with 400 ng/ml visfatin. Larger G1 and S-phase fractions were found in Ishikawa cells pretreated with the inhibitor (Wang et al., 2016). Similar results are presented by Cymbaluk-Ploska et al. (Cymbaluk-Ploska et al., 2018). The visfatin concentration was 15.9 ng/ml for the endometrial cancer group and 9.5 ng/ml for the other. Furthermore, a slightly higher visfatin concentration was noted for cases with lower histological differentiation (22.2 and 31.8 ng/ml) compared with well-differentiated cases (17.3 and 22.2 ng/ml). The visfatin level was inversely proportional to the overall survival (OS) of patients (Cymbaluk-Ploska et al., 2018). A retrospective case‒control study showed that the visfatin-adiponectin ratio in 53 endometrial cancer patients was significantly higher than that in the control group (Wang et al., 2019).
3.1.4 Galectin
It is clear that galectins are integrated into the physiological and pathological systems of individuals with a wide range of biological functions (Liu et al., 2002). To date, 11 identified different subtypes have been classified into three subgroups according to structure (prototype, tandem repeat-type, and chimeric-type) (Chou et al., 2018). Among them, four forms (galectin-1, galectin-3, galectin-7, and galectin-9) have been closely linked to gynecological cancer cell biology and immunology (Chetry et al., 2018). Furthermore, multiple studies have indicated that galectin-1, a homodimeric protein involved in angiogenesis (Thijssen and Griffioen 2014) and cross-linking receptors (Hernandez et al., 2006), and galectin-3, a chimaera-type protein associated with cancer metastasis (Fortuna-Costa et al., 2014) and inflammatory regulation (Henderson and Sethi 2009), are mainly involved in endometrial cancer. Galectin-1 expression was observed in endometrioid endometrial adenocarcinoma (EA) tissue (Zinovkin et al., 2019). Higher galectin-1 expression suggested a poorer prognosis (Sun and Dai 2020). In addition, galectin-1 immunoreaction was positively proportional to endometrial cancer grade, increasing from G1 to G3 (Mylonas et al., 2007). The microcystic, elongated and fragmented (MELF) pattern was inversely proportional to endometrial cancer patient survival (Stewart et al., 2009; Zinovkin et al., 2017). The median level of galectin-1 expression among 49 subjects was obviously higher (78.6%) in the positive group. The statistically significant differences analyzed by the Mann‒Whitney test additionally indicated that this marker may be of considerable functional importance in the OS of patients (Zinovkin et al., 2019).
Galectin-1 and galectin-3 immunoperoxidase staining of the uterine carcinoma specimens obtained from Duke University Medical Center was performed and statistically analyzed. Lower scores of galectin-1 expression were found in normal endometrium (scores from 0 to 2), whereas higher scores were found in endometrial carcinomas (scores from 1 to 3). In contrast, galectin-3 expression was significantly decreased in endometrial cancer (van den Brule et al., 1996). This conclusion was consistent with the results of a later study conducted in the Middle East. This finding demonstrated that galectin-3 may play a role in the suppression of cancer progression. Galectin-3 immunoreactivity progressively decreased from normal samples (80%) to endometrial carcinoma (55%), indicating poor prognoses (Al-Maghrabi et al., 2017). Interestingly, deeper invasion of the myometrium was found in cancer cells with only cytoplasmic immunoreactivity (van den Brule et al., 1996). The extent, intensity, and immunohistochemical reactivity of epithelial and stromal galectin-3 expression were reduced in the cancer group. The percentage of the cases with lymph node metastasis negative for galectin-3 expression (64%) was increased almost four-fold compared with cases without lymph node metastasis (18%). This investigation suggests that galectin-3 may be involved in the pathogenesis of endometrial carcinomas and lymph node metastasis (Ege et al., 2011).
However, contradictory results from a study involving 144 patients showed that increased galectin 3 expression was observed in patients with lymphovascular space invasion (Cymbaluk-Ploska., et al., 2020). The mean scores progressively increased from normal endometria (2.58) and atypical hyperplasia (4.77) to clear cell carcinoma (6.71), and significant differences were noted among the various conditions. Based on these findings, Brustmann et al. (Brustmann et al., 2003), assumed that galectin-3 expression was essential to maintain a transformed phenotype in endometrial carcinoma (Brustmann et al., 2003). To investigate the effect of galectin-3 on the endometrial cell cycle and adhesion, multiple analysis methods were used. After seventy-two hours of galectin-3 siRNA transfection, galectin-3 mRNA and protein expression were reduced by 70%–90% in RL95-2 cells. A decrease in S-phase cells and an increase in G1-phase cells were observed. Thus, galectin-3 may be involved in promoting cell adhesion and increasing integrin expression (Lei et al., 2007). Additionally, considering the fact that the environment composed of numerous adipokines and cytokines that promote tumour growth, the different conclusions may be clarified by method sensitivity, case differences, treatment differences, and different sizes of samples. To better understand the effect of galectin-3 and related biological signalling pathways on tumour size, growth, characteristics, and malignancy in endometrial cancers, more studies, such as longitudinal studies and large-scale studies, are needed.
3.2 Role of adipose-secreted inflammatory cytokines in endometrial cancer progression
Inflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-8 (IL-8), can modify the immunological network in the endometrium. The primary sources of inflammatory cytokines mainly include inflammatory cells, adipocytes, and cancer cells. Among them, IL-1β and IL-6 are secreted by adipocytes through endocrine and paracrine secretion and are correlated with a modified adipocyte phenotype (Dirat et al., 2011). Inflammatory cytokines are the key factors that explain the difference in the immune microenvironment between normal and malignant endometria. Therefore, understanding the role of inflammatory cytokines in proinflammatory and protumorigenic effects on endometrial cancer progression is crucial.
IL-1β, IL-6, and IL-8, which exhibit a wide range of complex functions, have been extensively examined. Notably, IL-1 is ubiquitously expressed in endometrial tissues (Van Le et al., 1991). However, data from a clinical study revealed a significant increase in IL-8 concentrations, not IL-Iβ and IL-6, which were too low to detect (Chopra et al., 1997). Furthermore, later experiments clearly demonstrated that leptin significantly increased the levels of IL-1 and interleukin-1 receptor tI (IL-1R tI) in a dose-dependent manner. Based on experiments using a kinase inhibitor, the results indicated that leptin-mediated activation of the JAK2/STAT3, PI3K/AKT1, and mTOR signalling pathways was associated with an increase in IL-1β levels in primary endometrial epithelial cells. In contrast, leptin induced IL-1R tI in all endometrial epithelial cells through leptin canonical signalling pathways that generally include JAK2/STAT3, MAPK/ERK1/2, and mTOR without PI3K/AKT1 involvement (Carino et al., 2008).
Adiponectin also stimulated AMPK phosphorylation and suppressed the secretion of IL-6 and IL-8 induced by IL-1β in human endometrial stromal cells (ESCs), suggesting the effect of adiponectin on regulating energy supply and anti-inflammatory function (Takemura et al., 2006).
When assessing endometrial cancer cells using cell invasion assays and statistical analysis, Lipsey et al. (Lipsey et al., 2016) found that Notch, IL-1, and leptin crosstalk outcome (NILCO) was more highly expressed in type II endometrial cancer, the more aggressive form, not type I. Moreover, leptin-induced invasion of endometrial carcinoma cells was significantly reduced in the presence of an inhibitor (Daley-Brown et al., 2017). Remarkably, the levels of Notch receptors, ligands, and targeted molecules were at least a twofold increase compared to basal culture conditions without leptin treatment. After DAPT and anti-IL-1R tI antibodies were added, the results showed that leptin-induced migration of malignancies was abrogated. The role of leptin was more prominent in the more malignant phenotype, such as the more aggressive and poorly differentiated An3CA endometrial cancer cell line. Leptin-induced NILCO molecules in endometrial cancer affect cell proliferation, aggressiveness, and chemoresistance (Daley-Brown et al., 2019). Taken together, these studies indicated the complex crosstalk among Notch, IL-1, and leptin as well as the involvement of IL-1 in inducing inflammatory progression and upregulating leptin expression in endometrial cancer (Figure 3).
[image: Figure 3]FIGURE 3 | Notch, IL-1, and leptin crosstalk outcome (NILCO). Leptin induced Notch receptor, ligand, and targeted molecule expression. The inhibition of Notch and IL-1 signalling in vitro reduced leptin-induced invasion. IL-1: Interleukin-1.
3.3 Role of adipose-secreted angiogenic factors in endometrial cancer progression
Adipose-secreted angiogenic factors, such as vascular endothelial growth factor (VEGF) and fibroblast growth Factor 21 (FGF21), play significant roles in stimulating angiogenesis and forming the proangiogenic microenvironment. Potential therapeutic implications targeting VEGF and FGF21 may open up new avenues for endometrial cancer women with cancer cell metastasis.
VEGF, a multiple proangiogenic factor observed across endometrioid endometrial adenocarcinoma (EA) cells in different stages, was correlated with abnormal vasculature formation, insulin sensitivity, and adipocyte death (Sun et al., 2012; Goel and Mercurio 2013). Moderate VEGF expression was positively correlated with EA progression as well as an elongated and fragmented (MELF) pattern. However, this parameter was inversely proportional to the number of survival days (Zinovkin et al., 2019). A preliminary study suggested that leptin significantly increased the levels of VEGF and vascular endothelial growth factor receptor 2 (VEGFR2) through the MAPK/ERK1/2 and mTOR signalling pathways (Carino et al., 2008). In addition, overexpression of VEGF and its receptors in uterine tissue appeared to be affected by cotreatment (leptin and oestradiol) probably through the ERK1/2 and STAT3 pathways (Shetty et al., 2020). Interestingly, additional experiments clearly showed that leptin-induced angiogenesis was probably attributed to activating VEGFR-Notch signalling crosstalk in overweight cancer patients with increased expression of VEGF, VEGFR-2, and Notch (Lanier et al., 2016).
Fibroblast growth Factor 21 (FGF21) belongs to the sixth subfamily of FGFs and mainly modulates the storage of carbohydrates (Beenken and Mohammadi 2009). Based on comparative analysis, high FGF21 concentrations were positively related to high leptin levels. Taken together, the results showed that FGF21 concentrations were higher in poorly and moderately differentiated tumours compared with highly differentiated tumours. In addition, the area under the receiver operator characteristic curve (AUC) for FGF21 was 0.81, indicating that FGF21 was a promising diagnostic biomarker with good sensitivity and specificity through FGFR 2 and the PI3K/AKT and mTOR signalling pathways (Cymbaluk-Ploska et al., 2020).
3.4 Role of other adipocytokines in endometrial cancer progression
On review of the recent studies, other identified adipocytokines, including plasminogen activator inhibitor-1 (PAI-1) (Wang et al., 2021), and fatty acid-binding protein 4 (FABP4) (Wu et al., 2021), also play important roles in regulating various physiological processes. Of note, these adipocytokines have considerable consequences for promoting the proliferation and migration of endometrial cancer cells and may be possible targets for the therapy.
PAI-1, a promising prognostic factor involving in selective degradation of extracellular matrix components (Andreasen et al., 1997; Fredstorp-Lidebring et al., 2001), has been found to be associated with neovascularization, invasion, and migration in breast (Schmitt et al., 2010), prostate (Almasi et al., 2011), colorectal (Markl et al., 2017), ovarian (Zhang et al., 2013), and endometrial cancers (Tecimer et al., 2001). Women with PAI-1 rs1799889 4G/4G genotype are more likely to be at risk for endometrial cancer and the susceptibility to cancer may be associated with the 4G allele. (Su et al., 2011; Xu et al., 2012). Compared to normal endometrium, concentrations of PAI-1 in cytosols of endometrial cancer were significantly higher (Kohler et al., 1997; Osmak et al., 2001). In addition, expression of PAI-1 was regulated by estrogen and progesterone, and appeared negatively correlated with estrogen and progesterone receptor levels (Fujimoto et al., 1996; Steiner et al., 2008). The potential of sex steroids-dependent metastasis plays significant roles in cancer progression (Gotte et al., 2010; Fujimoto and Sato 2011). Previous studies showed that PAI-1 was positively correlated with cancer stage, but negatively correlated with relapse free time and OS of patients (Tecimer et al., 2001; Steiner et al., 2008). As one of the most abundant adipocytokines in adipose stromal cells (ASCs), PAI-1 could diminish transforming growth factor β (TGF-β)-mediated tumor suppressor activity through the TGF-β/SMAD pathway (Lin et al., 2020).
FABP4, belonging to the fatty acid binding proteins (FABPs) family, has a central role in tumour metastasis and endothelial migration by regulating metabolic and inflammatory pathways (Hotamisligil and Bernlohr 2015). As a marker involved in adipocyte differentiation (Bernlohr et al., 1984), FABP4 promotes the progression of feminine cancers, such as ovarian cancer, and cervical cancer (Gharpure et al., 2018; Jin et al., 2018). However, a recent study showed that FABP4 might play a possible suppressive role in endometrial cancer cell proliferation, migration, and invasion through the PI3K/AKT pathway (Wu et al., 2021). These studies have showed that the effects FABP4 exerts on cancers may be related to tumor type and signaling pathways. To further explore the decreased expression of FABP4 in endometrial cancer, more researches are required.
3.5 Possible role of adipocytokines in the treatment of endometrial cancer
Adipocytokines, including adipokines, inflammatory cytokines, and angiogenic factors, are significant biomarkers in various cancers, particularly endometrial cancer. To date, among the identified adipocytokines, some have been found to be good prognostic factors with a wide range of biological functions, including suppression of cell proliferation, induction of apoptosis, and reduced cell invasion. However, other adipocytokines, such as leptin, galectin, and visfatin, are considered poor prognostic factors associated with the promotion of cell proliferation, inhibition of apoptosis, and increased cell invasion (Figure 4). Leptin and adiponectin are the two main adipocytokines involved in most studies in endometrial cancer. However, studies on the potential molecular mechanisms of other adipocytokines, such as resistin, galectin, and visfatin, are limited. Particularly, contradictory results have been reported from different studies on galectin-3 concentrations and expression in endometrial cancers. The main inflammatory pathways predominantly reported include the MAPK/ERK1/2, JAK/STAT3, PI3K/AKT/mTOR, Notch, IR, IGF, AMPK/ERK, and AKT signalling pathways. When using specific inhibitors, endometrial cancer cell proliferation, invasion, and migration were reduced.
[image: Figure 4]FIGURE 4 | Role of adipocytokines in endometrial cancer progression.
Based on the roles of significant adipocytokines and specific inhibitors, the use of targeted treatments in cancers has been studied in various experiments. Metformin, a potential anti-cancer drug, could induce cell cycle arrest and apoptosis through the AMPK and mTOR signalling pathways (Jalving et al., 2010). Furthermore, compared to metformin (Met) alone, metformin and silibinin (Sil) in magnetic PLGA/PEG nanoparticles (NPs) kill lung cancer cells more rapidly by reducing the expression of leptin and its receptor (Salmani Javan et al., 2022). Thiazolidinediones (TZDs) (rosiglitazone, pioglitazone) are also reported to increase adiponectin levels and decrease leptin, tumor necrosis factor-α (TNF-α), and IL-6 levels through modulatory mechanisms (Garikapati et al., 2019; Biondo et al., 2020). Moreover, TZDs have played important roles in preventing progression of hepatocellular carcinoma (HCC) (Arvind et al., 2021), colon cancer (Yoon et al., 2020), and lung cancer (Konieczna et al., 2015). Atorvastatin reduces cardiovascular mortality by increasing levels of adiponectin, which is involved in insulin resistance (Koh et al., 2005; Ando et al., 2008). Atorvastatin has been reported to be used as a kind of important therapy in oesophageal adenocarcinoma by suppressing leptin-induced activation of cdc42 and AKT (Beales and Ogunwobi 2021).
Furthermore, recent studies have showed that mild obesity (BMI≥ 25.0,≤ 29.9) is correlated to an improved immunotherapy response (Li and Kalantar-Zadeh 2013; Li et al., 2017). The cancers who have mild obesity are more likely to reach a balance between pro- and anti-inflammatory cytokines (Assumpcao et al., 2022). Compared with poor response to chemotherapy in obese patients (Horowitz and Wright 2015), immunotherapy may be a more favorable therapeutic approach for the obesity (Waldman et al., 2020). The dysregulation of the secretion of adipocytokines, which involves in T cell modulation, macrophage polarization, and binding of adipocyte PD-L1 to anti-PD-L1 antibodies, affects immune checkpoint inhibitor therapy (Assumpcao et al., 2022). By using checkpoint inhibitor (anti–CTLA-4 mAb), Murphy et al. (Murphy et al., 2018) have found that leptin was a contributor to the failure of tumor immunotherapy. It implicated the potential role of leptin in the efficacy of immunotherapy.
4 CONCLUSION
Adipocytokines, regulating various physiological and pathological processes, play crucial roles in endometrial cancer progression. Larger prospective studies focusing on adipocytokines and specific inhibitors, particularly immune checkpoint inhibitor therapy, should be directed at preventing the rapidly increasing prevalence of gynecological malignancies.
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Warburg effect is characterized by excessive consumption of glucose by the tumor cells under both aerobic and hypoxic conditions. This metabolic reprogramming allows the tumor cells to adapt to the unique microenvironment and proliferate rapidly, and also promotes tumor metastasis and therapy resistance. Metabolic reprogramming of tumor cells is driven by the aberrant expression and activity of metabolic enzymes, which results in the accumulation of oncometabolites, and the hyperactivation of intracellular growth signals. Recent studies suggest that tumor-associated metabolic remodeling also depends on intercellular communication within the tumor microenvironment (TME). Small extracellular vesicles (sEVs), also known as exosomes, are smaller than 200 nm in diameter and are formed by the fusion of multivesicular bodies with the plasma membrane. The sEVs are instrumental in transporting cargoes such as proteins, nucleic acids or metabolites between the tumor, stromal and immune cells of the TME, and are thus involved in reprogramming the glucose metabolism of recipient cells. In this review, we have summarized the biogenesis and functions of sEVs and metabolic cargos, and the mechanisms through they drive the Warburg effect. Furthermore, the potential applications of targeting sEV-mediated metabolic pathways in tumor liquid biopsy, imaging diagnosis and drug development have also been discussed.
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1 INTRODUCTION
Tumor cells can rapidly utilize glucose through “aerobic glycolysis” and produce high levels of lactate—a phenomenon known as the Warburg effect. Hanahan and Weinberg characterized this metabolic reprogramming of tumor cells as one of the hallmarks of cancer, and a potential therapeutic target (Hanahan and Weinberg, 2011; Hanahan, 2022). The Warburg effect is primarily driven by the aberrant expression of key metabolic enzymes, production of oncometabolites, and overactivation of growth signals (Vander Heiden et al., 2009; Liberti and Locasale, 2016; Poff et al., 2019). The key enzymes of glycolysis, including hexokinase 2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) and pyruvate kinase M2 (PKM2), promote the conversion of glucose to lactate instead of pyruvate in the tumor cells, which in turn impairs mitochondrial oxidative phosphorylation (Minchenko et al., 2002; Yang et al., 2014; Xu and Herschman, 2019). Furthermore, glucose 6-phosphate dehydrogenase (G6PD) produces ribose and NADPH in the tumor cells through the pentose phosphate pathway (PPP) as a source of energy for tumor growth (Jiang et al., 2011; Deng et al., 2021). Therefore, understanding the complex mechanisms underlying glucose uptake and metabolism by tumors, and the role of the tumor microenvironment (TME), can improve diagnostic accuracy and aid in drug development.
According to the classification criteria of the International Society for Extracellular Vesicles (ISEV), small extracellular vesicles (sEVs) or exosomes measure less than 200 nm in diameter, and are formed by the fusion of multivesicular bodies with the plasma membrane. They are typically secreted by tumor cells and other cells in the TME into various body fluids (Théry et al., 2018; Armacki et al., 2020; Möller and Lobb, 2020; Wu et al., 2021). The sEVs contain a large number of functional proteins, nucleic acid fragments (including DNA, mRNA or non-coding RNA) and other biologically active substances from the parent cells, and thus mediate transport and information exchange between cells. Most tumor cells release higher amounts of sEVs compared to normal cells. The tumor-derived sEVs promote angiogenesis, induce chemoresistance and differentiation of stromal cells in the TME, and regulate immune responses and the pre-metastatic microenvironment (Li and Nabet, 2019; Mashouri et al., 2019; Yousefi et al., 2020). Studies show that the sEVs in TME can also regulate tumor metabolism by directly delivering metabolic enzymes, metabolites or other factors to the recipient cells (Zhao et al., 2016; Wang et al., 2020b). Furthermore, these metabolically reprogrammed sEVs also modulate glucose uptake by tumor cells and other TME components, including stromal cells, immune cells and fibroblasts (Zhao et al., 2016; Yan et al., 2018; Rai et al., 2019; Morrissey et al., 2021). In this review, we have summarized the mechanisms through which the sEVs mediate the crosstalk between tumor cells and the TME, and propose possible applications of targeting sEV-related metabolic pathways for precise diagnosis and effective treatment of tumors.
2 SORTING OF METABOLIC CARGOES INTO SEVS AND SECRETION
Tumor-specific sEVs can directly trigger the Warburg effect by transporting metabolites, enzymes, and the regulatory proteins and RNAs throughout the TME. The different intracellular components are loaded into sEVs through distinct sorting mechanisms (Figure 1). The biogenesis of sEVs is initiated following the inward budding of the membranes of multivesicular bodies (MVBs) to form intraluminal vesicles (ILVs). The mature MVBs fuse either with the plasma membrane and are expelled as sEVs, or with the lysosomes and are broken down (Anand et al., 2019). Rab GTPases act as the molecular switches that control ILV formation and transport within MVBs. The protein cargo is first sorted into the ILVs by tetraspanins and the endosomal sorting complex required for transport (ESCRT). VAMP2, VAMP3, VAMP7 and VAMP8 on the surface of MVBs form a SNARE complex with SNAP-23 on the plasma membrane, which releases the ILVs as sEVs (Clancy et al., 2019; Kumar et al., 2020; Zhang et al., 2021b). Pyruvate kinase M2 (PKM2) is co-sorted into the sEVs with the SNARE complex by phosphorylating SANP-23. In addition, the intra-vesicular PKM2 also promotes the exocytosis of sEVs from tumor cells (Wei et al., 2017; Fan et al., 2022). Lipids such as phospholipids and cholesterol are sorted into the sEVs by forming lipid rafts that are incorporated into sEV membranes (Zebrowska et al., 2019; Kumar and Deep, 2020). The sorting mechanism of other metabolites, including sugars, amino acids, nucleotides or vitamins, are not completely understood.
[image: Figure 1]FIGURE 1 | Metabolic cargoes in sEVs and their packaging, sorting and biogenesis. Metabolic enzymes and other regulatory proteins, metabolites, miRNAs, lncRNAs, and circRNAs are sorted into multivesicular bodies (MVBs) in different ways and subsequently excretes from the cells via the vesicle secretion pathways. Lipids (including phospholipids, sphingolipids, or triglycerides) on the plasma membrane enter MVBs via the early endosomes, but the sorting mechanism of other metabolites remains unclear. Proteins, including metabolic enzymes as well as RNA-bound RNA binding proteins (RBPs) enter the MVBs through ESCRT-dependent or independent mechanisms. The intraluminal vesicles (ILVs) in MVBs bind to the plasma membrane to form SNARE complex, which facilitates the extracellular release of sEV.
The mechanism underlying exosomal sorting of RNAs has been partially revealed (Liu et al., 2021). The RNA-binding Y-box protein I (YBX1) and Lupus La protein are required for loading miR-223 and miR-122 into sEVs, and is dependent on the high affinity of miRNAs for these RNA-binding proteins (Shurtleff et al., 2016; Temoche-Diaz et al., 2019). In fact, miRNAs that are sorted into sEVs possess similar motifs, and are enriched in the vesicles by specific RNA-binding proteins (Garcia-Martin et al., 2022b). For long RNAs such as mRNAs or lncRNAs, hnRNP A2B1 is responsible for binding to the corresponding motifs and sorting them into sEVs (O'Grady et al., 2022). The exact mechanism through which circRNAs are sorted into sEVs is still being explored, and studies suggest that it is likely accomplished through a miRNA binding-dependent manner or via direct interaction with RNA-binding proteins (Bao et al., 2016; Xu et al., 2020).
3 SEVS AS DRIVERS OF WARBURG EFFECT
As already mentioned, the sEVs derived from tumor cells and TME components (fibroblasts, epithelial cells, macrophages, NK cells and other immune cells) reprogram glucose metabolism in tumor tissues by transporting proteins (metabolic enzymes, membrane proteins and other growth signaling proteins), nucleic acids (miRNAs, lncRNAs, circRNAs and mRNAs) and metabolites. The resulting dysregulation in metabolic pathways promote tumor progression, metastasis, and therapy resistance (Göran Ronquist, 2019; Zhang et al., 2021a). The contents of sEVs that regulate the Warburg effect are listed in Table 1.
TABLE 1 | sEV cargoes and mechanisms involved in the regulation of the Warburg effect.
[image: Table 1]3.1 Metabolic enzymes in sEV
The hypoxic environment within solid tumors is a major inducer of Warburg Effect. Ovarian cancer cell-derived sEVs load higher levels of hexokinase (HK), UDP-glucuronosyltransferase, 6-phosphogluconolactonase and CTP synthase 1, which are the key enzymes in glucose, phospholipid and nucleic acid metabolism, when exposed to hypoxic conditions (Alharbi et al., 2021). These sEVs loaded with metabolic enzymes are critical for the development of platinum resistance in ovarian cancer. In a previous study, we showed that cisplatin-resistant non-small cell lung cancer (NSCLC) cells transmitted drug resistance to sensitive cells by secreting PKM2-loaded exosomes in response to hypoxic stimulation (Wang et al., 2021). Thus, inhibiting glucose metabolism could potentially reduce sEV-mediated chemoresistance in cancer cells. For example, pancreatic cancer cells with autophagy blockade exhibited low glucose uptake and expressed low levels of ATP-binding cassette sub-family G member 2 (ABCG2) in the secreted exosomes, which restored gemcitabine sensitivity (Bhattacharya et al., 2014). Although oxidative phosphorylation is attenuated in tumor cells, some enzymes of the Krebs cycle are also released within sEVs. We previously observed that exosomal release of cytoplasmic IDH1 promoted 5FU resistance in colorectal cancer cells (Yang et al., 2021). In addition to chemoresistance, exosomal metabolic enzymes can also enhance other malignant features such as invasion, metastasis, angiogenesis and immune escape. For example, exosomal angiopoietin-like protein 7 (ANGPTL7) secreted by the human ovarian cancer cells can promote tumor angiogenesis by regulating glucose and lipid metabolism, and oxidative stress (Parri et al., 2014). Several studies in recent years have established the presence of metabolic enzymes in sEVs and their impact on oncogenic signaling networks. Retinoblastoma-derived exosomes are enriched in multiple metabolic enzymes, including enolase 3 (ENO3), galactokinase-1 (GALK1), asparagine synthase (ASNS) and saccharopine dehydrogenase (SCCPDH) (Galardi et al., 2020). Taken together, transmission of metabolic enzymes via sEVs affects tumor progression through metabolic or non-metabolic signaling pathways.
3.2 Metabolites in sEV
Tumor or TME-derived sEVs can modulate tumor progression by transporting specific metabolites to distant tissues, immune cells, etc. For instance, colon cancer cells expressing CD63, CD9 and A33 are known to deliver exosomal phosphatidylcholine to liver tissues via the portal vein (Kumar et al., 2021). Furthermore, lung adenocarcinoma-derived exosomes are enriched in linoleic acid (LA) compared to those derived from normal lung epithelial cells, and promote tumor metastasis by reprogramming macrophage glycolysis and PD-L1-dependent immunosuppression (Morrissey et al., 2021). Metabolomics have been used to identify the species, content and signaling pathways of metabolites in sEVs and other vesicles. Metabolite analysis of CAF-derived exosomes by gas chromatography-mass spectrometer (GC-MS) and ultra-high performance liquid chromatography (UPLC) revealed high levels of intermediates produced during glucose metabolism (such as citric acid and pyruvate), lipids (stearic and palmitic) and most amino acids (Zhao et al., 2016). However, the exact functions of these exosomal metabolites in tumor progression remains to be explored.
3.3 Nucleic acids regulate tumor metabolism via sEV
Exosomal nucleic acids, especially non-coding RNAs, are established diagnostic biomarkers of various tumors. Non-coding RNAs can promote or impede the Warburg effect by targeting specific metabolic enzymes or regulatory genes. For example, colorectal cancer cell-derived exosomal circ-RNF121 enhanced glycolysis and reduced ATP/ADP production in the tumor cells (Jiang et al., 2021). Furthermore, circ-0008928 is highly expressed in NSCLC cell-derived sEVs, and confers cisplatin resistance by acting as a “sponge” for miR-488, which enhances HK2 activity and glycolysis (Shi et al., 2021). NSCLC cells also secrete the lncRNA MALAT1 via sEVs, which is known to promote lactate dehydrogenase A (LDHA) expression and glycolysis (Wang et al., 2020a). Oxaliplatin-resistant colorectal cancer cells can transmit chemoresistance to the sensitive cells through exosomal circ-0005963, which sponges miR-122 and upregulates PKM2 (Wang et al., 2020c). Exosomal RNA-mediated decrease in glucose uptake in the normal tissues also contributes to tumor development. For instance, breast cancer cell-derived exosomal miR-122 drives brain/lung metastasis by downregulating PKM2 and inhibiting glucose uptake in distant non-tumor tissues (Fong et al., 2015). In addition to tumor cells, the stromal and immune cells of the TME also secrete sEVs that reprogram tumor metabolism. There is evidence that exosomal lncRNA TUG1 secreted by cancer-associated fibroblasts (CAFs) in HCC tissues increases LDH activity and lactate production in the tumor cells (Lu et al., 2022).
Interestingly, the metabolic reprograming induced by exosomal components exert a positive feedback by increasing cargo loading into the sEVs. For example, exosomal circ_0072083 derived from temozolomide (TMZ)-resistant glioma cells activates glycolysis and increases the levels of glucose transporter 1 (GLUT1), LDHA and PKM2, which further induce the expression of the circRNA and amplify TMZ resistance (Ding et al., 2021). Furthermore, the dissemination of sEVs in the TME also depends on the extracellular glucose status. Under energy-deficient low-glucose conditions, gastric cancer-derived exosomal miR-451 is more inclined to polarize T cells to the immunosuppressive Th17 cells, which leads to poor prognosis (Liu et al., 2018). In fact, tumor-derived sEVs can also trigger metabolic disorders, as exemplified by the interaction of pancreatic cancer and diabetes (Sah et al., 2019). Pancreatic cancer cell-derived exosomes delivered miR-19a to islet β cells and disrupted normal insulin secretion (Pang et al., 2021; Su et al., 2022), and reprogramed enteroendocrine cell function via multiple exosomal miRNAs (Zhang et al., 2018). Thus, TME-derived sEV RNA reprograms tumor glucose metabolism and creates favorable conditions for tumor cell growth and metastasis, while the sEV RNA cargo secreted by metabolically abnormal tumor cells also enhances the malignant potential.
3.4 Resident proteins in sEV
The sEVs derived from different tissues may express similar marker proteins, including CD9, CD63, CD81 or TSG101, which are used for their identification. However, most of these ubiquitous resident proteins of sEVs, most of which are membrane proteins, show differential expression across cell types during proteomics examination (Kowal et al., 2016; Rai et al., 2021; Garcia-Martin et al., 2022a). Some resident exosomal proteins are transferred to recipient cells, wherein they reprogram glucose metabolism. For example, nasopharyngeal carcinoma cell-derived sEVs can transform normal fibroblasts to a tumor-promoting phenotype by delivering latent membrane protein 1 (LMP1), which enhances glycolysis and inhibits mitochondrial oxidative phosphorylation via activation of the NF-κB pathway (Wu et al., 2020). Integrin beta 4 (ITGB4) is highly expressed on triple-negative breast cancer (TNBC) cells and their derived exosomes, and promotes glycolysis in CAFs through mitophagy (Sung et al., 2020). High mobility group box-1 (HMGB-1) is highly expressed in lung adenocarcinoma exosomes and promotes glycolysis in the tumor macrophages by upregulating PD-L1 expression (Morrissey et al., 2021). The 78 kDa glucose-regulated protein (GRP78) is translocated from the endoplasmic reticulum to the plasma membrane, and released via exosomes (Li et al., 2016; Gonzalez-Gronow et al., 2021). High expression of exosomal GRP78 in colorectal and breast tumors is associated with increased glycolysis and metastasis (Zheng et al., 2019; Li et al., 2022). Therefore, proteins that are differentially expressed in the tumor-derived exosomes relative to that secreted by normal cells should be considered as potential as biomarkers. Overall, tumor cell-derived sEV-resident proteins act as “villain messengers” by promoting malignant behaviors such as invasion, metastasis and immunosuppression through metabolic reprograming.
4 APPLICATION OF TARGETING METABOLIC SEVS
Given their unique protein profiles, sEVs are promising biomarkers for early, non-invasive tumor detection, and for monitoring therapy (Liang et al., 2021). Tumor-derived exosomal protein or RNA cargoes can be easily detected in liquid biopsies for rapid diagnostic and prognostic evaluation. Furthermore, inhibitors of sEV secretion or the loaded cargos potential drug candidates for tumor therapy. In addition, in vivo imaging of sEVs can be used as a surrogate for tracking tumor progression and therapeutic efficacy.
4.1 Metabolic biomarkers for liquid biopsy
Proteomic mass spectrometry analysis of salivary exosomes from human papillomavirus (HPV)-driven oropharyngeal cancer patients revealed significantly elevated aldolase, glyceraldehyde dehydrogenase-3-phosphate dehydrogenase (GAPDH), LDHA/B, phosphoglycerate kinase 1 (PGK1) and PKM1/2 (Tang et al., 2021). Compared to healthy volunteers, serum-derived exosomal circARHGAP10 was upregulated in NSCLC patients, and associated with increased the expression of GLUT1 and LDH, which are drivers of NSCLC progression (Fang et al., 2022). Furthermore, presence of serum-derived exosomes with low levels of miR-543 in patients with epithelial ovarian cancer indicates favorable prognosis since downregulation of this miRNA inhibits glucose uptake by tumor cells (Zhang et al., 2022). Cancer stem cells (CSCs) drive tumor initiation, drug resistance and metastasis, and are the primary cause of tumor recurrence. Metabolomics analysis of CSCs-enriched primary melanoma tissues and serum-derived exosomes from melanoma patients revealed aberrant expression of multiple metabolites (Palacios-Ferrer et al., 2021). Thus, exosomal metabolites in liquid biopsies are ideal markers of tumor diagnosis, therapeutic efficacy and prognosis.
4.2 Therapeutic agents targeting metabolic regulators
Some small molecule drugs and natural compounds can inhibit tumor-associated sEV secretion or metabolic pathways, and are thus potential candidates for tumor therapy. The AMPK inhibitor compound C and the c-Jun inhibitor SP600125 blocked the delivery of exosomes from the TNBC cells into CAFs, which inhibited glycolysis and tumor cell proliferation (Sung et al., 2020). The sEV-mediated immunosuppression is partly attributed to the metabolic reprogramming of TME, and drugs targeting sEV-related tumor immunity are suitable for tumor therapy, such as immune checkpoint inhibitors (Marshall and Djamgoz, 2018; Bader et al., 2020; Yang et al., 2020). As already described, tumor cell-derived exosomes increased glucose uptake and PD-L1 expression in CAFs in an NF-kB-dependent manner, which was inhibited by the glycolysis inhibitor 2-deoxyglucose. Furthermore, tumor sEVs also inhibited oxidative phosphorylation in tumor-associated macrophages by upregulating NOS2 expression, and administration of the NOS2 inhibitor S-ethylisothiourea hydrobromide restored oxygen utilization (Kuruppu et al., 2014; Morrissey et al., 2021). In addition, coptisine disrupted the secretion of exosomal circCCT3 from CAFs and reduced the expression of HK2 in liver cancer cells (Lv et al., 2020), which has potential therapeutic value. The natural compound oleanolic acid reduced the secretion of exosomes from TMZ-resistant glioma cells, and shikonin inhibited resistant cells-derived exosomal circ_0072083 levels and the Warburg effect (Ding et al., 2021). These compounds have potential sensitizing effects on TMZ treatment of glioma. Therapeutic agents targeting sEV-related communications have also been shown to multidrug resistance -associated protein (MRP) -mediated resistance. The calmodulin-dependent protein kinase inhibitor KN-93 was used to reverse MSC sEV-mediated 5-FU resistance in gastric cancer (Ji et al., 2015). Mechanistically, these sEVs enhanced the expression of MRP and P-glycoprotein by regulating miR-301b and ERK kinase pathways (Ji et al., 2015; Zhu et al., 2022), which are inducers of glucose metabolism and malignant tumorigenesis (Asl et al., 2021; Jandova and Wondrak, 2021). However, the limitation lies in the lack of the effect of sEV from other TME components (other than MSC) on MRP and chemotherapy resistance. More studies are needed to explore the mechanism of chemotherapy resistance of metabolic sEV in order to develop therapeutic agents with relevant targets.
4.3 Metabolic imaging of sEVs in nuclear medicine
Due to the sentinel role of exosomes in early TME shaping and formation of the pre-metastatic niche, in vivo sEV imaging can be helpful for early tumor monitoring. At present, sEV imaging mainly focuses on tracking the fluorescently-labeled sEVs. For example, plasma membrane-specific fluorescent dyes such as DIR and PKH26 are commonly used to label exosomes and track them at the cellular level (Pužar Dominkuš et al., 2018; Sun et al., 2019; Kumar et al., 2021). Nuclear imaging, including 18F-deoxyglucose (FDG)-positron emission tomography/computed tomography (PET/CT), is currently the main diagnostic method for evaluating tumor glucose uptake and metabolic activity, and offers the possibility for isotopic labeling and imaging of exosomes. Engineered exosomes labeled with radioisotopes (including 99mTc, 111I, 125I, 131I, 64Cu, 68Ga) have achieved non-invasive PET or SPECT detection in animal models, and show promise for clinical translation (Morishita et al., 2015; Gangadaran et al., 2018; Rashid et al., 2019; Jung et al., 2020; Lázaro-Ibáñez et al., 2021).
Radio-labeled exosomes have excellent intra-tumoral homing ability and biosafety (Shi et al., 2019). FDG-PET imaging has been used to assess the function of exosomes in Alzheimer’s disease development since glucose metabolism in the affected tissues correlates with the secretion of plasma-specific exosomes (Coumans et al., 2017; Chanteloup et al., 2019). In addition, FDG-PET imaging has also demonstrated the activation of glucose metabolism in breast tumor cells through EVs uptake (Kang et al., 2021). Furthermore, the enriched miRNA levels in plasma EVs from Hodgkin lymphoma patients matched the FDG PET imaging results, suggesting that EVs can be used for metabolic tracing in tumor patients (van Eijndhoven et al., 2016). In an in vitro study, 13C isotope-labeled glucose was used to evaluate the effect of CAF-derived exosomes on the metabolites of glycolysis (Zhao et al., 2016). Although isotopic tracing of exosomes can be used for tumor imaging, very few studies have reported direct radiolabeling of metabolites in EVs for in vivo imaging.
5 CONCLUSION AND PERSPECTIVES
The Warburg effect is manifested as overactive glycolysis and aberrant activity of metabolic enzymes, and is instrumental for the rapid proliferation, invasiveness, drug resistance and immune escape of tumor cells. Extracellular vesicles (EVs) mediate intercellular communication in the TME, and the sEVs or exosomes have been studied the most. In this review, we outlined the mechanisms through which proteins, RNAs and metabolites are sorted into the sEVs within cells, as well as the pathways regulated by the exosomal cargo to remodel tumor metabolism and promote tumor progression (Figure 2). Furthermore, we have also discussed the diagnostic and therapeutic potential of tumor-derived sEVs.
[image: Figure 2]FIGURE 2 | Metabolic sEV exchange between tumor cells and other components in the TME. The uptake of tumor-derived sEVs by CAFs or immune cells facilitates tumor growth, whereas tumor cell fusion of metabolic sEVs in TME leads to its malignant transformation. For example, CAFs-derived sEV lncRNA TUG1 delivers to liver cancer cells, increasing SIX1 expression and promoting glycolysis and tumor invasion. CAFs-derived sEVs inhibit oxidative phosphorylation and activates glycolysis by delivering lactate, pyruvate, citric acid, fatty acids and amino acids to pancreatic cancer cells. As feedback, breast cancer cells sEVs carry ITGB4 proteins that can be transmitted to CAFs, inducing autophagy, AMPK activation and lactate production in CAFs, which contribute to tumor invasion. As for the effect of sEV on immune cells, lung cancer-derived sEV HMGB1, PD-L1 and linoleic acid enhance glycolysis, glutamine metabolism and PD-L1 expression in macrophages and T cells through NF-κB signaling, endowing these immune cells with an immunosuppressive phenotype. MiR-451 in sEV of gastric cancer transmits to T cells and enhances their infiltration, causing them to differentiate to Th17 cells and forming malignant transformation of tumor microenvironment. Macrophages also secrete sEVs, which enhance aerobic glycolysis and anti-apoptosis of breast cancer cells by delivering lncRNA HISLA and stabilizing HIF-1α protein. Among tumor cells, highly metastatic cells, chemotherapy or radiotherapy resistant cells and cancer stem cell-like cells transfer sEV to sensitive cells to confer corresponding malignant phenotype.
Analysis of exosomal protein mass spectrometry and sequencing data form EV databases such as ExoCarta, exoRBase or Vesiclepedia have also indicated that the resident metabolic enzymes or RNAs may be involved in regulating tumor metabolism (Kalra et al., 2012; Keerthikumar et al., 2016; Lai et al., 2021). Therefore, more sEV cargoes and functions may be discovered in the future, and provide new insights into tumor metabolic remodeling. Although some carbohydrate-metabolizing enzymes (such as HK2, ENO3 and PKM2) delivered via sEVs are known to remodel the TME, given the opposing functions of glycolytic and mitochondrial metabolic enzymes in the Warburg effect, it remains to be ascertained whether these enzymes exert different functions when sorted into sEVs and in the recipient cells. In addition, since tetraspanins may potentially regulate nutrient metabolism in tumor cells, their use as a biomarker of sEV protein cargo also needs to be considered (Wang et al., 2019; Najy et al., 2021).
The diagnostic, therapeutic and imaging applications of tumor-derived sEVs has gained considerable attention in recent years. Tumor patient-derived sEVs containing metabolic enzymes or miRNAs are diagnostic biomarkers, which opens up the possibility of developing rapid sEV isolation and microfluidic chip analysis of the cargo. 18F-deoxyglucose (FDG) is routinely used as a tracer for the radiometabolic imaging of tumors during diagnosis and treatment evaluation (Jacobson and Chen, 2013; Yang et al., 2017; Sheikhbahaei et al., 2020). However, the clinical utility is somewhat limited. For example, FDG PET/CT is prone to inflammatory interference in cervical cancer, resulting in low diagnostic specificity (Dejanovic et al., 2021). In addition, tumors such as hepatocellular carcinoma (HCC) have a lower capacity for FDG uptake (Li et al., 2018). Therefore, isotope probes targeting tumor-specific sEVs offer more possibilities for the diagnosis of heterogeneous tumors than FDG. Although sEVs can be labeled with fluorophores or isotopes for in vivo tumor imaging, the metabolic components of sEVs cannot be directly labeled as yet. The development of metabolic enzyme-targeted probes or radionuclide-labeled metabolites will be a significant progress in tumor imaging and clinical decision-making. Finally, more therapeutic or engineered agents targeting the metabolic cargo in sEVs need to be developed as drug delivery systems. In conclusion, targeting metabolic sEVs will play an important role in tumor diagnosis and therapy.
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Background: Cuproptosis is a novel type of regulated cell death and is reported to promote tumor occurrence and progression. However, whether a cuproptosis-related signature has an impact on hepatocellular carcinoma (HCC) is still unclear.
Materials and methods: We analyzed the transcriptome data of HCC from The Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) database, and searched for tumor types with different cuproptosis patterns through consistent clustering of cuproptosis genes. We then constructed a Cuproptosis-Related Genes (CRGs)-based risk signature through LASSO COX regression, and further analyzed its impact on the prognosis, clinical characteristics, immune cell infiltration, and drug sensitivity of HCC.
Results: We identified the expression changes of 10 cuproptosis-related genes in HCC, and all the patients can be divided into two subtypes with different prognosis by applying the consensus clustering algorithm. We then constructed a cuproptosis-related risk signature and identified five CRGs, which were highly correlated with prognosis and representative of this gene set, namely G6PD, PRR11, KIF20A, EZH2, and CDCA8. Patients in the low CRGs signature group had a favorable prognosis. We further validated the CRGs signature in ICGC cohorts and got consistent results. Besides, we also discovered that the CRGs signature was significantly associated with a variety of clinical characteristics, different immune landscapes and drug sensitivity. Moreover, we explored that the high CRGs signature group was more sensitive to immunotherapy.
Conclusion: Our integrative analysis demonstrated the potential molecular signature and clinical applications of CRGs in HCC. The model based on CRGs can precisely predict the survival outcomes of HCC, and help better guide risk stratification and treatment strategy for HCC patients.
Keywords: hepatocellular carcinoma, cuproptosis-related genes, tumor microenvironment, drug sensitivity, prognosis model
1 INTRODUCTION
Hepatocellular Carcinoma (HCC) is one of the most common malignant tumors, and ranks the sixth most common and third mortality in all tumors worldwide by the World Health Organization (WHO) (Siegel et al., 2022)- (Ferlay et al., 2021). Although early-stage HCC can be cured by surgical treatment, enormous challenges remain in the treatment of advanced HCC, resulting in unfavorable prognosis, significant financial cost and high disease burden (Bandmann et al., 2015). Given the high morbidity and mortality of HCC, there is an urgent need to develop more effective prognostic models, and explore reliable prognostic factors, which is crucial for optimal individualized management and treatment.
Copper is an essential cofactor for all organisms, but copper is toxic if concentrations exceed a threshold maintained by evolutionarily conserved homeostatic mechanisms. However, how excess copper induces cell death is not known. The Broad institute currently uncovers a novel cell death mechanism, cuproptosis (Tsvetkov et al., 2022), which is distinct from the known apoptosis, necrosis, autophagy and iron death.
Cuproptosis is a form of copper-dependent and mitochondrial respiration-dependent, regulated cell death. Cuproptosis occurs by direct binding of copper to lipoylated components of the tricarboxylic acid (TCA) cycle (Beaino et al., 2014)- (Hatori et al., 2016), resulting in aberrant aggregation of lipoylated proteins and loss of ferroptosis proteins, leading to cell death by proteotoxic stress. Copper ions are involved in cell death as are iron ions, while the study from the Broad Institute demonstrates strategies to combat disease by pharmacologically inhibiting mitochondrial respiration (Tsvetkov et al., 2022). In addition, cancer cells are actively respiring and contain large amounts of lipoylated mitochondrial proteins. Copper ionophores could be used to destroy cancer cells, which opens up a new therapeutic direction for cancer. However, the metabolism of copper in liver diseases and the occurrence and development of HCC is still poorly understood. In the research stage. The evidence by Siddiqui et al., demonstrated that copper oxide nanoparticles have dose-dependent cytotoxicity and apoptotic effects on HepG2 cells (Siddiqui et al., 2013). Besides, copper contents were closely associated with liver cirrhosis and HCC, and serum levels of copper, like ceruloplasmin, may be used as a marker for the detection of HCC (Zhang et al., 1994). Recently, as reported, cuproptosis-related signature and the lncRNA profile linked with cuproptosis may bring new insights into the molecular pathways of the formation and progression of cancers, which were helpful to predict the prognosis and guiding treatment of cancer patients (Zhen et al., 2022)- (Zhang et al., 2022).
Emerging evidence also suggests crosstalk between curoprotosis and the tumor immune microenvironment (TME) (Lv et al., 2022)- (Li et al., 2022a). The tumor microenvironment plays a crucial role in cancer development and clinical outcomes (Wu and Dai, 2017). The TME includes cancer cells, immune cells, endothelial cells, inflammatory cells and fibroblasts, as well as extracellular components (growth factors, hormones, cytokines, etc.). Within the TME, interactions between cancer cells and immune cells regulate all links of tumor development, and tumor-infiltrating immune cells (TIICs) can also influence cancer progression (Lee and Cheah, 2019)- (Zhou et al., 2022a). Despite recent advances in immunotherapy for HCC, the prognosis of HCC remains heterogeneous, which suggests that the close connection between curoprotosis and the tumor immune microenvironment may play a crucial role in the development and progression of HCC. However, the role of cuprotosis-mediated gene patterns in HCC is unclear.
In this study, we comprehensively investigate the molecular alterations and clinical relevance of cuproptosis-related genes (CRGs) in HCC. We then constructed a cuproptosis-related risk signature and identified five CRGs for predicting survival outcomes and characterizing the immune landscape of HCC. Additionally, combined with clinicopathological features and treatment efficacy, the CRGs signature demonstrated great potential for precision and personalized therapy of HCC.
2 MATERIALS AND METHODS
2.1 Data download and preprocessing
Based on R package The Cancer Genome Atlas (TCGA) biolinks v1.16.0, the expression profile data (FPKM), genomic data (SNV and CNV) and clinical data of HCC were downloaded. Survival data were used from 2018 collated data (Liu et al., 2018). The TCGA HCC dataset (https://cancergenome.nih.gov/, version 27.0-fix, released on 9 November 2020) as training cohort, which included 269 HCC tumor samples and 50 tumor-adjacent normal tissues. In the meantime, the Liver Cancer-RIKEN-JP (LIRI-JP) of HCC transcriptome data (FPKM) and clinical survival data in the (International Cancer Genome Consortium) ICGC database (https://dcc.icgc.org/projects/LIRI-JP, version Release_28, processed on 27 March 2019) was used for the validation cohort, which contained 232 HCC cases. Above data, genes were removed when multiple ENSEMBL Identity Documents (ID) were encountered corresponding to the same SYMBOL. The batch effect between different datasets was corrected using the “sva” package of R software by adopting the “combat” algorithm. In addition, we filtered the genes that were expressed in less than 50% of the samples.
2.2 Difference analysis
Gene expression differences were calculated using DESeq2 through count expression profiles, and genes with an absolute value of Log2 Foldchange >1 and adjusted p values less than 0.05 were selected as differential genes. Multiple testing correction is based on the FDR method. Differential gene volcano plots were drawn by ggplot2 (3.3.6) and ggrepel (0.9.1) R packages, and significant cuproptosis-related genes were marked. The expression heatmap of Cuproptosis-related genes in HCC and normal tissues were plotted by the R package pheatmap (1.0.12).
2.3 Comparison of cuproptosis-related genes under different clinical
Based on the FPKM expression dataset of TCGA HCC and clinical feature data, we stratified the samples by TCGA molecular classification, alpha-fetoprotein value, bilirubin albumin maximum, fibrosis, grade, stage, age, gender, BMI, etc. We then calculated the expression differences of cuproptosis-related genes between groups by the Wilcoxon rank sum test. Boxplots were drawn using ggpubr (0.4.0) heatmaps were drawn using pheatmap (1.0.2).
2.4 Construction of protein interaction network
A PPI network was constructed based on ten cuproptosis-related genes using STRING (http://www.string-db.org/) (Szklarczyk et al., 2021), and Gene Ontology (GO) functional enrichment analysis was performed.
2.5 Gene correlation analysis
We extracted the expression values of cuproptosis genes or cuproptosis genes to immune checkpoints from the TCGA HCC FPKM data. We performed logarithmic transformation on the gene expression values, and calculated the correlation between the expression of the two genes by Pearson correlation analysis.
2.6 Identification of cuproptosis-associated tumor subtypes
Based on the TCGA dataset, we identified different subtypes based on the expression profile data of 10 cuproptosis-related genes, applying non-negative matrix decomposition and unsupervised consensus clustering analysis. We used the consensus cluster plus (4.5.1.902) and Non-negative matrix factorization (NMF) (0.24.0) packages to operate, and the consensus clustering used three clustering distances: Spearman, Pearson, as well as Euclidean. The clustering method was K-means clustering with l000 replicates to guarantee the stability of the classification. We selected consensus clustering (Euclidean distance) to determine the tumor cuproptosis subtype based on the idea that the survival p-value was minimally separated.
2.7 Functional enrichment analysis
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)pathway enrichment analyses were performed based on significantly differentially expressed genes and the R package cluster profiler (4.2.2), and results with FDR corrected p-values less than 0.05 were selected and the top few pathways were displayed using bubble plots (Li et al., 2022b). Construction of the cuproptosis-associated signature based on the two identified subtypes of cuproptosis tumors. In the transcriptome data of TCGA HCC, all gene expression values were divided into two groups according to the median value. Univariate Cox regression analysis was performed using the R package survival (3.3–1). Genes with a p-value less than 0.05 were filtered out, and cuproptosis-associated genes were further constructed by the R package glmnet (4.1–4) Lasso Cox regression to remove redundant genes, according to the following formula signature.
2.8 Survival analysis
In the TCGA database and ICGC validation dataset, median grouping was performed based on the calculated cuproptosis score, and the impact on prognosis was assessed by constructing Kaplan-Meier curves using the survival (3.3–1) R package and the log-rank test. ROC curve was plotted using the R package timer0c (0.4), and Cox regression (R package survival 3.3–1)) was performed to calculate hazard ratios (HR) for scoring groups and clinical characteristics.
2.9 Gene mutation and copy number variation analysis
The single nucleotide variation and copy number variation data of HCC The genes with mutation frequencies greater than 5% in the high and low copper death signature groups were then displayed using oncoPrint through the R package ComplexHeatmap (version 2.10.0), and the chi-square test was used to determine whether there was a significant difference between the two groups. The GenVisR (1.26.0) package defines low copy number variation with copy number < 1, and copy number > 3 as high fold variation, showing the copy number variation of the high and low groups.
2.10 Immune cell infiltration calculation
Using the R package IBOR (0.99.9) based on ESTIMATE (Aran et al., 2015), Microenvironment Cell Populations-counter (MCP-counter) (Giraldo et al., 2016), XCELL (Aran et al., 2017) and CIBERSORT (Newman et al., 2015)immune cell infiltration algorithms, the score of each immune cell in the HCC sample was calculated. The Wilcoxon rank test was used to compare the different levels of cuproptosis signature between the two groups with immune cell infiltration.
2.11 Drug sensitivity prediction
Based on Genomics of Drug Sensitivity in Cancer (GDSC) (Yang et al., 2013), Cancer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012) and Cancer Therapeutics Response Portal (CTRP) (Basu et al., 2013) drug databases, we extracted cancer cell line expression data, calculated the cuproptosis fraction of each cell line, and grouped them based on the median gene expression. We then combined the genes expression with the Area Under the Curve (AUC) and Half maximal inhibitory concentration (IC50) data of multiple drugs in cell lines, and use Spearman’s correlation to calculate the correlation with cuproptosis score, and further used the Wi1coxon test to compare the difference of AUC/IC50 between high and low cuproptosis groups in significantly related drugs.
2.12 Impact of immunotherapy response
Based on TCGA’s HCC transcriptional data, we used the Tumor Immune Dysfunction and Exclusion (TIDE) tool (http://tide. dfci.harvard. edu/) (Jiang et al., 2018) to predict the immunotherapy response of the samples and compared the difference in scores between the responder and non-responder groups. The Wilcoxon rank test was used for a statistical test and the difference in the proportion of response and non-response between the two groups with high and low cuproptosis scores was compared.
3 RESULTS
3.1 The landscape of cuproptosis-related genes in HCC
Based on the TCGA transcriptome dataset, we performed differential gene analysis between HCC tumor and adjacent normal tissues, and explored 6,031 differential genes, of which 1,503 were downregulated and 4,528 were upregulated Figure 1A). We then plotted the heatmap by using the R to scale the FPKM of gene expression (Z-score). Among these differential genes, we discovered that CDKN2A and GLS were significantly upregulated in HCC among all the cuproptosis-related genes, and these two genes might contribute to the development of HCC (Figure 1B).
[image: Figure 1]FIGURE 1 | Differential expression of cuproptosis-related genes in hepatocellular carcinoma (HCC) and normal tissues. (A) Volcano plot of differential expression (blue represents downregulation in HCC, red represents upregulation in HCC, gray represents insignificant, and cuproptosis-related genes are marked in the figure). (B) The expression of 10 cuproptosis-related genes in HCC and normal tissues. (C) Partial results of protein-protein interactions (PPI) network map and gene ontology (GO) enrichment of 10 cuproptosis-related genes. (D) Heatmap of expression correlation of 10 cuproptosis-related genes in TCGA.
By analyzing the expression correlations of the 10 cuproptosis genes, we found that LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A showed positive correlations with other genes, while FDX1 was negatively correlated with the expression of other genes (Fig 1D). The protein-protein interaction (PPI) network of GO enrichment analysis revealed that the CRGs participated in compound biosynthesis and energy metabolism (Figure 1C).
We then compared the expression differences of CRGs among diverse clinical characteristics. We observed that different CRGs were differentially expressed in distinct signatures, such as GLS showing distinct expression differences in different age, Body Mass Index (BMI) subgroups, as well as different tumor stages (Figures 2A, C–E) Besides, DLD was significantly expressed at different α-fetoprotein levels (Figure 2B).
[image: Figure 2]FIGURE 2 | Differential expression of cuproptosis-related genes in different clinical feature groups. (A) Expression of 10 cuproptosis-related genes in different alpha-fetoprotein groups (<100 mg/dL, 100–400 mg/dL, >400 mg/dL); (B) DLD expression differences in different alpha-fetoprotein groups; (C–E) The difference of GLS expression in different age, BMI and different tumor stage groups (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001).
3.2 Identification and characterization of cuproptosis-related molecular subtypes in HCC
Firstly, we applied a consensus clustering algorithm to categorize the HCC patients based on the expression of 10 CRGs. The consistency coefficient was evaluated to determine the optimal clustering number (k value), and the results demonstrated that k = 2 was the best choice for dividing the cohort into two subgroups (Figures 3A, B). Based on the principal component analysis (PCA), the HCC patients were well separated into two categories (Figure 3C). We then discovered that FDX1, LIPT1, MTF1, GLS, and CDKN2A was significantly differentially expressed between the two groups (Figures 3D, E).
[image: Figure 3]FIGURE 3 | The cuproptosis-related genes divide hepatocellular carcinoma into two subtypes. (A) The sample squareness of the consistent clustering (number of classifications = 2); (B) The cumulative distribution map of the consistent clustering; (C) The principal component analysis graph of the two hepatocellular carcinoma subtypes; (D) The cuproptosis-related genes in the two categories Expression heatmap of hepatocellular carcinoma; (E) Boxplot of cuproptosis-related genes expression difference between two types of hepatocellular carcinoma (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
Furthermore, we analyzed the immune cell infiltration scores by using CIBERSORT, GSVA-cellreport, ESTIMATE, and MCP-counter algorithms. We found that Cluster-2 scored higher for stromal cells, while no significant differences were observed for immune scores and tumor purity (Figures 4A, B). We also discovered significant differences between Cluster-1 and Cluster-2 for distinct immune cell infiltration, such as T cells, B cells and macrophages (Figures 4C, D).
[image: Figure 4]FIGURE 4 | Differences in immune cell infiltration among hepatocellular carcinoma subtypes. (A) ESTIMATE algorithm calculates differences in stromal and immune scores between subtypes; (B) ESTIMATE algorithm calculates differences in tumor purity scores between subtypes; (C) GSVA-cell report algorithm calculates differences in immune cell infiltration between subtypes; (D) MCP-counter calculates differences in subtypes differences in immune cell infiltration (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
3.3 Construction and validation of cuproptosis-related genes signature
Based on the identified two subtypes of CRGs in HCC, we analyzed the differentially expressed genes (1,984 genes downregulated and 547 genes upregulated) between the two subtypes. We further performed GO and KEGG enrichment analysis for the differential genes, which were mainly enriched in pathways involved in cell proliferation (organelle fusion, nuclear division, etc.) and cell communication (neuroactive ligand, receptor interaction, etc.) (Figures 5A, B). Then, we performed LASSO and multivariate COX analysis on the two subtypes of differential genes, and obtained a five-gene signature model (G6PD, PRR11, KIF20A, EZH2, and CDCA85) (Figures 5C–E). The Kaplan-Meier analysis revealed that the CRGs signature was associated with patients’ prognosis, and the patients in the high-risk group had an inferior overall survival (OS, p < 0.0001, Figure 6A). We further performed the time-dependent receiver operating characteristic (ROC) curve with the area under the curve (AUC). The AUC values of 6 months, 1-, 3-, and 5-year survival rates of prognostic subgroups were 0.718, 0.756, 0.714, and 0.707, respectively (Figure 6B). Meanwhile, we further validated the prognostic performance of the CRGs model in the LIRI-JP dataset. Similarly, we gained parallel results in the validation set, indicating an excellent predictive prognostic accuracy of the CRGs model for HCC patients. The AUC values of 6 months, 1-, 3-, and 5-year survival rates of prognostic subgroups were 0.778, 0.813, 0.749, and 0.797, respectively (Figures 6D, E). In addition, multivariate Cox regression showcased that the CRGs signature was an independent risk factor for HCC in both cohorts (p < 0.0001, Figures 6C, F).
[image: Figure 5]FIGURE 5 | Functional analysis of different subtypes and the construction of cuproptosis-related genes (CRGs) signature in hepatocellular carcinoma. (A) Gene ontology (GO) enrichment analysis results in the two CRGs subtypes. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis results in the two CRGs subtypes: (C) Lasso regression coefficients of each variable with L1 norm; (D) Lambda logarithm value in Lasso regression and the relationship with the error (the dotted line is the range that Lambda can choose); (E) The coefficient values of the Lasso regression screening variables.
[image: Figure 6]FIGURE 6 | The prognostic effect of cuproptosis-related genes signatures in hepatocellular carcinoma. (A) Survival analysis of patients in TCGA cohort based on cuproptosis score; (B) Time-dependent receiver operating characteristic (ROC) curve of cuproptosis score in TCGA dataset; (C) Multivariate Cox analysis results in TCGA dataset; (D) Survival analysis of patients in LIRI-JP cohort based on cuproptosis score; (E) ROC curve of cuproptosis score in the LIRI-JP dataset; (F) Multivariate Cox analysis results in LIRI-JP dataset.
3.4 Analysis of CRGs signature with clinical characteristics
To explore the CRGs risk model with clinical characteristics, we found that the CRGs signature was associated with multiple clinical features, including alpha-fetoprotein, histological grade, tumor stage, as well as TCGA molecular subtypes, etc. (Figures 7A–N). In the LIRI-JP dataset, we verified that the CRGs signature significantly correlated to the tumor stage (Figure 7O).
[image: Figure 7]FIGURE 7 | Cuproptosis-related genes signature correlates with clinical features. (A–L) Cuproptosis scores among different clinical features of hepatocellular carcinoma, including alpha-fetoprotein, total bilirubin, albumin, fibrosis score, histological type, histological grade, tumor stage, sex, BMI, age and molecular subtypes in TCGA cohort; (M–O) The differences of cuproptosis scores by gender, age, and tumor stage in the LIRI-JP cohort (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
3.5 Characterization of molecular landscape, immunotherapeutic and druggable responses of cuproptosis-related genes signature
We analyzed the CRGs’ genetic features based on the single nucleotide variants (SNV) and copy number variation (CNV) of HCC. We performed a chi-test in high and low CRGs groups with mutation frequency > 5%, and we observed no statistical significance between the two groups (Supplementary Figure S1A). We further characterized the high and low CRGs groups for copy number deletions and amplifications on chromosomes and also found no significant differences between the two groups (Supplementary Figure S1B). The GSVA enrichment analysis revealed that they differed significantly in the high and low CRGs groups, and the low CRGs group had more enriched pathways (Supplementary Figure S2).
Next, we explored the relationship between CRGs signature with drug sensitivity. We extracted cell line expression data based on GDSC, CCLE as well as CTRP databases, and combined them with the AUC/IC50 data for analysis. In the GDSC database, we discovered that the AUC was negatively correlated with CRGs signature for multiple drugs, such as 5-Fluorouracil, GDC0449 et al. (Figure 8A), and the AUC was significantly different between high and low CRGs groups (Figure 8B). We only discovered one drug AZD0530 with an IC50 positively correlated with CRGs signature in the CCLE database, and its IC50 was significantly different between high and low CRGs groups (Figures 8G, H). We also revealed that multiple drugs were associated with CRGs signatures in the CTRP database (Figures 8C–F).
[image: Figure 8]FIGURE 8 | Drug sensitivity analysis of cuproptosis-related genes (CRGs)signature groups in Genomicsof Drug Sensitivity in Cancer (GDSC), Cancer Cell Line Encyclopedia (CCLE) and Cancer Therapeutics Response Portal (CTRP) databases. (A) Correlations between CRGs score and drug area under the curve (AUC) in GDSC (p < 0.05 was selected); (B) CRGs signature of each cell line under different drug treatments with significant negative correlation in GDSC database (* represents p <0.05, ** represents p <0.01, *** represents p <0.001). (C) Correlations between CRGssignature and drug AUC in CTRP database (p < 0.05 and drug display with negative correlation were selected). (D) Correlations between CRGs signature and drug AUC in CTRP database (select p < 0.05 and positive correlated drugs); (E) The CRGs signature of each cell line under different drug treatments with significant negative correlations in CTRP database (ns: p >0.05; *: p <0.05); (F) The differences in theCRGs signature of each cell line under different drug treatments with significant positive correlation in CTRP (ns: p >0.05; *: p <0.05; **: p <0.01); (G) The correlations between the CRGs signature in CCLE database and the IC50 of drugs (p < 0.05 and positive correlations were selected); (H) The differences in the CRGs signature of each cell line under different drug treatments with significant positive correlations in CCLE (*represents p <0.05; *represents p <0.01; **represents p <0.001).
In addition, we assessed the CRGs signature with the tumor microenvironment (TME). We evaluated the TME score, which included the stromal score, ESTIMATE score, and immune score between the two subtypes. We observed that there was no significant difference between the two groups in immune and ESTIMATE scores, while we discovered a higher stromal score in the low CRGs group (Figures 9A–C). The correlation analysis also revealed that the stromal score exhibited a significant negative correlation with the CRGs signature (Figures 9D–F). Moreover, multiple immune cell differences were differentially expressed between the two subtypes, such as T regulatory cells, macrophages, monocytes, etc. (Figure 9G). We then utilized TIDE for the immunotherapy response prediction, and we explored that the responders had higher CRGs scores and the high CRGs group also presented higher proportions of responding patients (Figures 10A, B). Furthermore, we found that there were significant correlations between immune checkpoints and CRGs (Figure 10C), and multiple immune checkpoints were differentially expressed between the two CRGs subgroups, such as CTLA4, LAG3, PDCD1 (PD-1), and CD274 (PD-L1) (Figure 10D), suggesting a potential role of the cuproptosis-related subtypes in immunotherapy.
[image: Figure 9]FIGURE 9 | Cuproptosis-related genes (CRGs) signature was correlated with immune score and immune infiltrating cells. (A–C) Differences of matrix score (A), immune score (B) and ESTIMATE score (C) between the two groups with high and low CRGs signature; (D–F) Correlations of CRGs signature and matrix score (D), immune score (E) and ESTIMATE score (F); (G) Differences in immune cell score between two CRGs groups with high and low CRGs signature (calculated by Cibersort) (ns: p >0.05; ****: p <0.0001).
[image: Figure 10]FIGURE 10 | The relationship of immunotherapy responses and immune checkpoints in different cuproptosis-related genes (CRGs) signature groups. (A) Differences in CRGs signature of patients with different treatment outcomes (beneficial or non-beneficial) (B) the proportion of immunotherapy benefit and non-benefit between the two CRGs groups; (C) Heatmap of correlation analysis between CRGs groups and different immune checkpoints (*represents p <0.05; *represents p <0.01; **represents p <0.001; ***represents p <0.001); (D) Differences between the immune checkpoints and two CRGs groups (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
4 DISCUSSION
As one of the most severe malignancies in the world, current treatment strategies for HCC are rather limited (Llovet et al., 2016). In addition, the high heterogeneity of HCC and complicated risk factors make predicting prognosis much more difficult. Recent studies have shown that copper levels are significantly elevated in the serum and tumor tissue of cancer patients compared to healthy patients (Blockhuys et al., 2017)- (Ishida et al., 2013). Although dysregulation of copper homeostasis may trigger cytotoxicity, alterations in intracellular copper levels may affect cancer development and progression (Babak and Ahn, 2021). Recently, a new cell death pathway called cuproptosis has been noted, and it has been demonstrated that copper directly binds to lipoylated components of the tricarboxylic acid (TCA) cycle, leading to toxic protein stress, and ultimately cell death (Tsvetkov et al., 2022). Liver cirrhosis, one of the crucial causes of HCC, showed copper accumulation compared to a healthy liver (Poznanski et al., 2021). Recent evidence demonstrated that increased levels of redox-active free copper might be associated with acute hepatitis and, ultimately, HCC (Koizumi et al., 1998). The above evidence indicates that copper levels play a role in HCC, which suggests that cuproptosis may be closely related to liver malignancy, so it is vital to explore the significance of CRGs in the development and prognosis of HCC.
Cuproptosis genes are widely perturbed in HCC. First, based on TCGA transcriptome datasets, we found that the CRGs of HCC and normal tissues were differentially expressed, and GLS (glutaminase) and CDKN2A were found to be significantly upregulated in HCC. GLS has been reported to be associated with several cancers (Masisi et al., 2020)- (Matés et al., 2019). CDKN2A is a tumor suppressor gene on chromosome 9p21.3 that plays a role in tumor proliferation suppression (Zhao et al., 2016). However, CDKN2A is upregulated in HCC and strongly associated with inferior prognosis (Luo et al., 2021). These two cuproptosis genes may play a vital role in the development of HCC. Next, a PPI network was constructed with 10 cuproptosis genes, and after GO enrichment analysis, the associated genes were enriched in several pathways, including compound biosynthesis and energy metabolism, such as pyruvate acetyl CoA biosynthesis, tricarboxylic acid cycle, mitochondrial acetyl CoA biosynthesis and organic cyclic compound biosynthesis, etc., suggesting that cuproposis activity was associated with multiple cancer-related pathways. By calculating the expression correlations of 10 CRGs, we found that LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A
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Pathway nGenes Enrichment FDR

Pathways in cancer 85 9.57052E-49
PI3K-AKt signalling pathway 62 2.08477E-37
MAPK signaling pathway 51 201947830
MicroRNAS in cancer 40 370614E-30
 Prostate cancer |5 | 76318830
Progesterone-mediated oocyte maturation 33 203033E-29
EGER tyrosine kinase inhibitor resistance 30 6.62478E-29
Calcium signaling pathway s 122381E-28
Chemicl carcinogenesis 41 56379228
Lipid and atherosclerosis 42 126925E-27
I Neurotrophin signaling pathway B 6.99563E-27
Rapl signaling pathway 0 7.78613E-26
| Hepatitis B 36 | 7omi2i8.26
*Focal adhesion 39 119652E-25
Proteoglycans in cancer 38 2.05389E-24
Chemokine signaling pathway | 28697E-24
Kaposi sarcoma-associated herpesvirus infection 37 483818E-24
 Endocrine resstnce 2 841165E-24
Sphingolipid signaling pathway 50 | 2esmses
CAMP signaling pathway 38 329632E-23
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arget genes

CCNB3 CDK2 CCNE2 CDK9 CCNDI CDK5R1 DAO CA12 CA9 CA2 MPI EGFR GPR35 AKRIBI PDGFRB FLT4 IGFIR INSR AURKB

PTK2 PLK1 CSNK2A1 CA4 PLK4 TEK AKTI BACEI MAP3KS EPHB4 HSPAIA NUAK1 SQLE FGR LYN METAP2 SRC GSR CYPIA2 ERBB2 GSK3B
MAOA ADORA1 PSMB5 IDOI TDO2 CA1 ESRI CA14 DBH NFKBI BRAF CA3 KDR HSD17B3 AURKA MET ACHE CA13 KAT2B XDH

PARP1 F2 ADRA2A ADRA2C ADRA2B HTR2A NISCH ADRAIA HTRIA SLC6A3 PDPKI CDK1 CDK5 ALDH2 GSK3A PRKCG PRKCD PRKCA
PRKCB PRKCZ PRKCE PRKCH NQO2 RPS6KA3 MAP2 TYMS

GRM4 KCNA3 GRK6 ESR2 CLKI CCNAI CCNTI CDKI CDK2 CDK4 CDK5 TNNT2 CCNA2 CCNBI CCNEI TNNI3 CCNB2 TNNCI CAG CASB CASA
CA7 GPR8 CHRM5 NQOI HTR2B

CDK2 CCNE2 GBA AGL UGCG GAA SI GLBI GANAB FUCA1 FUCA2 GANC GLA KCNJ1 MTAP MAN2BI CHRM1 EGFR BACEI CCRI CA2 PNP
PIK3CA MAN2A1 ADRBI SLC5A2 ADRB2 HRH1 CCR3 SLC5A4 OPRLI MMPS PDESA PDE1IA PDEIOA CDC25B METAP2 CTSD HTR2A
AMDI FLT3 UTS2R ADRB3 SLC5A1 IKBKB SPHK1 TOP2A SPHK2 CCR9 OGA ANPEP MAPK9 MANBA CHRNA4 SCN9A HSP90ABI FLT1 KIT KDR
CHRM3 HPRTI LRRK2 ADCY1 CDC25A LSS SRC NOSI NOS3 CDC25C TTR PRKCQ UPP1 TLR9 RPS6KB1 CACNAIG AURKA ACE

ADORAI ADORA3 HDACI HRH4 TTL CASR

DRDI DPP§ ALOX5 MMP13 MMPI MAP2K7 NUDT! IRAK4 CCNA1 CDK2 CCNA2 CCNEI GBA2 MGAM SLC47A2 HTR4 YARS

CHRM2 TRPV3 HTR2B DPP7

GRINI CHRMI GBA CHRM3 AGL KCNJ1 BACEI PNP PDESA PDEIIA PDE10A FUCAI CHRNA4 UGCG GAA LRRK2 HTRIA
ADRB2 ADRBI ADRB3 KCNAS GANAB SLCISA2 CDC25B OPRLI MTAP MANIBI MAN2AI PABPCI NOSI NOS3 BRD4 SLC5A4 CTSD
SLC5A1 CREBBP DRDI NMTI SLC6A4 UTS2R SI SPHKI SLC6A2 NR3C2 PGR CCRI SPHK2 SLC5A2 CA2 DRD4 TTL CCR3 TOP2A

CCR2 DPP8 CSFIR XIAP P2RX7 BIRC2 EIF2AK3 ALOX5 NUDT1 CHRM# PARP1 ERBB2 MAPKS MAPK9 CACNAIG FAP HTR3A SERPINAG TERT
ROCK2 SHBG IL6 JAKI ADAM17 PIK3CA GLUL FABPI CASR GSK3B CDK2 PRMT6 PRMTS IDOI PRMT1 SRC GSR GRIN2B.

CHRM2 GBA2 SLC47A2 HTR4 DPP7 TRPV3 DUSP3 HTRID MGAM HTRIF GPBARI

CCNE2 F3 PIK3CA CHRNA7 MTOR SLCI0A2 IMPDHI IMPDH2 PDE10A PIK3CD PIK3CB PIK3CG PIK3CA CA2 PDESB SLCGA3 PIMI PIM2 EGFR
POLAI MAP3K14 MMP2 CSFIR GNRHR CCRI ADORA2A DHER PIK3C2A PIK3C3 SYK MAP3K9 FGR PIK3C2B

CCR4 ERBB2 SLC5A2 FGFR3 FGFRI FGFR2 NAMPT CDK4 SLC5AI SLCIAI ADK ABLI FLT3 BLK DYRKIA PHKG2 LCK MAPKI4 SRC
MMP13 ERBB4 MMP9 HCK IRAK] MET MMP14 STK10 MAPK9 SLK MKNK2 FRK GAK TXK DYRK2 STK17A EPHA6 MMP§ MKNK1 AXL
RPS6KAG CSNKIE MAP2K5 RIPK2 DYRKIB CIT EPHB6 ERBB3 MAP2K1 AKTI TYRO3 SELP MAP4K4 F10 PRKDC DDOST ALOXSAP PPP2CA
DOTIL F7 KIT YESI CDK2 F7 PIK3RI CCNEI PIM3 PDEGA HIPK4 SBKI PHKG] CSNKID

CDK2 CAI CAI2 CAl4 CA9 CA4 CA13 EGFR MAOA CA2 AKRIC3 AKRICI CA3 KCNA3 SRDSAI XDH MAOB CBRI ACHE PARPI CYPIA2 MET
GSK3B AURKA APEXI GPR35 PTK2 PLK4 MAP3KS HSPAIA SQLE FGR LYN ALOX5 AURKB PARP2 IGFIR AHCY EP300 KAT2B

NOSI NOS2 NOS3 SRC KDR ADORAI ADORA2A ESR2 MCL1 ADAMTS5 PTPRC

NQO2 MAPK10 RGS4 JAK1 JAK2 TYK2 CDC7 NUDTI MAP3K14 AKRIBI KDM4C PDGFRB CESI MAPKS CTSK CES2 DYRK2 DYRK1B
ADORA3 HSD11B1 GRM4 CAPNI HMGCR BACEI HRH2 MGLL MKNK1 SYK TGM2 GRM5 CLK4 RPS6KAS RPS6KB1 PIM2 PBK BTK NTRK3 PRKX
'MAP4K4 PDESA CCNAI CCNA2 CA7 CA6 CASA CASB MCHRI ADRAID MIF ADORA2B PIM3

CDK9 CCNA2 CCNDI ITGBI ITGAV ITGA2B ITGAV SAEI AKRIBI SLC29A1 CA12 MMP9 MMP2 ESRI ESR2 HDAC6 IGFIR AURKB SRC
PTK2 KDR PLK1 HDACS HDACI MET

NEK2 AKT1 NEK6 NUAKI NOS2 MMP13 CA2 CA4 EGLN1 BACEI NQO2 HSP90ABI SORT1 NOX4 DNASEIL3 IKBKB

PTPN1 HDAC3 HDAC2 ADORA2A ABCBI DHODH LIG] CXCR2 CALMI HSP90AA1 FBPI KCNMAI ERNI CAI CA9 HSP90BI PRKCG PRKCB
PRKCZ CDC7 ADRA2C ALOX5 CXCRI SLC5A1 CBRI SLC5A2 MCLI LTB4R SELL SELP PPARG STS SIGMARI DRD2 BAD

OPRMI OPRKI ABCG2 LRRK2 GRK7 TAOK2 MAK CDKL5 VRK2 PIPAK2C CDK13 CSFIR

ABLI CCNT1 CDK2 CDK4 ITGAS ITGB3 ITGBG UBA2 CA7 HDACI0 DUSP3 PTGES CAG VEGFA PSMG3 BCL2 HTR2B HIPK4 ICK

GRINI CHRMI PABPCI CHRM3 AGL GBA BACE1 KCNJ1 SIGMARI PNP PDESA PDELIA PDEI0A UGCG GAA MTAP UTS2R CTSD

[KCNAS5 MANIBI MAN2A1 LRRK2 CA2 FUCAI CCR3 ADRBI CCRI SPHK2 XIAP BIRC2 PIK3CA P2RX7 DRDI REN ADRB2 SRC ADRB3 CDC258B
HTR7 TOP2A BRD4 FLT3 PDE9A CREBBP TERT NOSI CACNAIG NOS3 SI NMT1 PRKCB NPYIR ERBB2 PRKCQ MANBA SLC5A4 DRD4 PRKDC
PRMT6 CSFIR PRMTS MKNK2 MKNKI PRMT1 HTR3A PIM1 PIM2 GANAB PARPI TTL

'MAPKS CHEK2 CDK2 MAPK9 CHEK1 SLC5A2 HSPS0ABI MMP8 CASR NR3C2 PGR ABLI KIT YESI ALOX5 LCK MAPK14 CSK GRIN2B
CHRM2 HTR4 GBA2 SLC47A2 DPP7 DUSP3 HTRID PDEIC TRPV3 MGAM HTRIF MAPK11

CDKI DBF4 CHRNA3 ROCK2 ACHE OPRM1 OPRD1 BCHE OPRK1 BDKRB2 SLC6A2 SLCGA4 SLC6A3 MAOB DRD4 PAOX MC4R

CHRM4 CHRM3 NOS2 CHRNA4 KDMSC MPO KDM4B KDMS5B PARP2 JAK3 CHEK2 JAKI JAK2 ROCK2 PDEIOA

CHRNAI PIMI PIM2 CHEKI KDM4A ROCKI POLRIA HTR3A HTR2C HTRIA MAPKS PRKCD PRKCE PRKDI RPS6KAS PRKX

PRMT6 IMPDH2 PRMTS PRMT1 CSNK2A1 CSNK2A2 PRKCQ HTR7 AURKB RPS6KBI AURKA ADORAI MALT1 LTA4H DPP8 DPP9 KISSIR
WDRS MAOA CDC25C SYK SIGMARI MAPK1 HRH2 PNP KCNA5 NOSI FAP CDC7 PBK CSFIR PRKCA ESR2 MAP2K1 ADRA2B.

HRH4 PARP3 EGFR TERT KCNJ1 HRH1 GSK3B MMP13 MMP9 CCNBI CDC7 CHRNB4 ROCKI CHRMS5 DPP7 ADRAID PIM3 HTRIF HTR2B
HTRID CHRNB2

CDK2 CA12 CA9 CA13 CAl4 CAI CA4 XDH CA2 EGFR ALOX5 SRDSAI CA3 CBR1 SRC MAOA AKRIBI AKRICI GSK3B MAOB

[ESR2 KCNA3 PTGS2 IGFIR KDR AURKA ERBB2 PDESA ADAMTS5 PDE3A PDE3B BACEI GPR35 SQLE FGR LYN PARP1 PARP2 MAPKS MPO
AURKB TYMP GRM4 CDC7 KCNNI KCNN3 CTSK CTSS CTSL PDGFRB FLT4 INSR TEK EPHB4 MAP2K3 BTK IKBKB

'MAPK10 CESI ROCK2 CES2 EPHB3 SYK CLK4 RPS6KAS RPS6KBI PIM2 PBK NTRK3 PRKX MAP4K4 PLK1 JAK2 PTPRC TYK2 BRAF
HSP90AAI DYRKIB NQO2 KDM4C MET MAPK14 TGM2 PTPN13 METAPI ICAM1 SELE

CASPI MAP3K14 APEXI MCLI NUAKI MAPKAPK2 JAKI CCNAI CCNA2 CA7 CA6 CA5B CASA KCNN2 PIM3

PSEN2 CDK2 DBF4 CCNA2 CCNE] PDGFRA ROCK2 MAOB SIGMARI SOATI ITK KDMSC KDM4A KDM4C EPHX2 PRKCQ FLT3 SRC

JAK2 ADORA2A CSFIR CPTIA FAAH NTRK1 ASAHI IMPDH2 PDE4D PARPI CDC7 TRPMS IRAK4 DGATI AURKB ADAMTS5 CDK1 AURKA
[EDNRA ALPL ACHE ABLI PFKFB3 STS PDEIOA LCK PIKA SLC5A1 TRPCS TRPC3 HDAC11 DRD2 NAMPT ADORA3 IDO1 MDM2 GPR119 PPPSC
AR EPHXI PGR ROCK2 GPRS5 PDESA CTSV CTSL RPS6KA3 F10 ADORAI RPS6KBI TOP2A ELANE GRMS5 CTSB LRRK2 CYP11BI RARG RARB
RARA PDE3A CYP11B2 PDE3B PKB CDK5 RXRA RXRG HPGD AGTR2 CRHRI IKBKB BACE2 CCNAI CDC7 CDK2 PDGFRB PSENEN
ROCK1 CCNA2 NCSTN KDM4E ACACB KDM4D QPCT NAAA SLC6A9 PDE7A HDAC10 SCN2A SCN10A ADORA2B APHIA
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Dose-escalation phase

Parameter Unit 05mg  10mg  20mg  30mg  40mg  60mg  90mg 120mg 150mg 180mg  120mg
(n=3) (n=3) (n= (n=3) (n=3) (n=3) n=3) (n=3) (n=3) (n=3) (n=11)
HL085
Single dose  AUCy12, Wng  569£053 17255703 D34:6ES  ¥20£1085 59121205 B461:4093 L4 WI61770 39281 4SBIE50SY 28I T7AL
wL 02
AUCur hng 1 4276£3397 4362957 7393065 895:2529 14dd8 18372+ 2326942317 39885£3457 6357425355 |
mL 5773 3%
AUCsmmy % 25742406 1705493 1094%366 686325 60216l  618x241 3102057 261209  L3$3036 08302 268312756
Co ngmL 2243089 698403  1570£239 1960628 2760475 54073198 95278579 856312415 2ILETEEEE 34933+ 14283 88,63
11113
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G ogml 2522080 ILI£9S7 14502085 07 E2544 B2 SENLVIA IOADETIS 7790%4640 1863E9500 26:  MOST27LS
16872
G gml 074024 151066 2442006 2875080 32931l 440060 622125 5955201 12055295 1423242 1012249
Fluctuation% % 16640 + 33228 ¢ 38162+ 58346 + 391324 39119 & 38433 & 44851 + 45060 + 4188543395 43572 + 21688
2009 20452 1312 26856 11401 17417 10035 18190 17216
Tose b os 097 o7 050 038 052 100 050 038 10 100 (048203)
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R - . 0695020 1204 1082030 1142065 LISX0M 112061 1082013  L122010 13900/
M5
Single AUCy 1 kg 423122 9764621 7508222 222841153 228212069 4364+3168 60914638 8393:3001 16199£274 2453311617 12043+ 9082
dose mL
AUCy bng 7 29535299 9762212 23258 BN 60646S BI9146R 1A 1285 2612723623 66914825 |
nL
AUCanmy % 639574 16283621 1765566 7715584 BI040  TASE7IS 5492312 3195224 1404029 231102 195531166
Ca gnl 119033 203103 2732081  684:186 670506 152431168 54+ HE205 HI083  PI:1074 0221258
e ngml 013003 015008 0202005 013£003 017008 017005 0212007 O015:008 0204006 018002 12362529
Tt n 100 032 097 038 037 10 038 10 100 10 100
(098.1.93) (0922.92) (0.50.1.00) (048.1.03) (0.95.1.00) (0.95.2.00) {0.50.1.00) (0:98.1.00) (1.00.1.03) (0.97.1.00) (0.50.11.65)
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Mprato e - ' 0735016 0255002  057£015 0425038 050023 0018 0821021  075:008  066£007 |
Mo o - 07605 0425025 0205007 040002 028202 0392026 O026:00 0461018 031007 0272005 04403
Multiple  AUC, g 90417 20151025 16455606 4635182 SLNEN IBSE 26525+  INR:IS SEISETS SATIE 59228+ 4995
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Occasion

Analyte

PK parameters

Point estimate
of beta

90% CI
of beta

Beta criteria

Single dose Tunlametinib AUCq.12n 1116 (1.023,1.210) (0.938,1.062)
AUCiy¢ 1.003 (0.870,1.136) (0.938,1.062)

Cunax 1.282 (1.150,1.414) (0.938,1.062)

M8 AUCp.n 1.086 (0.923,1.249) (0.938,1.062)

AUCins 1148 (0.873,1.424) (0.938,1.062)

G 1167 (1019,1.315) (0.938,1.062)

Multiple dose Tunlametinib AUC, 1.077 (0.968,1.187) (0.938,1.062)
Gl 1113 (0.936,1.289) (0.938,1.062)

M8 AUC, 1.203 (1.023,1.383) (0.938,1.062)

Gz 1150 (0.990,1.310) (0.938,1.062)
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Characteristics

Age (years)
Sex-no. (%)
Female

Male
Height (cm)

Weight (kg)

BMI (kg/m’)

05mg  1mg(n=3) 2mg(n=3)
(n=3)
55.0 (36-63) 54.0 (43-62) 46.0 (43-52)
2 (66.7%) 1(333%) 1(33.3%)
1(33.3%) 2 (66.7%) 2 (66.7%)
16000 1600 16500
(154.0-172.0) (148.0-167.0) (160.0-172.0)
5600 .00 7200
(48.0-72.0) (62.0-85.0) (62.0-84.0)
2188 831 2134

(2024-2031)  (2504-3048)  (22.77-3281)

3mg(n=3)

500 (39-55)

1(333%)

2 (66.7%)
17300
(154.0-180.0)
67.00
(550-750)

215
(2239-2319)

4mg(n=3)

620 (45-69)

2(667%)
1(333%)
16100
(1500-170.0)
6100
(60.0-78.0)

2667
(23.53-2699)

6mg(n=3)

580 (44-68)

1(333%)
2(66.7%)
167.00
(159.0-175.0)
6800
(67.4-87.0)

2690
(24.17-2841)

Img(n=3)

580 (56-59)

1(33.3%)
2(667%)
165.00
(158.0-171.0)
5600
(490-880)
2057
(19.63-3009)

12mg (n =
14)*

565 (41-67)

7 (500%)

7 (50.0%)
16.00
(158.0-175.0)
675
(46.0-98.0)
2336
(18.43-36.00)

15 mg
(n=3)

570 (34-58)

3 (100%)

0

160.00
(153.0-163.0)
6100
(540-75.0)
2500
(2032-32.04)

18 mg
(n=3)

590 (56-63)

1(333%)

2 (66.7%)
158.00
(157.0-159.0)
6630
(590-71.5)

2690
(2334-2864)

Data was presented as median and range (min, max) unles otherwise specfc indicaed.

BME: body mass index.

*22 g cobinet incheds 3 Pasirits: 1 ke ascabition phiss and 11 pitlonts e dess-anenilon phae:
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Extracts 4T
Methanolic extract 2741 | 1663 689.4 2134
Ethanolic extract 5493 | 3355 4207 2993
Ethyl acetate extract 1165 ‘ 296.1 1579 1255
Petroleum ether extract 317.1 ‘ 4155 598.9 4986
Doxorubicin standard 01311 ‘ 0.1875 01433 01822
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Compound Akt1 Energy SRC Energy  EGFR Energy  IL-6 Energy Hsp90aal Energy ESR-1 Energy
name score (kcal/mol) score score score score (kcal/mol) score
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 8- -92 ~5.30 -574 ~4.06 -542 -575
hydroxycoumarin
2 Delsoline 68 74 -63 -59 -58 =72
3 Royleinine -75 8.1 -74 -6.1 -63 -67
4 Delsemine B -9 -8.7 -82 -73 -72 -82
5 Herniarin -74 66 -59 -59 -55 -66
6 Aloesin -8.1 -7.7 -89 -6.9 -68 -74
7 Talatisamine -75 -73 -66 -62 -7
8 Narwedine -85 -7 -76 -7 -65 -86
9 Scoparone -75 -65 -6.1 -59 -53 -68
10 Piperine -9 -84 -76 -67 -74 -8
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Compound Name MW HBA HBD RB TPSA (A?) Lipinski's Rule Gl absorption BBB Solubility ADMET

Screening
8-hydroxycoumarin | 16214 3 1 0 5044 Yes High Yes soluble Yes
Delsoline 4676 8 3 6 100.85 Yes High No | Very soluble Yes
Royleinine 216 6 2 4 7139 No High No soluble Yes
Delsemine B 6998 11 4 14 179.39 No Low No soluble No
Herniarin 17617 3 0 1 39.44 No High Yes soluble Yes
Aloesin 3944 9 5 4 157.66 Yes Low No soluble Yes
‘Talatisamine 4216 6 2 5 7139 No High No soluble Yes
Narwedine 28534 4 0 1 3877 Yes High Yes soluble Yes
Scoparone 20619 4 0 2 48.67 Yes High Yes soluble Yes
Piperine w3 3 0 4 3877 Yes High Yes soluble Yes

W inaleculir weidhit HEA: Redeosss Dol acoion. BIRD: hndenn Bood datoss. B sibitoey heads: GF sistroiisstnal ibeoestion, BB Hload beis Taiine.
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Energies (kcal/mol) AKT1 + 8-hydroxycoumar
‘ AGuina -5223 £ 512
‘7 AGiindLipo -12.23 £ 219
‘ AGrinavdW | avize 10
‘ AGyipCoulomb | rmeam
‘ AGinaHvona =313 % 132

‘ AGiingSolvGB 3541 £ 157

 AGnaCovalent 591 + 261
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Lipid metabolism type Enzymes Expression Subsites References

Lipid transportation Cholesterol uptake LDLR Overexpression Oral epithelial (32)
Nasopharyngeal carcinoma (35)
CD36 Overexpression Head and neck carcinoma (36)
LOX-1 Overexpression
FA uptake CD36 Overexpression Oral squamous cell carcinoma (40)
Oropharyngeal carcinoma (44)
FABPs Overexpression Head and neck carcinoma (45)
Tongue carcinoma (46)
Lipid anabolism ACLY Overexpression Nasopharyngeal carcinoma (47)
Oral carcinoma (48)
Cholesterol synthesis ACAT1 Overexpression Oral carcinoma (50)
HMGCR Overexpression Head and neck carcinoma (51)
Head and neck carcinoma (52)
Head and neck carcinoma (53)
FA de novo synthesis FASN Overexpression Nasopharyngeal carcinoma (35)
Nasopharyngeal carcinoma (56)
Nasopharyngeal carcinoma (57)
Oral carcinoma (58)
Head and neck carcinoma (59)
ACCs Overexpression Head and neck carcinoma (54)
Head and neck carcinoma (55)
SCD Overexpression Oral carcinoma (60)
Oral carcinoma (61)
Lipid catabolism Lipolysis ATGL Overexpression Head and neck carcinoma (69)
Low expression Nasopharyngeal carcinoma (63)
)

FA catabolism CPTI1 Overexpression Nasopharyngeal carcinoma (70,
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ATP Binding Cassette Subfamily A Member 1

ACAT acetyl-CoA acetyltransferase

ACC acetyl-CoA carboxylase

ACLY ATP-citric acid lyase

AGPAT 1-acyl-sn-Gly3P acyltransferase
ATGL adipose triglyceride lipase

CD36 differentiated cluster 36

CETP Cholesteryl Ester Transfer Protein
CPT carnitine palmityl transferase
DAG diacylglycerol

DGAT DAG acyltransferase

EBERs Epstein Barr virus encoded RNA
ELOVL elongase of very long chain fatty acids
FA fatty acid

FABPs FA binding proteins

FA CoA fatty acyl coenzyme A

FAO fatty acid oxidation

FASN fatty acid synthase

FDG-PET fluorodeoxyglucose-positron emission tomography
GPAT Gly3P phosphate acyltransferase
HMGCR HMG-COA reductase

HMGCS HMG-CoA synthase

HNSCC Head and neck squamous cell carcinomas
HPV human papilloma virus

HSL hormone-sensitive lipase

LD lipid droplets

LDL low-density lipoprotein

LDLR low-density lipoprotein receptors
LMP2A membrane latent protein 2A

LXR liver X receptor

MAG monoacylglycerol

MGL MAG lipase

NPC nasopharyngeal carcinoma
NPCIL1 Niemann-Pick type Cl-like 1

oS overall survival

PA palmitic acid

PAP PA phosphatase

SCD stearoyl-CoA desaturase

SUvV standard uptake values

TG triacylglycerol

TME tumor microenvironment

VLDL very low-density lipoprotein
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Manufacturer

Dilution ratio

Akt Cell Signaling Technology 1:800
‘ AKT Cell Signaling Technology 11,000
‘ Bax Cell Signaling Technology 11,000
‘ Bcl-2 Cell Signaling Technology 1:1,000
‘ Survivin Cell Signaling Technology 1:800
 GAPDH Beyotime. 1:1,000

P-AKT: Phospho-Akt (Serd73).
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Mol ID Degree Molecule name
MOL000098. 63 quercetin
MOL000006 33 luteolin
MOL000422 19 Kaempferol
MOL000392 10 formononetin
MOL000378 9 7-O-methylisomucronulatol
MOL000417 8 Calycosin
MOL000358 8 isorhamnetin
MOL000456 8 beta-sitosterol
MOL000354 7 isorhamnetin
MOL000449 7 Stigmasterol
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Targets ugs

SREBP1/SREBP2 Fatostatin
Betulin
PE-429242

Nelfinavir,1,10-phenanthroline

Canc

types

Prostate cancer

Endometrial cancer

Mechanism:

Inhibits cell proliferation, invasion, and migration of cancer cells and
causes G2-M cell cycle arrest and induces apoptosis (Li et al., 2014b)

Inhibits prostate tumor growth and distant lymph node metastasis in
mice by inhibiting the activation of SREBPs (Chen et al., 2018)

Combined use with docetaxel can inhibit the proliferation and
apoptosis of prostate cancer cells (especially p53 mutants) to a greater
extent (Li et al,, 2015d)

Inhibits metabolic signaling pathways regulated by SREBPs and
induces caspase-mediated apoptosis (Gao et al., 2018)

Inhibits growth, proliferation, cell cycle, and apoptosis and has
antitumor activity in vivo (Yao et al,, 2020)

Breast cancer

Multiple cancers

Hepatocellular carcinoma

Renal cell carcinoma

Hepatocellular carcinoma

Glioblastoma

Liposarcoma

Prostate cancer

Causes cell cycle arrest and apoptosis by ER stress (Brovkovych et al,
2018)

Inhibits tubulin polymerization and mitosis and perturbs its mitotic
microtubule spindle assembly (Gholkar et al., 2016)

Reduces the levels of pro-inflammatory lipids and suppresses
inflammation and ER stress by inhibiting the translocation of SREBPs
(Li et al,, 2017)

Inhibits glucose metabolism and enhances the antitumor effect of
Sorafenib by inhibiting SREBP1 (Yin et al,, 2019)

Inhibits cell proliferation, migration, and invasion, and activates
apoptosis by targeting SIP (Wang et al,, 2021b)

Inhibits viral assembly in infected cells by reducing LD formation,
thereby blocking HCV establishment of infection (Blanchet et al.,
2012; Olmstead et al., 2012)

Synergizes with GSKs s, enhancing the anticancer activity of GSKayy
(Yang et al., 2019)

Downregulates steroid, isoprenoid, and unsaturated fatty acid
biosynthetic signaling pathways and upregulates pro-inflammatory
genes to reduce cancer cell viability and promote apoptosis (Caruana
etal, 2017)

Upregulates the precursors SREBP1 and ATF6 by inhibiting the
cleavage of S2P, resulting in ER stress and induction of apoptosis
(Guan et al,, 2011)

Reduces the proliferation of castration-resistant prostate cancer and
promotes apoptosis through the accumulation of unprocessed
SREBP1 and ATF6 (Guan et al., 2012; Guan et al., 2015)
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Targets

SREBP1

rugs

Apatinib

Mollugin

WY 14,643 and troglitazone

Cancer types

Gastric cancer

Breast/ovarian cancers

Hepatocellular carcinoma

Me

m:

Downregulates GPX4 expression by inhibiting SREBP1a, thereby
inducing lipid peroxidation and ferroptosis (Zhao et al., 2021)

Inhibits proliferation and induces apoptosis through the HER2/AkY/
SREBPIC/FASN signaling pathway (Do et al., 2013a)

inhibit SREBP1 activation through the upregulation of INSIG,
ultimately reducing triacylglycerol synthesis (Konig et al, 2009)

Azathioprine Glioblastoma Inhibits elevated lipid metabolism via EGFR/AKT/SREBP! signaling
pathway and induces ER stress to induce apoptosis (Nam et al., 2021)

GW3965 Glioblastoma Promotes cell death by inhibiting the EGFR/AKT/SREBP1/LDLR
signaling pathway (Guo et al,, 2011)

Gefitinib, Non-small cell lung cancer Induces downregulation of SREBP1, and alters the ratio of saturated to
unsaturated phospholipids (Xu et al., 2021a)

Metformin Bladder cancer Inhibits cancer cell growth by controlling lipid synthesis via the
Clusterin/SREBP1¢/FASN axis (Deng et al., 2021)

Proxalutamide Prostate cancer Inhibits proliferation, migration, and expression of ACL, ACC, FASN,
and SREBPI to reduce lipid droplet levels and triglyceride content (Gu
etal, 2021)

ASC-J9 Prostate cancer Inhibits the proliferation and invasion of prostate cancer cells by the
AR/SREBP1/FASN or API3K/AkU/SREBP1/FASN signaling pathways
according to whether AR is positive or not (Wen et al., 2016)

RA-XII Colorectal cancer Inhibits the growth and metastasis of colorectal tumors by reducing the
expression of SREBP1 and its target genes (Wang et al., 2019)

Berberin Colon cancer Mediates lipogenesis by inhibiting SCAP expression and

Ginsenoside Rh2

Davallia formosana ethanol extract

Curcumin

Oleiferasaponin Az

Non-small cell lung cancer

Prostate cancer

Hepatocarcinoma

Hepatocarcinoma

SREBP1 activation, thereby inhibiting cell proliferation and colon
cancer xenograft growth (Liu et al., 2020)

Reverses cyclophosphamide-induced immunodeficiency by inhibiting
the expression of SREBP1 and affecting the interaction of SREBP1 with
FASN (Qian et al,, 2019)

Inhibits proliferation, migration, and invasion by inhibiting the
expression of SREBP1 and FASN and reducing the expression of AR
and PSA (Hsieh et al., 2020)

Reduces adipogenesis by activating the phosphorylation of AMPK to
reduce the expression of SREBP1 and FASN and increases the
expression of PPARa (Kang et al., 2013)

Inhibits lipid accumulation by significantly down-regulating fatty acid
synthesis genes and up-regulating fatty acid p-oxidation genes (Dietal,,
2018)

Piperine

Breast cancer

Reduces the expression of SREBP1 and FASN by inhibiting ERK1/
2 signaling, and also inhibits the proliferation by activating caspase-3
and cleaving PARP (Do et al., 2013b)
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Targets

SREBP2

ugs
AtorvastatinL.
Ovastatin
Simvastatin

Lovastatin

Simvastatin

Cerivastatin

Lovastatin

Fluvastatin

Fluvastatin

Simvastatin

Simvastatin
Fluvastatin

Simvastatin

Simvastatin
Tricostatin A
Fluvastatin
Archazolid B
Atorvastatin
Dipyridamole
Fluvastatin
Dipyridamole
Simvastatin
25-hydroxycholesterol
Pitavastatin
Capmatinib
Simvastatin
Venetockax

Lovastatin

Shikonin

Cancer types

Breast cancer

Breast cancer

Breast cancer

Breast cancer

Osteosarcoma

Thymic carcinoma

Non-small cell lung cancer

Colorectal cancer

Prostate cancer

Prostate cancer

Pancreatic cancer

Bladder cancer

Cervical cancer

Prostate cancer

Ovarian cancer

Oral and Esophageal Cancer

Primary leukemia and lymphoma

Renal cell carcinoma

ms

Alter the expression of 50 genes with a shared cluster of 37 genes,
including the Hippo, Notch, and Wt signaling pathways,
preventing the EMT process (Koohestanimobarhan et al., 2019)

Signal through PPARy and upregulate PTEN at the transcriptional
level (Teresi et al,, 2006)

Contributes to breast cancer cell death by inducing inactivation of
PI3K/Akt and MAPK/Erk signaling (Wang et al, 2016)

Inhibits the elevated levels of mevalonate produced by the
transcriptional activity of SREBP2 and impedes the nuclear
localization and transcription of YAP/TAZ (Piccolo et al,, 2014;
Sorrentino et al, 2014)

Reduces the expression of CYR61 via SREBP2/miR-33a, which in
turn inhibits osteosarcoma cell invasion (Huang et al, 2018)

Inhibits HMGCR to suppresses cell proliferation, which might be
mediated by inhibiting the production of geranylgeranyl-
pyrophosphate (Hayashi et al., 2020)

Alters Braf/MEK/ERK1/2 and Akt signaling pathways by inhibiting
HMGCR, which can inhibit cell growth, induce apoptosis, and
inhibit tumorigenesis in non-small cell lung cancer (Zhang et al,,
2019)

Suppresses PD-L1 expression and promotes antitumor immunity by
inhibiting IncRNA SNHG29 expression and its mediated YAP
activation (Ni et al,, 2021)

Reduce cell proliferation and induce apoptosis mediated by
phosphorylation downregulation of AKT/FOXOI signaling
pathway (Deng et al., 2019)

Overcome enzalutamide resistance by reducing AR by inhibiting the
mTOR signaling pathway (Kong et al, 2018)

Inhibit invasion and growth and exhibit synergistic antitumor
effects in ORP5-expressing pancreatic cancer cells (Ishikawa et al.,
2010)

Affect cholesterol biosynthesis to enhance archazolid B-induced cell
killing (Hamm et al., 2014)

Retain the SCAP-SREBP complex in the ER by stabilizing the INSIG
protein (Esquejo et al., 2021)

Inhibit SREBP2 activation and promotes apoptosis in statin-
insensitive prostate cancer cells (Longo et al., 2019)

Significantly enhance the cytotoxicity and antitumor activity of
statins against ovarian cancer cells (Casella et al,, 2014)

Suppresses AKT and ERK signaling to inhibit tumor growth alone,
and significantly reduces tumor growth in cooperation with
capmatinib (Xu et al., 2021b)

Enhances the proapoptotic activity of venetoclax (B cell lymphoma-
2 inhibitor) in primary leukemia and lymphoma cells but not
normal peripheral blood mononuclear cells (Lee et al, 2018)

Increases glycolysis levels through regulated HSP90 expression
levels, leading to lactate accumulation and acceleration of renal cell
carcinoma development. The tumor-promoting effect of lovastatin
is reversed by Shikonin (Huang et al., 2021)
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SEV cargos Cells of origin Biological Reference
behavior or
application
Protein HK1/2/3 Hypoxic ovarian cancer Glycolysis Carboplatin resistance Alharbi et al. (2021)
PKM2 Hypoxic NSCLC, gastric Glycolysis Cisplatin resistance Wang et al. (2021), Dai et al.
cancer (2022), W et al. (2022), Zhou
etal. (2022)
ITGB4 TNBC Glycolysis Growth and metastasis Sung et al. (2020)
HMGB-1, PD-L1 Lung adenocarcinoma  Glycolysis, nitric oxide | Suppressive immunity of = Morrissey etal. (2021), Wei etal.
metabolism ‘macrophages (2021)
LMP1 Nasopharyngeal Glycolysis, Oxidative CAF formation, Aga et al. (2014), Wu et al.
carcinoma phosphorylation radioresistance (2020)
ALDOA, GAPDH, LDHA/B, HPV-driven Glycolysis Tumor diagnosis Tang et al. (2021)
PGKI, PKM1/2 oropharyngeal cancer
IDH1 Colorectal cancer NADPH metabolism SFU resistance Yang et al. (2021)
ENO3, GALKI, ASNS, Retinoblastoma Glucose metabolism Intravitreal tumor Galardi et al. (2020)
SCCPDH metastasis
ANGPTL? Ovarian cancer Glucose and lipid Angiogenesis Parri et al. (2014)
‘metabolism
ABCG2 Pancreatic cancer Glucose uptake Gencitabine resistance Bhattacharya et al. (2014),
Giovannetti et al. (2017)
miRNA miR-122 Breast cancer PKM2, Glycolysis Brain/lung metastases | Fong etal. (2015), Liet al. (2019)
miR-451 Gastric cancer AMPK/mTOR T cell immunity Liu et al. (2018), Li et al. (2021)
miR-543 Epithelial ovarian cancer = Proteoglycan pathway Tumor proliferation Zhang et al. (2022)
LncRNA MALAT1 NSCLC Glycolysis Tumor proliferation | Zhang et al. (2017), Wang et al.
(2020a)
TUGL CAF Glycolysis Lung metastases of liver Lu et al. (2022)
cancer
HISLA Tumor-associated Glycolysis HIF-la Chen et al. (2019)
macrophages
CircRNA circ_0005963 Colorectal cancer PKM2, Glycolysis Oxaliplatin resistance Wang et al. (2020c)
cireRNF121 Colorectal cancer Glycolysis Invasion and metastasis Jiang et al. (2021)
circ_0008928 NSCLC HK2, Glycolysis Cisplatin resistance Shi et al. (2021)
circ_0072083 Glioma cells Glycolysis TMZ resistance Ding et al. (2021)
circCCT3 Liver cancer related CAF HK2, Glycolysis Tumor proliferation Lv et al. (2020)
circARHGAP10 NSCLC Glycolysis Tumor proliferation Fang et al. (2022)
Metabolites  Lactate, acetate, stearic acid, | Prostate and pancreatic Central carbon Kras-dependent tumor Zhao et al. (2016)
palmitic acid, amino acid cancer related -CAF metabolism growth
Phosphatidylcholine Mouse colon cancer cells | Lipid metabolisim Insulin signaling Kumar et al. (2021)
resistance
Linoleic acid Lung adenocarcinoma Glycolysis, nitric oxide | Suppressive immunity of Morrissey et al. (2021)

metabolism

macrophages
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