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According to the World Health Organization’s statistics, cancer is the second leading cause of death worldwide, following cardiovascular diseases. Despite significant progress in the field of cancer treatment in recent years, cancer remains one of the main factors shortening human life expectancy. The field of cancer research is increasingly focusing on the role of tumor-related oncogenes and heterogeneous proteins in the development of cancer. Studies indicate that there is a close connection between solid tumors and epithelial splicing regulatory protein 1 (ESRP1). ESRP1 is a key intracellular molecule that plays a crucial role in cell growth and differentiation. As an emerging biomarker, ESRP1 has a decisive impact on the formation and development of solid tumors by regulating the alternative splicing of CD44 and the epithelial-mesenchymal transition (EMT) process. Research shows that abnormal expression of ESRP1 is closely related to the formation and development of various solid tumors, including breast cancer, lung cancer, stomach cancer, and others, and is closely associated with the invasiveness, metastasis, and poor prognosis of tumors. Therefore, given ESRP1’s critical role in cancer development, it is gradually becoming a potential biomarker and therapeutic target. This review primarily discusses the molecular mechanisms of ESRP1 in regulating cancer metastasis, particularly its regulatory effects on CD44 splicing and the EMT process. These research findings provide new targets for cancer treatment, aiming to bring more precise diagnosis and more effective treatment strategies to patients.
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1 Introduction

Cancer has become a global public health and economic problem in the 21st century, accounting for approximately 1/6 (16.8%) global deaths and approximately 1/4 (22.8%) deaths from non-communicable diseases. According to the latest The Global Cancer Observatory (GLOBOCAN) estimates from the International Agency for Research on Cancer (IARC), cancer leads to a high proportion of premature deaths, especially among the 30-to-69-year-old age group, where it is a major cause of death (1). Additionally, cancer not only hinders the global increase in healthy lifespan but also imposes significant costs on society and the macroeconomy. Based on analyses of future population growth and aging, even if the overall cancer incidence remains unchanged, the global number of new cancer cases is projected to increase from 20 million in 2022 to over 35 million by 2050, a 77% increase. This growth is primarily driven by changes in population structure, with the global population expected to increase from 8 billion in 2022 to 9.7 billion by 2050 (2). Therefore, the presence of malignant tumors places a heavy economic burden and mental stress on individuals and is a challenge that the world is finding difficult to overcome. Finding effective treatment targets and methods is crucial for alleviating the health, social, and economic burden caused by cancer.




2 The role of ESRP1 in cancer development and progression



2.1 Role of ESRP in cancer development

In recent years, oncology research has been continuously deepening, especially in exploring cancer-related genes and heterogeneous proteins, which has gradually become a research hotspot. Epithelial splicing regulatory protein (ESRP) has attracted widespread attention from researchers against this backdrop. Its potential role in the field of oncology and its contribution to various types of tumors are gradually being confirmed. The latest research findings from numerous scholars indicate that ESRP not only plays a key role in the development of malignant tumors such as lung cancer (3) and breast cancer (4), but also plays an important role in complex diseases such as gastric cancer (5) and clear cell renal cell carcinoma (6), melanoma (7), oral squamous cell carcinoma (8), and other related tumors. Further research reveals that ESRP plays diverse roles in different tumors, acting either as an oncogene to promote tumor progression or as a tumor suppressor to inhibit the occurrence and development of tumors. This discovery has opened new avenues for tumor research and treatment. Overall, ESRP plays a key role in the development of various solid tumors and its dual identity as an oncogene or tumor suppressor gives it extremely high value and significance in oncology research. With the continuous deepening of ESRP research and the advancement of technology, we hope to provide new strategies and directions for the treatment of different types of tumors by regulating the expression of ESRP.




2.2 ESRP1 as a key regulator in invasion and metastasis

Invasion and metastasis are significant features of cancer, closely associated with cancer-related deaths. Invasion is the first step of metastasis, which is a complex, multistep process crucial for cancer cells to spread to anatomically distant organs (9). ESRPs are widely studied alternative splicing (AS) regulatory factors (10), specifically expressed in epithelial cells (11). Recent studies have indicated that ESRPs are important regulatory factors for invasion and metastasis in the progression of cancer (12, 13). AS is a vital biological process that can generate multiple messenger RNAs (mRNAs) from a single gene (14), playing an essential role in regulating epithelial-mesenchymal transition (EMT)-related signals, cytoskeletal remodeling, tumorigenicity, and metastasis (15). Warzecha et al. conducted genome-wide screening to identify factors that promote epithelial cell splicing. Among various factors, they identified two protein homologs that induce epithelial-specific splicing patterns. Although the expression of these two genes is highly cell-type-specific, upregulation of these genes is commonly observed in epithelial cell types. These proteins were renamed epithelial splicing regulatory protein 1 and 2 (ESRP1 and ESRP2) (16). The ESRP family consists of two members with similar structure and function, namely, ESRP1 and ESRP2 (also known as RBM35A and RBM35B) and these are members of the heterogeneous nuclear ribonucleoprotein (hnRNP) family of RNA-binding proteins. The ESRP1 gene is located on human chromosome 8q22.1, encoding a functional ESRP1 protein with an estimated molecular weight of 76 kDa (Figure 1A), consisting of 681 amino acids and composed of three conserved tandem recognition motifs. It is predominantly present in the nucleus, expressed in multiple organs, and detectable in the cytoplasm (Figure 1B). The ESRP2 gene is located on human chromosome 16q22.1, producing a nearly 78 kDa ESRP2 protein composed of 727 amino acids (17). Although ESRP1 shares a similar primary structural organization with its paralog ESRP2, these two proteins have distinct functions in different cancers (8). In this article, we mainly focus on the various roles of ESRP1.The expression and activity of ESRP1 are regulated by various mechanisms, including post-translational modifications and non-coding RNAs (18). ESRP1 exhibits both anti-cancer and pro-cancer effects in different cancer types. Recent studies have found that ESRP1 influences cell-cell adhesion, cytoskeletal organization, and cell migration by regulating the alternative splicing of multiple genes, including CD44, CTNND1, ENAH, and FGFR2 (8, 19).




Figure 1 | ESRP1 molecular weight and structure. (A) The molecular weight of ESRP1 at 76 kDa based on a Western blot experiment. (B) The structure of ESRP1 consists of DnaQ-like exonuclease domain at the N-terminus, followed by three conserved RNA recognition motif (RRM) domains (RRM1–3), and lastly, a proline-rich region that is homologous to DAZ-associated protein 2 at the C-terminus. RBPMS2 [multiple splicing (variants) 2] , the RRM2 and RRM3 domains of ESRP1, mediate its direct interaction with RNA-binding protein with multiple splicing-2, thereby regulating smooth muscle cell plasticity. Reproduced with authorization (18). Part of Springer Nature (2022).






2.3 ESRP1 as a key regulator in tumorigenesis

CD44 is a cell surface transmembrane glycoprotein involved in various cellular processes, including cell division, survival, migration, and adhesion. Since the discovery of cancer stem cells (CSCs) in solid tumors, CD44 has been widely used as a CSC marker in breast cancer (20) and other malignancies. The human CD44 gene is located on chromosome 11p13 and is composed of 19 exons, with 10 constitutive exons present in all isoforms. The standard form of CD44 (CD44s) is encoded by these constitutive exons. CD44 variant isoforms (CD44v) arise from selective splicing, combining the 10 constitutive exons with the remaining nine variant exons. Selective splicing mediated by ESRPs encodes a polymorphic protein group (85-250 kDa in size) (21, 22). CD44s comprises only constitutive exons, while variant CD44v isoforms contain one or more variant exons (23) (Figure 2). CD44 has been identified as a marker for cancer stem cells and a key factor in cancer development (24, 25).




Figure 2 | CD44 and ESRP1. (A) CD44 gene structure and its related isoform structure diagram. Reproduced with authorization (26) (2021). Federation of European Biochemical Societies. (B) Protein structure of CD44 Isoforms. Reproduced with authorization (26) (2021). Federation of European Biochemical Societies. (C) The interaction between CD44 and ESRP1. Reproduced with authorization (27). Chen et al., Journal of Hematology & Oncology (2018) 11:64. Modified color and shape. https://creativecommons.org/licenses/by/4.0/.



Studies have shown that the expression level of CD44s is positively correlated with the tumor stem cell (CSC) characteristics and the invasive phenotype of breast cancer, while CD44v is negatively correlated with these features but positively correlated with cancer cell proliferation (28). Additionally, different CD44 splice variants play crucial roles in cell adhesion, migration, and signal transduction. ESRP1, by regulating the expression of CD44 splice variants, can influence the behavior of tumor cells, significantly impacting the EMT process and breast cancer metastasis (29). CD44s is associated with cell migration and invasion, while CD44v variants are associated with cell proliferation, survival, and cancer stem cell properties. Low expression of ESRP1 leads to an increase in CD44s levels and a decrease in CD44v (variant CD44) levels, both of which play crucial roles in tumor development (30). Studies have found that the transition from CD44 variants containing variable exons (CD44v) to CD44 standard isoforms (CD44s) lacking variable exons, regulated by ESRP1, is critical for the EMT process in breast cells (27, 28). Additionally, CD44 is involved in regulating the tumor microenvironment and interacts with various signaling pathways, such as Wnt, TGF-β, and EGF pathways. ESRP1 can indirectly affect the activity of these pathways by regulating the expression of CD44 splice variants, thereby influencing tumor growth, invasion, and drug resistance (29, 30).

Therefore, ESRP1 has a significant impact on tumor occurrence, development, invasion, and metastasis by regulating the alternative splicing of CD44. Modulating the splicing of CD44 could inhibit tumor invasion and metastasis, making ESRP1 or specific CD44 splice variants potential targets for cancer therapy. Further research on the relationship and mechanisms of action between ESRP1 and CD44 in cancer could lead to the development of new diagnostic markers and treatment targets.




2.4 ESRP1 as a key regulator in EMT

Cancer metastasis is associated with EMT. ESRP1 has been confirmed as a core regulator of EMT-related splicing events in human tumor metastasis (31, 32). It can regulate selective splicing during EMT, affecting activities such as EMT cell motility, cytoskeletal dynamics, and cell-cell adhesion (14) as well as regulating cancer cell proliferation (33) and differentiation (34, 35), playing a role in EMT during cancer progression (36).

EMT is characterized by the upregulation of mesenchymal markers (such as vimentin and N-cadherin) and the downregulation of epithelial markers (such as E-cadherin), leading to the acquisition of invasive and migratory capabilities with a mesenchymal phenotype (37). It is a fundamental process of cell shape change in animal development and disease progression (38), referring to the biological process where epithelial cells undergo a specific program to transform into mesenchymal cells. This process involves multiple biochemical changes in static and polarized epithelial cells’ lateral connections, which often involve reshaping surrounding tissues with cells such as cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) to promote angiogenesis and cell migration (39), thereby disrupting the cohesive structural integrity between epithelial cells and between cells and the extracellular matrix. This characteristic enables these cells to acquire motility and is also an important cytological basis for the invasion and metastasis of malignant tumors (40), playing a key role in the invasion and metastasis of malignant epithelial tumors. Depending on the type of disease, EMT can be roughly divided into three types: Type I EMT, which mainly occurs in organ formation and embryonic development; Type II EMT, which is associated with inflammation, wound healing, organ fibrosis, tissue repair, and regeneration, contributing to tissue reconstruction after injury (41); and Type III EMT, which is related to tumor invasion and metastasis and closely related to tumor occurrence (42). There is increasing evidence that EMT is aberrantly activated in cancer cells, playing a crucial role in mediating tumor recurrence and metastasis (43). Several excellent reviews have shown that inhibiting EMT-related pathways can suppress the development of colorectal cancer (28), gastric cancer (5), ovarian cancer (44), lung cancer (45), and prostate cancer (46), among others.

More and more evidence suggests that the dysregulation of ESRP1 is closely related to cancer progression, providing a new entry point for the treatment of cancer patients based on ESRP1 dysregulation. Therefore, in this review, we summarize the structure, function, and related pathways of ESRP1 (Figure 3), focusing on its potential mechanisms in the occurrence of various solid tumors (Table 1) and its clinical significance as a prognostic biomarker and therapeutic target for cancer patients. The information reviewed in this article may be very beneficial for the development of personalized treatment strategies for cancer patients.




Figure 3 | Flowchart of ESRP1-related functions. Reproduced with authorization (18). Part of Springer Nature (2022).




Table 1 | Role of ESRP1 in different types of cancer.







3 The role of ESRP1 in various types of cancer



3.1 ESRP1 in lung cancer

ESRP1 can affect the splicing patterns of multiple genes related to lung cancer. Its regulation of CD44 alternative splicing plays an important role in the migration and invasion of lung cancer cells. Clinical studies by Cui et al. have shown that ESRP1 expression is significantly increased in precancerous lesions and non-small cell lung cancer (NSCLC) tissues compared to normal lung tissues. Moreover, high expression of ESRP1 is associated with a favorable prognosis in NSCLC patients (3). The expression and function of ESRP1 may vary in different types of lung cancer. Li et al. found that ESRP1 overexpression was negatively correlated with the presence of metastasis, tumor size, and clinical stage in lung adenocarcinoma (ADC) patients through immunohistochemical analysis of 125 clinical tissue samples of lung ADC (13). EMT is a key process by which lung cancer cells acquire migratory and invasive capabilities, and a high expression of ESRP1 is usually associated with the inhibition of EMT and the maintenance of cell epithelial properties. ESRP1 inhibits the EMT process by regulating the splicing of EMT-related genes, thereby reducing the migration and invasion of lung cancer cells.

Qu et al. demonstrated experimentally that ESRP1 upregulates ISG15 expression via CREB, inhibiting EMT in lung ADC and thus suppressing the progression of lung ADC (45). Small cell lung cancer (SCLC) is the most malignant type of lung cancer and is difficult to treat. Meng et al. found that, compared with chemosensitive cells, ESRP1 was significantly downregulated in chemoresistant cells in SCLC. The study showed that ESRP1 reverses the chemoresistance of SCLC by regulating the selective splicing of coactivator-associated arginine methyltransferase 1 (CARM1) to inhibit the TGF-β/Smad signaling pathway, thereby enhancing its chemosensitivity (47).

Due to the correlation between ESRP1 expression in lung cancer and prognosis, it has potential as a therapeutic target. Targeting ESRP1 or its splicing events can affect the behavior of tumor cells and the tumor microenvironment, thereby affecting the occurrence, development, invasion, and metastasis of lung cancer. Developing new treatment strategies, such as restoring ESRP1 expression to inhibit EMT and tumor cell invasion or reducing tumor proliferation and metastasis through specific targeting of ESRP1-regulated splicing variants, is possible. A deeper understanding of ESRP1’s specific mechanisms in lung cancer may pave the way for new diagnostic and therapeutic approaches. Therefore, the splicing factor ESRP1 can serve as a new marker molecule for drug resistance and a potential therapeutic target for patients with malignant lung tumors.




3.2 ESRP1 in gastric cancer

Studies have shown that ESRP1 is overexpressed in gastric cancer (GC). Deng et al. reported that lncRNA CCAT2 is overexpressed in GC tissues compared to adjacent normal tissues and is associated with poor prognosis in patients. Through experimental validation, it was found that cells overexpressing lncRNA CCAT2 promote the transformation of CD44 from its standard form to variant CD44 isoform 6 (CD44v6) by regulating the alternative splicing of CD44, and a high expression of CD44v6 is associated with more severe lymph node invasion, later T staging, and worse prognosis in gastric cancer patients. The experimental results suggest that lncRNA CCAT2 upregulates the expression of CD44v6 by binding to ESRP1, thereby mediating the selective splicing of CD44 and promoting the development of gastric cancer, which is associated with shorter patient survival (61). Many factors can affect the prognosis of gastric cancer patients and DNA copy number amplification is an important driver of solid tumors, including gastric cancer (62, 63). High-throughput whole-genome analysis of DNA copy number variations (CNVs) has identified recurrent amplification regions in GC. Additionally, these regions contain key oncogenes involved in GC progression, including MYC on 8q, SRC and MMP9 on 20q, ERBB2 on 17q, EGFR on 7p, FGFR1 on 8p, and FGFR2 on 10q (61, 64). Local amplification of these regions and the increased frequency of amplification throughout the genome are also associated with aggressive clinicopathological features and poor disease prognosis. Wang et al. found through global correlation analysis of array-based comparative genomic hybridization (aCGH) data with clinical pathological information of GC from a large cohort and further validation using a large independent cohort, that copy number gains in three chromosomal regions, 8q22 (including ESRP1 and CCNE2), 8q24 (including MYC and TNFRSF11B), and 20q11-q13 (including SRC, MMP9, and CSE1L), lead to poorer patient survival. The study revealed that the increased copy number of MYC and TNFRSF11B located on 8q24 is associated with the survival rate of GC, especially non-cardiac GC (64). Lee et al. found that the relative frequency of LRRFIP2 alternative splicing is significantly correlated with the expression level of ESRP1 in human gastric cancer cell lines and gastric cancer patient tissues. LRRFIP2 is believed to be a binding partner of flightless-1 and has been found to regulate the Wnt signal by interacting with Dvl in African clawed frog embryos, and to inhibit the activation of NLRP3 inflammasome by recruiting the Caspase-1 inhibitor Flightless-I (48, 65). The expression of the two isoforms of LRRFIP2 is highly dependent on the expression of ESRP1, with high expression in cell lines with high ESRP1 expression and high expression of LRRFIP variant 3 in cell lines with low ESRP1 expression. The fate of gastric cancer cells is determined by the differential interaction of LRRFIP2 with the methyltransferase protein CARM1 (5).

The expression level of ESRP1 may be related to prognosis in gastric cancer, with its overexpression possibly associated with malignancy and poor prognosis in gastric cancer, while its low expression may be associated with improved prognosis in gastric cancer. These findings suggest that ESRP1 may be a potential target for the treatment and prognosis of gastric cancer.




3.3 ESRP1 in clear cell renal cell carcinoma

Abnormal expression of circular RNAs (circRNAs) has been linked to tumorigenesis (49, 66, 67). For example, Xue et al. found that circAKT3 competitively binds to miR-296-3p, leading to upregulation of E-cadherin, thereby inhibiting clear cell renal cell carcinoma (ccRCC) metastasis (68).

RNA-binding motif enrichment analysis indicates that mRNA-binding proteins ESRP1, ESRP2, RBFOX2, and QKI regulate the selective splicing of mRNA during human kidney development (6). Circular RNAs (circRNAs) are covalently closed continuous loops formed by back-splicing, most of which originate from exons or introns of precursor mRNA (pre-mRNA) (69). High expression of ESRP1 is usually associated with the suppression of EMT and the maintenance of cell epithelial characteristics. Gong et al. reported that overexpression of circESRP1 downregulates c-Myc, a crucial oncogene involved in tumor development, through the CTCF-dependent positive feedback loop circESRP1/miR-3942/CTCF-mediated EMT pathway, thereby reducing the migration and invasion capabilities of ccRCC cells and inhibiting the progression of clear cell renal cell carcinoma both in vitro and in vivo (70).

Alternative splicing is a key mechanism that provides functional diversity in eukaryotic genomes, and abnormal splicing is associated with many human diseases, including cancer (71). Fibroblast growth factor receptor 2 (FGFR2) belongs to the transmembrane receptor tyrosine kinase family (designated FGFR1-4) and is involved in the regulation of cell proliferation, differentiation, migration, wound healing, and angiogenesis during development and adulthood (72). It has two subtypes, the IIIb subtype expressed in epithelial cells and the IIIc subtype expressed in mesenchymal cells, leading to ligand binding specificity changes. RNA-binding proteins ESRP1 and ESRP2 are known splicing factors that regulate FGFR2 IIIb splicing through these cis-elements. Ectopic expression of ESRP1 or ESRP2 is sufficient to induce subtype switching from mesenchymal IIIc to epithelial IIIb (16). Zhao et al. found that in approximately 90% of ccRCC cases, the FGFR2 subtype switches from the normal epithelial “IIIb” subtype to the mesenchymal “IIIc” subtype, which is kidney-specific, as it is rarely observed in other cancers. The FGFR2-IIIc isoform is a promising candidate biomarker for early detection, diagnosis, and targeted therapy in ccRCC (73). Pan et al. showed that ESRP1 may be involved in the biogenesis of circ-TNPO3 by targeting the flanking introns, inhibiting the proliferation and migration of ccRCC cells (54).

In conclusion, ESRP1 plays a crucial role in the development and progression of ccRCC. By regulating the selective splicing of genes, inhibiting the EMT process, and thereby affecting the interaction between cells and the microenvironment, it has a significant impact on the occurrence, development, invasion, and metastasis of clear cell renal cell carcinoma. Therefore, further research on the specific role of ESRP1 in ccRCC and the feasibility of its targeted strategies will help reveal the pathogenesis of ccRCC and provide new insights for personalized cancer therapy.




3.4 ESRP1 in malignant melanoma

Malignant melanoma is an aggressive skin cancer that originates from melanocytes (74). In recent years, its incidence has been steadily increasing worldwide. According to GLOBOCAN 2021 data, there are over 320,000 new cases of cutaneous malignant melanoma (CMM) annually, and over 50,000 people die from the disease each year, posing a serious threat to human health (75). In the early stages, malignant melanoma can be treated with surgical excision but this cancer is prone to metastasis (76). Metastasis and invasion are the main factors leading to recurrence and death in patients, with poor prognosis. The 5-year survival rate for stage IV patients in China is only 4.6% (77). Although the emergence and application of immune checkpoint inhibitors have improved patient survival rates, their use is often limited in the clinic due to immune-related side effects and poor drug tolerance. Related studies indicate that the metastasis of malignant melanoma is closely associated with EMT (78, 79). Therefore, enhancing the immune response, studying the immune phenotype and characteristics of the tumor microenvironment, and inhibiting or blocking the occurrence of EMT in tumor cells are expected to become one of the important targets for suppressing the invasive behavior of tumor cells.

Yao et al. found that the expression of ESRP1, an EMT splicing regulator, is negatively correlated with tumor-associated immune cell cytotoxicity in various types of tumors, suggesting a link between the EMT status of tumors and the activity of infiltrating lymphocytes. Their research demonstrated that melanoma with lower ESRP1 expression, which is associated with higher immune cell cytotoxicity, is more likely to respond to immune checkpoint blockade therapy (55). Wang et al. showed that ESRP1 in melanoma significantly inhibits the growth of tamoxifen-resistant cells by affecting kinases that regulate mitosis (56, 80), the cell cycle, and cell proliferation, thereby altering epithelial-mesenchymal transition protein markers (4). Furthermore, through experiments, they found that compared to normal tissue, ESRP1 is underexpressed in CMM tissue, and patients with low ESRP1 expression have relatively better overall survival and prognosis (7). Ichikawa et al. demonstrated that hyaluronic acid (HA) activation of CD44 leads to enhanced migration of melanoma and other tumor cells (51), Raso et al. indicated that, in melanoma, in vivo and in vitro models show that the expression of specific CD44v isoforms is associated with tumor progression (52). Marzese et al. found that CD44v6 overexpression enhances the migration of melanoma brain metastatic cells (53). These results suggest that high expression of ESRP1 promotes the development of melanoma.

In summary, the mechanisms and potential therapeutic value of ESRP1 in melanoma require further investigation. Understanding the specific role of ESRP1 in melanoma may help reveal the molecular mechanisms underlying melanoma occurrence and development, providing new insights for future treatment strategies.




3.5 ESRP1 in oral squamous cell carcinoma

Several circular RNAs (circRNAs) have been reported to regulate the occurrence of oral squamous cell carcinoma (OSCC). For example, research has shown that circRNA_100290 is highly expressed in OSCC tissues and promotes the progression of OSCC through the circ-RNA_100290/miR-29b/CDK6 positive pathway (81). RNA-binding proteins (RBPs) have been shown to interact with RNA and regulate gene expression, and they can also interact with circRNAs (82). ESRP1 affects the function and phenotype of OSCC cells by regulating the splicing of multiple genes related to cell proliferation, migration, and invasion. For example, downregulation of ESRP1 may lead to alternative splicing changes in E-cadherin, promoting reduced cell adhesion and increased invasiveness (8). Previous studies have indicated that ESRP1 regulates selective splicing events associated with the epithelial phenotype in OSCC (10, 57). Zhao et al. demonstrated that ESRP1 promotes the progression of OSCC EMT through the cirhrf1/miR526b-5p/c-Myc/TGF-β1/ESRP1 pathway (83). Osada et al. demonstrated that in OSCC, high expression of ZEB1/2 and low expression of E-cadherin and ESRP1/2 in OSCC cells are associated with invasive behavior and poor prognosis (57).

In conclusion, ESRP1 plays an important role in OSCC by regulating the alternative splicing of genes and affecting pathways such as EMT in tumor cells and the tumor microenvironment. Further research on the mechanism of action of ESRP1 in OSCC may help reveal the pathogenesis of this tumor and provide new targets and strategies for the treatment of OSCC.




3.6 ESRP1 in breast cancer

Breast cancer is a common malignant tumor, and its pathogenesis and progression involve numerous complex biological processes. Recent studies have shown that the expression level of ESRP1 is closely related to the occurrence, development, and prognosis of breast cancer (58, 59). Therefore, an in-depth exploration of the mechanism of action of ESRP1 in breast cancer and the development of targeted therapeutic drugs against ESRP1 are expected to provide new perspectives and strategies for the diagnosis, treatment, and prognosis of breast cancer.

Liu et al. have experimentally demonstrated that compared to non-breast cancer patients, the mRNA expression level of ESRP1 is significantly upregulated in breast cancer tissue samples, while the mRNA expression level of ESRP2 is not upregulated. They showed that ESRP1 overexpression enhances cancer cell proliferation and is associated with poor prognosis in BC patients, whereas ESRP2 is not (11). EMT is a dynamic, reversible process that may only occur in some cells or specific regions of tumor tissue (58, 84). EMT, when abnormally activated in cancer cells, can mediate tumor recurrence and distant metastasis (60, 85). RBFOX2 plays a dual role, acting as an important co-regulator of ESRP1 in epithelial phenotype cells and as an interstitial-specific splicing factor in more invasive breast cancer subtypes (86, 87). Fici et al. have shown through their research that during EMT the proportion between ESRP1 and RBFOX2 is significantly reduced and is positively correlated with EMT-specific phenotypes in cell models, with a good prognosis in patients (88). Pan et al. demonstrated through their study that miR-337-3p can inhibit the migration and invasion of breast cancer cells by downregulating ESRP1 (89). Gökmen et al. have shown that ESRP1 affects tumor progression in ER+ breast cancer cells by regulating genes involved in fatty acid/lipid metabolism and oxidation-reduction processes, and that high expression of ESRP1 is associated with poor prognosis in estrogen receptor-positive (ER+) breast tumors (90). Zhao et al. (91) reported a significant upregulation of ESRP1 mRNA in invasive ductal breast cancer, while Richardson et al. (92) found a significant upregulation of ESRP1 mRNA in ductal breast cancer. Ahuja et al. demonstrated experimentally that the loss of the hypoxia-driven splicing regulator ESRP1 leads to the skipping of hMENA exon 11a, resulting in the production of the pro-metastatic isoform hMENAΔ11a, which promotes EMT through the TGF- RBFOX2-ESRP1 axis and facilitates breast cancer metastasis (93). Kikuchi et al. suggested through their research that the ZEB1-RAB25/ESRP1 pathway may be involved in EMT and chemoresistance in breast cancer (94). EMT and its associated stem cell-like phenotype are considered major causes of breast cancer resistance (60, 95), especially the EMT activator ZEB1, which has been shown to have stemness and therapy resistance (96). One study reported that the overexpression of the miR-200 family is associated with an increased risk of breast cancer metastasis and promotes metastatic colonization in mouse models (97). Clinical observations show that metastatic tumors are of epithelial type (98, 99). Preca et al. found that HA is a major ECM glycoprotein polysaccharide enriched in breast tumors, supporting EMT and cooperating with CD44s to enhance ZEB1 expression. In breast cancer cell lines, HA is mainly synthesized by HAS2, which has been shown to be associated with cancer progression (100). Brown et al. demonstrated that during EMT, the expression of CD44 shifts from variant isoforms (CD44v) to standard isoforms (CD44s), and the regulation of CD44 selective splicing leads to EMT and breast cancer progression (101).

Overall, the role of ESRP1 in breast cancer is mainly through the regulation of gene splicing, affecting the behavior of tumor cells and the tumor microenvironment, thereby influencing the occurrence, development, invasion, and metastasis of breast cancer. Understanding the specific mechanism of ESRP1 in breast cancer may help develop new diagnostic and therapeutic approaches.





4 Discussion

Findings from previous studies are consistent with the observation that ESRP1 plays a crucial role in regulating genes associated with EMT, such as CD44 (36). However, there is conflicting evidence regarding the role of ESRP1 in different tumor types. While ESRP1 inhibits invasion and metastasis in some cancers, it may promote disease progression in others (5, 13, 49). These differences are most likely due to tumor type-specific signaling networks or interactions with the tumor microenvironment, highlighting the need for further specific studies. Understanding these dynamics is therefore critical to optimizing treatment for ESRP1.

ESRP1 is a key factor in the regulation of CD44 gene alternative splicing. By regulating the alternative splicing of CD44 and affecting its variant balance, it can regulate the adhesion, migration, signaling, and EMT processes of tumor cells, which has a significant impact on the occurrence and development of tumors (15). In addition, by regulating the expression of the CD44 variant, ESRP1 can also influence critical signaling pathways such as PI3K/AKT and Wnt/β-catenin, thereby participating in the regulation of the tumor microenvironment (102, 103). Consistent with previous studies, the expression levels of ESRP1 and CD44, and the proportion of their splicing variants, have potential value as prognostic biomarkers for multiple cancers. To address unanswered questions, future research could focus on the following: employing high-throughput RNA sequencing to comprehensively identify splicing events regulated by ESRP1 in a variety of tumor types; using CRISPR/Cas9 (104) to modulate ESRP1 expression and directly test its role in tumor progression, metastasis, and invasion; and investigating the interaction of ESRP1 with immune cells in the tumor microenvironment to assess its potential impact on immunotherapy efficacy.

Integrating these findings into a broader clinical and therapeutic context, ESRP1 becomes a promising therapeutic target for the treatment of solid tumors and may be a potential biomarker for patient prognosis. However, challenges remain, including the risk of unexpected side effects that can arise in complex splicing networks. In addition, the differential expression of ESRP1 across tumor types suggests that its therapeutic potential is likely to be study-specific, requiring tailored approaches for specific cancer types. Future advances in ESRP1 research may pave the way for more precise diagnostic and therapeutic strategies, including the development of small molecule or RNA-based interventions that target splicing events regulated by ESRP1.





Author contributions

LW: Data curation, Methodology, Writing – original draft. MZ: Methodology, Writing – review & editing. KZ: Investigation, Methodology, Writing – review & editing. XY: Investigation, Software, Writing – review & editing. HZ: Investigation, Methodology, Writing – review & editing. YL: Investigation, Software, Supervision, Writing – original draft, Writing – review & editing. YJ: Methodology, Software, Supervision, Writing – review & editing. PL: Investigation, Software, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Funding for these studies was provided by Xinxiang Circulating Tumor Cell Detection and Application Engineering Technology Research Center, Xinxiang Key Laboratory of Nucleic Acid Aptamer Screening and Application; The Joint Fund Project of Henan Provincial medical science and technology (No.LHGJ20210500, No.LHGJ20210524, No.LHGJ20230508, No.LHGJ20210517, No.LHGJ20210497, No.LHGJ20210522); Postdoctoral research project in Henan Province (No.202102095); Henan Provincial foreign expert project (No.HNGD2023025, HNGD2024029); Science and technology research project of Henan (No.222102310457, No.232102310358).





Conflict of interest

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





References

1. Bray, F, Laversanne, M, Sung, H, Ferlay, J, Siegel, RL, Soerjomataram, I, et al. Global cancer statistics 2022: globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin. (2024) 74:229–63. doi: 10.3322/caac.21834

2. Bray, F, Laversanne, M, Weiderpass, E, and Soerjomataram, I. The ever-increasing importance of cancer as a leading cause of premature death worldwide. Cancer. (2021) 127:3029–30. doi: 10.1002/cncr.33587

3. Cui, J, Ren, P, Li, Y, Ma, Y, Wang, J, Lin, C, et al. Esrp1 as a prognostic factor of non-small-cell lung cancer is related to the emt transcription factor of twist. Thorac Cancer. (2021) 12:2449–57. doi: 10.1111/1759-7714.14088

4. Gokmen-Polar, Y, Neelamraju, Y, Goswami, CP, Gu, Y, Gu, X, Nallamothu, G, et al. Splicing factor esrp1 controls er-positive breast cancer by altering metabolic pathways. EMBO Rep. (2019) 20(2):e46078. doi: 10.15252/embr.201846078

5. Lee, J, Pang, K, Kim, J, Hong, E, Lee, J, Cho, HJ, et al. Esrp1-regulated isoform switching of lrrfip2 determines metastasis of gastric cancer. Nat Commun. (2022) 13:6274. doi: 10.1038/s41467-022-33786-9

6. Wineberg, Y, Kanter, I, Ben-Haim, N, Pode-Shakked, N, Bucris, E, Bar-Lev, TH, et al. Characterization of alternative mrna splicing in cultured cell populations representing progressive stages of human fetal kidney development. Sci Rep. (2022) 12:19548. doi: 10.1038/s41598-022-24147-z

7. Wang, B, Li, Y, Kou, C, Sun, J, and Xu, X. Mining database for the clinical significance and prognostic value of esrp1 in cutaneous Malignant melanoma. BioMed Res Int. (2020) 2020:4985014. doi: 10.1155/2020/4985014

8. Ishii, H, Saitoh, M, Sakamoto, K, Kondo, T, Katoh, R, Tanaka, S, et al. Epithelial splicing regulatory proteins 1 (Esrp1) and 2 (Esrp2) suppress cancer cell motility via different mechanisms. J Biol Chem. (2014) 289:27386–99. doi: 10.1074/jbc.M114.589432

9. Ao, X, Ding, W, Zhang, Y, Ding, D, and Liu, Y. Tcf21: A critical transcription factor in health and cancer. J Mol Med (Berl). (2020) 98:1055–68. doi: 10.1007/s00109-020-01934-7

10. Weisse, J, Rosemann, J, Krauspe, V, Kappler, M, Eckert, AW, Haemmerle, M, et al. Rna-binding proteins as regulators of migration, invasion and metastasis in oral squamous cell carcinoma. Int J Mol Sci. (2020) 21(18):6835. doi: 10.3390/ijms21186835

11. Liu, X, Wang, Q, Song, S, Feng, M, Wang, X, Li, L, et al. Epithelial splicing regulatory protein 1 is overexpressed in breast cancer and predicts poor prognosis for breast cancer patients. Med Sci Monit. (2021) 27:e931102. doi: 10.12659/MSM.931102

12. Chen, L, Yao, Y, Sun, L, Zhou, J, Miao, M, Luo, S, et al. Snail driving alternative splicing of cd44 by esrp1 enhances invasion and migration in epithelial ovarian cancer. Cell Physiol Biochem. (2017) 43:2489–504. doi: 10.1159/000484458

13. Li, L, Qi, L, Qu, T, Liu, C, Cao, L, Huang, Q, et al. Epithelial splicing regulatory protein 1 inhibits the invasion and metastasis of lung adenocarcinoma. Am J Pathol. (2018) 188:1882–94. doi: 10.1016/j.ajpath.2018.04.012

14. Gottgens, EL, Span, PN, and Zegers, MM. Roles and regulation of epithelial splicing regulatory proteins 1 and 2 in epithelial-mesenchymal transition. Int Rev Cell Mol Biol. (2016) 327:163–94. doi: 10.1016/bs.ircmb.2016.06.003

15. Lyu, J, and Cheng, C. Regulation of alternative splicing during epithelial-mesenchymal transition. Cells Tissues Organs. (2022) 211:238–51. doi: 10.1159/000518249

16. Warzecha, CC, Sato, TK, Nabet, B, Hogenesch, JB, and Carstens, RP. Esrp1 and esrp2 are epithelial cell-type-specific regulators of fgfr2 splicing. Mol Cell. (2009) 33:591–601. doi: 10.1016/j.molcel.2009.01.025

17. Hayakawa, A, Saitoh, M, and Miyazawa, K. Dual roles for epithelial splicing regulatory proteins 1 (Esrp1) and 2 (Esrp2) in cancer progression. Adv Exp Med Biol. (2017) 925:33–40. doi: 10.1007/5584_2016_50

18. Liu, Y, Li, Y, Du, C, Kuang, S, Zhou, X, Zhang, J, et al. Underlying mechanisms of epithelial splicing regulatory proteins in cancer progression. J Mol Med (Berl). (2022) 100:1539–56. doi: 10.1007/s00109-022-02257-5

19. Warzecha, CC, Jiang, P, Amirikian, K, Dittmar, KA, Lu, H, Shen, S, et al. An esrp-regulated splicing programme is abrogated during the epithelial-mesenchymal transition. EMBO J. (2010) 29:3286–300. doi: 10.1038/emboj.2010.195

20. Al-Hajj, M, Wicha, MS, Benito-Hernandez, A, Morrison, SJ, and Clarke, MF. Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad Sci United States America. (2003) 100:3983–8. doi: 10.1073/pnas.0530291100

21. Ponta, H, Sherman, L, and Herrlich, PA. Cd44: from adhesion molecules to signalling regulators. Nat Rev Mol Cell Biol. (2003) 4:33–45. doi: 10.1038/nrm1004

22. Prochazka, L, Tesarik, R, and Turanek, J. Regulation of alternative splicing of cd44 in cancer. Cell Signal. (2014) 26:2234–9. doi: 10.1016/j.cellsig.2014.07.011

23. Hu, J, Li, G, Zhang, P, Zhuang, X, and Hu, G. A cd44v(+) subpopulation of breast cancer stem-like cells with enhanced lung metastasis capacity. Cell Death Dis. (2017) 8:e2679. doi: 10.1038/cddis.2017.72

24. Liu, X, Taftaf, R, Kawaguchi, M, Chang, YF, Chen, W, Entenberg, D, et al. Homophilic cd44 interactions mediate tumor cell aggregation and polyclonal metastasis in patient-derived breast cancer models. Cancer Discovery. (2019) 9:96–113. doi: 10.1158/2159-8290.CD-18-0065

25. Tomizawa, F, Jang, MK, Mashima, T, and Seimiya, H. C-kit regulates stability of cancer stemness in cd44-positive colorectal cancer cells. Biochem Biophys Res Commun. (2020) 527:1014–20. doi: 10.1016/j.bbrc.2020.05.024

26. Guo, Q, Yang, C, and Gao, F. The state of cd44 activation in cancer progression and therapeutic targeting. FEBS J. (2022) 289:7970–86. doi: 10.1111/febs.16179

27. Chen, C, Zhao, S, Karnad, A, and Freeman, JW. The biology and role of cd44 in cancer progression: therapeutic implications. J Hematol Oncol. (2018) 11:64. doi: 10.1186/s13045-018-0605-5

28. Zhang, H, Brown, RL, Wei, Y, Zhao, P, Liu, S, Liu, X, et al. Cd44 splice isoform switching determines breast cancer stem cell state. Genes Dev. (2019) 33:166–79. doi: 10.1101/gad.319889.118

29. Reinke, LM, Xu, Y, and Cheng, C. Snail represses the splicing regulator epithelial splicing regulatory protein 1 to promote epithelial-mesenchymal transition. J Biol Chem. (2012) 287:36435–42. doi: 10.1074/jbc.M112.397125

30. Xu, Y, Gao, XD, Lee, JH, Huang, H, Tan, H, Ahn, J, et al. Cell type-restricted activity of hnrnpm promotes breast cancer metastasis via regulating alternative splicing. Genes Dev. (2014) 28:1191–203. doi: 10.1101/gad.241968.114

31. Horiguchi, K, Sakamoto, K, Koinuma, D, Semba, K, Inoue, A, Inoue, S, et al. Tgf-beta drives epithelial-mesenchymal transition through deltaef1-mediated downregulation of esrp. Oncogene. (2012) 31:3190–201. doi: 10.1038/onc.2011.493

32. Jeong, HM, Han, J, Lee, SH, Park, HJ, Lee, HJ, Choi, JS, et al. Esrp1 is overexpressed in ovarian cancer and promotes switching from mesenchymal to epithelial phenotype in ovarian cancer cells. Oncogenesis. (2017) 6:e389. doi: 10.1038/oncsis.2017.87

33. Tam, WL, and Weinberg, RA. The epigenetics of epithelial-mesenchymal plasticity in cancer. Nat Med. (2013) 19:1438–49. doi: 10.1038/nm.3336

34. Warzecha, CC, Shen, S, Xing, Y, and Carstens, RP. The epithelial splicing factors esrp1 and esrp2 positively and negatively regulate diverse types of alternative splicing events. RNA Biol. (2009) 6:546–62. doi: 10.4161/rna.6.5.9606

35. Chen, ZH, Jing, YJ, Yu, JB, Jin, ZS, Li, Z, He, TT, et al. Esrp1 induces cervical cancer cell G1-phase arrest via regulating cyclin A2 mrna stability. Int J Mol Sci. (2019) 20(15):3705. doi: 10.3390/ijms20153705

36. Ueda, J, Matsuda, Y, Yamahatsu, K, Uchida, E, Naito, Z, Korc, M, et al. Epithelial splicing regulatory protein 1 is a favorable prognostic factor in pancreatic cancer that attenuates pancreatic metastases. Oncogene. (2014) 33:4485–95. doi: 10.1038/onc.2013.392

37. Hua, Z, White, J, and Zhou, J. Cancer stem cells in tnbc. Semin Cancer Biol. (2022) 82:26–34. doi: 10.1016/j.semcancer.2021.06.015

38. Nakaya, Y, and Sheng, G. Emt in developmental morphogenesis. Cancer Lett. (2013) 341:9–15. doi: 10.1016/j.canlet.2013.02.037

39. Lee, CH. Epithelial-mesenchymal transition: initiation by cues from chronic inflammatory tumor microenvironment and termination by anti-inflammatory compounds and specialized pro-resolving lipids. Biochem Pharmacol. (2018) 158:261–73. doi: 10.1016/j.bcp.2018.10.031

40. Ang, HL, Mohan, CD, Shanmugam, MK, Leong, HC, Makvandi, P, Rangappa, KS, et al. Mechanism of epithelial-mesenchymal transition in cancer and its regulation by natural compounds. Med Res Rev. (2023) 43:1141–200. doi: 10.1002/med.21948

41. Atri, C, Guerfali, FZ, and Laouini, D. Role of human macrophage polarization in inflammation during infectious diseases. Int J Mol Sci. (2018) 19(6):1801. doi: 10.3390/ijms19061801

42. Wynn, TA, Chawla, A, and Pollard, JW. Macrophage biology in development, homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034

43. Mani, SA, Guo, W, Liao, MJ, Eaton, EN, Ayyanan, A, Zhou, AY, et al. The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell. (2008) 133:704–15. doi: 10.1016/j.cell.2008.03.027

44. Wang, S, Wang, Z, Li, J, Qin, J, Song, J, Li, Y, et al. Splicing factor usp39 promotes ovarian cancer Malignancy through maintaining efficient splicing of oncogenic hmga2. Cell Death Dis. (2021) 12:294. doi: 10.1038/s41419-021-03581-3

45. Qu, T, Zhang, W, Qi, L, Cao, L, Liu, C, Huang, Q, et al. Isg15 induces esrp1 to inhibit lung adenocarcinoma progression. Cell Death Dis. (2020) 11:511. doi: 10.1038/s41419-020-2706-7

46. Munkley, J, Li, L, Krishnan, SRG, Hysenaj, G, Scott, E, Dalgliesh, C, et al. Androgen-regulated transcription of esrp2 drives alternative splicing patterns in prostate cancer. Elife. (2019) 8:e47678. doi: 10.7554/eLife.47678

47. Zheng, M, Niu, Y, Bu, J, Liang, S, Zhang, Z, Liu, J, et al. Esrp1 regulates alternative splicing of carm1 to sensitize small cell lung cancer cells to chemotherapy by inhibiting tgf-beta/smad signaling. Aging (Albany NY). (2021) 13:3554–72. doi: 10.18632/aging.202295

48. Liu, J, Bang, AG, Kintner, C, Orth, AP, Chanda, SK, Ding, S, et al. Identification of the wnt signaling activator leucine-rich repeat in flightless interaction protein 2 by a genome-wide functional analysis. Proc Natl Acad Sci United States America. (2005) 102:1927–32. doi: 10.1073/pnas.0409472102

49. Yu, CY, and Kuo, HC. The emerging roles and functions of circular rnas and their generation. J BioMed Sci. (2019) 26:29. doi: 10.1186/s12929-019-0523-z

50. Yu, Z, Lv, Y, Su, C, Lu, W, Zhang, R, Li, J, et al. Integrative single-cell analysis reveals transcriptional and epigenetic regulatory features of clear cell renal cell carcinoma. Cancer Res. (2023) 83:700–19. doi: 10.1158/0008-5472.CAN-22-2224

51. Ichikawa, T, Itano, N, Sawai, T, Kimata, K, Koganehira, Y, Saida, T, et al. Increased synthesis of hyaluronate enhances motility of human melanoma cells. J Invest Dermatol. (1999) 113:935–9. doi: 10.1046/j.1523-1747.1999.00804.x

52. Raso-Barnett, L, Banky, B, Barbai, T, Becsagh, P, Timar, J, and Raso, E. Demonstration of a melanoma-specific cd44 alternative splicing pattern that remains qualitatively stable, but shows quantitative changes during tumour progression. PloS One. (2013) 8:e53883. doi: 10.1371/journal.pone.0053883

53. Marzese, DM, Liu, M, Huynh, JL, Hirose, H, Donovan, NC, Huynh, KT, et al. Brain metastasis is predetermined in early stages of cutaneous melanoma by cd44v6 expression through epigenetic regulation of the spliceosome. Pigment Cell Melanoma Res. (2015) 28:82–93. doi: 10.1111/pcmr.12307

54. Pan, X, Huang, B, Ma, Q, Ren, J, Liu, Y, Wang, C, et al. Circular rna circ-tnpo3 inhibits clear cell renal cell carcinoma metastasis by binding to igf2bp2 and destabilizing serpinh1 mrna. Clin Transl Med. (2022) 12:e994. doi: 10.1002/ctm2.994

55. Yao, J, Caballero, OL, Huang, Y, Lin, C, Rimoldi, D, Behren, A, et al. Altered expression and splicing of esrp1 in Malignant melanoma correlates with epithelial-mesenchymal status and tumor-associated immune cytolytic activity. Cancer Immunol Res. (2016) 4:552–61. doi: 10.1158/2326-6066.CIR-15-0255

56. Nakamura, H, Arai, Y, Totoki, Y, Shirota, T, Elzawahry, A, Kato, M, et al. Genomic spectra of biliary tract cancer. Nat Genet. (2015) 47:1003–10. doi: 10.1038/ng.3375

57. Osada, AH, Endo, K, Kimura, Y, Sakamoto, K, Nakamura, R, Sakamoto, K, et al. Addiction of mesenchymal phenotypes on the fgf/fgfr axis in oral squamous cell carcinoma cells. PloS One. (2019) 14:e0217451. doi: 10.1371/journal.pone.0217451

58. Micalizzi, DS, Farabaugh, SM, and Ford, HL. Epithelial-mesenchymal transition in cancer: parallels between normal development and tumor progression. J Mammary Gland Biol Neoplasia. (2010) 15:117–34. doi: 10.1007/s10911-010-9178-9

59. Morel, AP, Lievre, M, Thomas, C, Hinkal, G, Ansieau, S, and Puisieux, A. Generation of breast cancer stem cells through epithelial-mesenchymal transition. PloS One. (2008) 3:e2888. doi: 10.1371/journal.pone.0002888

60. Thiery, JP, Acloque, H, Huang, RY, and Nieto, MA. Epithelial-mesenchymal transitions in development and disease. Cell. (2009) 139:871–90. doi: 10.1016/j.cell.2009.11.007

61. Deng, H, Gao, J, Cao, B, Qiu, Z, Li, T, Zhao, R, et al. Lncrna ccat2 promotes Malignant progression of metastatic gastric cancer through regulating cd44 alternative splicing. Cell Oncol (Dordr). (2023) 46:1675–90. doi: 10.1007/s13402-023-00835-4

62. Yoshida, S, Matsumoto, K, Arao, T, Taniguchi, H, Goto, I, Hanafusa, T, et al. Gene amplification of ribosomal protein S6 kinase-1 and -2 in gastric cancer. Anticancer Res. (2013) 33:469–75. doi: 10.21873/anticanres.8735

63. Marenne, G, Real, FX, Rothman, N, Rodriguez-Santiago, B, Perez-Jurado, L, Kogevinas, M, et al. Genome-wide cnv analysis replicates the association between gstm1 deletion and bladder cancer: A support for using continuous measurement from snp-array data. BMC Genomics. (2012) 13:326. doi: 10.1186/1471-2164-13-326

64. Wang, X, Liu, Y, Shao, D, Qian, Z, Dong, Z, Sun, Y, et al. Recurrent amplification of myc and tnfrsf11b in 8q24 is associated with poor survival in patients with gastric cancer. Gastric Cancer. (2016) 19:116–27. doi: 10.1007/s10120-015-0467-2

65. Jin, J, Yu, Q, Han, C, Hu, X, Xu, S, Wang, Q, et al. Lrrfip2 negatively regulates nlrp3 inflammasome activation in macrophages by promoting flightless-I-mediated caspase-1 inhibition. Nat Commun. (2013) 4:2075. doi: 10.1038/ncomms3075

66. Bartel, DP. Micrornas: genomics, biogenesis, mechanism, and function. Cell. (2004) 116:281–97. doi: 10.1016/s0092-8674(04)00045-5

67. Memczak, S, Jens, M, Elefsinioti, A, Torti, F, Krueger, J, Rybak, A, et al. Circular rnas are a large class of animal rnas with regulatory potency. Nature. (2013) 495:333–8. doi: 10.1038/nature11928

68. Xue, D, Wang, H, Chen, Y, Shen, D, Lu, J, Wang, M, et al. Circ-akt3 inhibits clear cell renal cell carcinoma metastasis via altering mir-296-3p/E-cadherin signals. Mol Cancer. (2019) 18:151. doi: 10.1186/s12943-019-1072-5

69. Kristensen, LS, Andersen, MS, Stagsted, LVW, Ebbesen, KK, Hansen, TB, and Kjems, J. The biogenesis, biology and characterization of circular rnas. Nat Rev Genet. (2019) 20:675–91. doi: 10.1038/s41576-019-0158-7

70. Gong, LJ, Wang, XY, Yao, XD, Wu, X, and Gu, WY. Circesrp1 inhibits clear cell renal cell carcinoma progression through the ctcf-mediated positive feedback loop. Cell Death Dis. (2021) 12:1081. doi: 10.1038/s41419-021-04366-4

71. Wang, GS, and Cooper, TA. Splicing in disease: disruption of the splicing code and the decoding machinery. Nat Rev Genet. (2007) 8:749–61. doi: 10.1038/nrg2164

72. Ornitz, DM, and Itoh, N. Fibroblast growth factors. Genome Biol. (2001) 2:REVIEWS3005. doi: 10.1186/gb-2001-2-3-reviews3005

73. Zhao, Q, Caballero, OL, Davis, ID, Jonasch, E, Tamboli, P, Yung, WK, et al. Tumor-specific isoform switch of the fibroblast growth factor receptor 2 underlies the mesenchymal and Malignant phenotypes of clear cell renal cell carcinomas. Clin Cancer research: an Off J Am Assoc Cancer Res. (2013) 19:2460–72. doi: 10.1158/1078-0432.CCR-12-3708

74. Ahmed, B, Qadir, MI, and Ghafoor, S. Malignant melanoma: skin cancer-diagnosis, prevention, and treatment. Crit Rev Eukaryot Gene Expr. (2020) 30:291–7. doi: 10.1615/CritRevEukaryotGeneExpr.2020028454

75. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

76. Timar, J, and Ladanyi, A. Molecular pathology of skin melanoma: epidemiology, differential diagnostics, prognosis and therapy prediction. Int J Mol Sci. (2022) 23(10):5384. doi: 10.3390/ijms23105384

77. Chi, Z, Li, S, Sheng, X, Si, L, Cui, C, Han, M, et al. Clinical presentation, histology, and prognoses of Malignant melanoma in ethnic chinese: A study of 522 consecutive cases. BMC Cancer. (2011) 11:85. doi: 10.1186/1471-2407-11-85

78. Alonso, SR, Tracey, L, Ortiz, P, Perez-Gomez, B, Palacios, J, Pollan, M, et al. A high-throughput study in melanoma identifies epithelial-mesenchymal transition as a major determinant of metastasis. Cancer Res. (2007) 67:3450–60. doi: 10.1158/0008-5472.CAN-06-3481

79. Dissanayake, SK, Wade, M, Johnson, CE, O'Connell, MP, Leotlela, PD, French, AD, et al. The wnt5a/protein kinase C pathway mediates motility in melanoma cells via the inhibition of metastasis suppressors and initiation of an epithelial to mesenchymal transition. J Biol Chem. (2007) 282:17259–71. doi: 10.1074/jbc.M700075200

80. Huang, WW, Tsai, SC, Peng, SF, Lin, MW, Chiang, JH, Chiu, YJ, et al. Kaempferol induces autophagy through ampk and akt signaling molecules and causes G2/M arrest via downregulation of cdk1/cyclin B in sk-hep-1 human hepatic cancer cells. Int J Oncol. (2013) 42:2069–77. doi: 10.3892/ijo.2013.1909

81. Chen, L, Zhang, S, Wu, J, Cui, J, Zhong, L, Zeng, L, et al. Circrna_100290 plays a role in oral cancer by functioning as a sponge of the mir-29 family. Oncogene. (2017) 36:4551–61. doi: 10.1038/onc.2017.89

82. Wilusz, JE. A 360 degrees view of circular rnas: from biogenesis to functions. Wiley Interdiscip Rev RNA. (2018) 9:e1478. doi: 10.1002/wrna.1478

83. Zhao, W, Cui, Y, Liu, L, Qi, X, Liu, J, Ma, S, et al. Splicing factor derived circular rna circuhrf1 accelerates oral squamous cell carcinoma tumorigenesis via feedback loop. Cell Death Differ. (2020) 27:919–33. doi: 10.1038/s41418-019-0423-5

84. Taube, JH, Herschkowitz, JI, Komurov, K, Zhou, AY, Gupta, S, Yang, J, et al. Core epithelial-to-mesenchymal transition interactome gene-expression signature is associated with claudin-low and metaplastic breast cancer subtypes. Proc Natl Acad Sci United States America. (2010) 107:15449–54. doi: 10.1073/pnas.1004900107

85. Yang, J, and Weinberg, RA. Epithelial-mesenchymal transition: at the crossroads of development and tumor metastasis. Dev Cell. (2008) 14:818–29. doi: 10.1016/j.devcel.2008.05.009

86. Shapiro, IM, Cheng, AW, Flytzanis, NC, Balsamo, M, Condeelis, JS, Oktay, MH, et al. An emt-driven alternative splicing program occurs in human breast cancer and modulates cellular phenotype. PloS Genet. (2011) 7:e1002218. doi: 10.1371/journal.pgen.1002218

87. Braeutigam, C, Rago, L, Rolke, A, Waldmeier, L, Christofori, G, and Winter, J. The rna-binding protein rbfox2: an essential regulator of emt-driven alternative splicing and a mediator of cellular invasion. Oncogene. (2014) 33:1082–92. doi: 10.1038/onc.2013.50

88. Fici, P, Gallerani, G, Morel, AP, Mercatali, L, Ibrahim, T, Scarpi, E, et al. Splicing factor ratio as an index of epithelial-mesenchymal transition and tumor aggressiveness in breast cancer. Oncotarget. (2017) 8:2423–36. doi: 10.18632/oncotarget.13682

89. Pan, Y, Zhao, Y, Lihui, L, Xie, Y, and Zou, Q. Mir-337-3p suppresses migration and invasion of breast cancer cells by downregulating esrp1. Acta Histochem. (2021) 123:151777. doi: 10.1016/j.acthis.2021.151777

90. Gokmen-Polar, Y, Gu, Y, Polar, A, Gu, X, and Badve, SS. The role of esrp1 in the regulation of phgdh in estrogen receptor-positive breast cancer. Lab Invest. (2023) 103:100002. doi: 10.1016/j.labinv.2022.100002

91. Zhao, H, Langerod, A, Ji, Y, Nowels, KW, Nesland, JM, Tibshirani, R, et al. Different gene expression patterns in invasive lobular and ductal carcinomas of the breast. Mol Biol Cell. (2004) 15:2523–36. doi: 10.1091/mbc.e03-11-0786

92. Richardson, AL, Wang, ZC, De Nicolo, A, Lu, X, Brown, M, Miron, A, et al. X chromosomal abnormalities in basal-like human breast cancer. Cancer Cell. (2006) 9:121–32. doi: 10.1016/j.ccr.2006.01.013

93. Ahuja, N, Ashok, C, Natua, S, Pant, D, Cherian, A, Pandkar, MR, et al. Hypoxia-induced tgf-beta-rbfox2-esrp1 axis regulates human mena alternative splicing and promotes emt in breast cancer. NAR Cancer. (2020) 2:zcaa021. doi: 10.1093/narcan/zcaa021

94. Kikuchi, M, Yamashita, K, Waraya, M, Minatani, N, Ushiku, H, Kojo, K, et al. Epigenetic regulation of zeb1-rab25/esrp1 axis plays a critical role in phenylbutyrate treatment-resistant breast cancer. Oncotarget. (2016) 7:1741–53. doi: 10.18632/oncotarget.6480

95. Floor, S, van Staveren, WC, Larsimont, D, Dumont, JE, and Maenhaut, C. Cancer cells in epithelial-to-mesenchymal transition and tumor-propagating-cancer stem cells: distinct, overlapping or same populations. Oncogene. (2011) 30:4609–21. doi: 10.1038/onc.2011.184

96. Brabletz, S, and Brabletz, T. The zeb/mir-200 feedback loop–a motor of cellular plasticity in development and cancer? EMBO Rep. (2010) 11:670–7. doi: 10.1038/embor.2010.117

97. Korpal, M, Ell, BJ, Buffa, FM, Ibrahim, T, Blanco, MA, Celia-Terrassa, T, et al. Direct targeting of sec23a by mir-200s influences cancer cell secretome and promotes metastatic colonization. Nat Med. (2011) 17:1101–8. doi: 10.1038/nm.2401

98. Polyak, K, and Weinberg, RA. Transitions between epithelial and mesenchymal states: acquisition of Malignant and stem cell traits. Nat Rev Cancer. (2009) 9:265–73. doi: 10.1038/nrc2620

99. Shipitsin, M, Campbell, LL, Argani, P, Weremowicz, S, Bloushtain-Qimron, N, Yao, J, et al. Molecular definition of breast tumor heterogeneity. Cancer Cell. (2007) 11:259–73. doi: 10.1016/j.ccr.2007.01.013

100. Preca, BT, Bajdak, K, Mock, K, Lehmann, W, Sundararajan, V, Bronsert, P, et al. A novel zeb1/has2 positive feedback loop promotes emt in breast cancer. Oncotarget. (2017) 8:11530–43. doi: 10.18632/oncotarget.14563

101. Brown, RL, Reinke, LM, Damerow, MS, Perez, D, Chodosh, LA, Yang, J, et al. Cd44 splice isoform switching in human and mouse epithelium is essential for epithelial-mesenchymal transition and breast cancer progression. J Clin Invest. (2011) 121:1064–74. doi: 10.1172/JCI44540

102. Zeng, Q, Nie, X, Li, L, Liu, HF, Peng, YY, Zhou, WT, et al. Salidroside promotes sensitization to doxorubicin in human cancer cells by affecting the pi3k/akt/hif signal pathway and inhibiting the expression of tumor-resistance-related proteins. J Nat Prod. (2022) 85:196–204. doi: 10.1021/acs.jnatprod.1c00950

103. Lee, S, Sears, MJ, Zhang, Z, Li, H, Salhab, I, Krebs, P, et al. Cleft lip and cleft palate in esrp1 knockout mice is associated with alterations in epithelial-mesenchymal crosstalk. Development. (2020) 147(21):dev187369. doi: 10.1242/dev.187369

104. Wang, SW, Gao, C, Zheng, YM, Yi, L, Lu, JC, Huang, XY, et al. Current applications and future perspective of crispr/cas9 gene editing in cancer. Mol Cancer. (2022) 21:57. doi: 10.1186/s12943-022-01518-8




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wang, Zhang, Zhao, Yuan, Zhao, Liu, Ji and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of ESRP1 in solid tumor development through the regulation of CD44 splicing and EMT processes

      

        		

          1 Introduction

        



        		

          2 The role of ESRP1 in cancer development and progression

        

          		

            2.1 Role of ESRP in cancer development

          



          		

            2.2 ESRP1 as a key regulator in invasion and metastasis

          



          		

            2.3 ESRP1 as a key regulator in tumorigenesis

          



          		

            2.4 ESRP1 as a key regulator in EMT

          



        



        



        		

          3 The role of ESRP1 in various types of cancer

        

          		

            3.1 ESRP1 in lung cancer

          



          		

            3.2 ESRP1 in gastric cancer

          



          		

            3.3 ESRP1 in clear cell renal cell carcinoma

          



          		

            3.4 ESRP1 in malignant melanoma

          



          		

            3.5 ESRP1 in oral squamous cell carcinoma

          



          		

            3.6 ESRP1 in breast cancer

          



        



        



        		

          4 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-15-1451130-g002.jpg
esssse Ligand-binding region

CD44v

CD44 Gene structure

A

s Standard stem region

™ CP

Extracelluar Domain

essmme Transmembrane region (TM)
Cytoplasmic region (CP)

essss» Variant stem region
Outer cell membrane

Inner cell membrane

™
o
[ &-
[<}]
-
[ @2
=
N~
-~
©
01
=
> @ 2
o
> @ 3
o]
v.mwm
-~ o~ |2
G k4
©
V.HR
o
2, 2=
I v~ |'®
< 9
> 0 0O | =
o ! S
>, ©
o~
>~
S X
0
<
(2]
o~
~—
©
“m & $ 3
0 x <
1] o 0
o O

vl v2 v3 v4 v5 v6 v7 v8 v9 v10

1 2 3 45 67 8 910 11121314 151617 1819 20

c
)
>
@
14
L
S
.w
©
>






OEBPS/Images/fonc-15-1451130-g003.jpg
— e — — — — — — — — — — — — o — — e — S o— —— om— om—— —

Primary tumor Proliferation/Angiogenesis Migration/Invasion

Oral Cavity

Lun CP 060
: o (@ =L - B
Kidey Stomach g avasation  Adhesion Intravasation Cell Cylce

" 2 Nuclear Couapse

Epithelial Cells Mesonchymal Cells O ) D

Apoptosis body





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2025.1451130_cover.jpg
& frontiers | Frontiers in Oncology

The role of ESRP1 in solid tumor
development through the regulation of
CD44 splicing and EMT processes





OEBPS/Images/table1.jpg
ADC (Adenocarcinoma)

SCLC (Small cell lung cancer)

GC (Gastric cancer)

ccRCC (Clear cell renal cell carcinoma)

CMM (Cutaneous malignant melanoma)

OSCC (Oral squamous cell carcinoma)

BC (Breast cancer)

The function of ESRP1

ESRP1 overexpression is negatively correlated with metastasis, tumor size, and clinical Stage in
ADC patients.

ESRP1 upregulates ISG15 via CREB, suppressing EMT and further inhibiting ADC progression.

ESRP1 suppresses TGF-B/Smad signaling by regulating CARMI splicing, reversing
chemoresistance in SCLC and enhancing its chemosensitivity.

ESRP1 binds to IncRNA CCAT2, which regulates CD44 splicing, promoting the transition from
standard CD44 to CD44v6 and facilitating gastric cancer progression.

Copy number gains in chromosome regions 822 (including ESRP1 and CCNE2),8q24
(including MYC and TNFRSF11B), and 20q11-q13 (including SRC, MMP9, and CSELL) are
associated with poorer survival in patients.

LRRFIP2 expression is higher in high ESRP1-expressing cell lines, while LRRFIP variant 3 is
higher in low ESRP1-expressing cell lines, determining gastric cancer cell metastasis via
differential protein interaction with methyltransferase CARM1.

CircAKT3 competitively binds to miR-296-3p, leading to the upregulation of E-cadherin and
suppression of ccRCC metastasis.

ESRP1 suppresses ccRCC cell proliferation and migration by participating in the biological
formation of circ-TNPO3,

Overexpression of circESRP1 suppresses ccRCC progression in vivo and in vitro through the
CircESRP1/miR-3942/CTCF axis-mediated downregulation of the ¢-Myc and EMT pathway.

Hyaluronic acid (HA) activation of CD44 enhances the migration of melanoma and other
tumor cells.

Overexpression of CD44v promotes tumor progression.
(CD44v6 overexpression enhances melanoma brain metastasis cell migration.

ESRP! significantly inhibits the growth of tamoxifen-resistant cells by affecting kinase
metabolism involved in mitosis, cell cycle, and proliferation, altering epithelial-mesenchymal
transition protein markers.

CircRNA_100290 is upregulated in OSCC tissues, promoting OSCC progression through the
circRNA 100290/miR-29b/CDK6 Axis.

The cirhrf1/miR526b-5p/c-Myc/TGF-B1/ESRP1 pathway indicates ESRP1 promotes OSCC
EMT progression.

ZEB1/2 promotes OSCC cell invasion by suppressing ESRP1 and ESRP2-mediated selective
splicing and isoform conversion of FGERs.

ESRP1 promotes tumor progression in ER+ breast cancer cells by regulating genes involved in
fatty acid/lipid metabolism and oxidative reduction processes.

Hypoxia-driven ESRP1 deletion induces skipping of hMENA exon 11a, producing the pro-
migratory isoform hMENAAI 1a, which promotes breast cancer EMT through the TGE-
RBFOX2-ESRP1 axis.

Hypoxia-driven ESRP1 deletion induces skipping of hMENA Exon 11a, producing the pro-
migratory isoform hMENAA11a, which promotes breast cancer EMT through the TGF-
RBFOX2-ESRP1 axis.
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