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Vestigial-like family (VGLL) members are mammalian orthologs of vestigial gene in Drosophila, and they consist of four homologs (VGLL1–4). VGLL members have TDU motifs that are binding regions to TEA/ATSS-DNA-binding domain transcription factor (TEAD). Through TDU motifs, VGLL members act as transcriptional cofactors for TEAD. VGLL1-3 have single TDU motif, whereas VGLL4 has two tandem TDU motifs, suggesting that VGLL4 has distinct molecular functions among this family. Although molecular and physiological functions of VGLL members are still obscure, emerging evidence has shown that these members are involved in tumor development. Gene alterations and elevated expression of VGLL1-3 were observed in various types of tumors, and VGLL1-3 have been shown to possess tumorigenic functions. In contrast, down-regulation of VGLL4 was detected in various tumors, and the tumor-suppressing role of VGLL4 has been demonstrated. In this review, we summarize the recently identified multiple roles of VGLL members in tumor development and provide important and novel insights regarding tumorigenesis.
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INTRODUCTION

Vestigial-like family (VGLL) is composed of four homologous members (VGLL1, 2, 3, and 4) in mammals (1, 2). VGLL genes are orthologs of vestigial (vg) which was primarily identified as a gene required for wing development in Drosophila (3, 4). Vg binds to the product of scalloped (sd), which belongs to a conserved transcription factor family having a TEA/ATSS-DNA-binding domain (TEAD). It lacks DNA-binding domains and binds to DNA as a Vg-Sd protein complex. Vg acts as a cofactor for Sd, and Vg-Sd complex regulates the expression of genes involved in wing development (5). Furthermore, Vg has a short motif comprising ~26 amino acids, which is required and sufficient for its association with Sd. This motif is conserved in mammalian VGLL members (1, 2). VGLL1 was the first isolated mammalian VGLL member with structural and functional similarity to Vg (6). VGLL1 was originally named TONDU (TDU), and therefore the motif in VGLL members required for association with TEAD is known as the TDU motif. VGLL1-3 have a single TDU motif, whereas VGLL4 has two separated TDU motifs (Figure 1A), suggesting that VGLL1-3 and VGLL4 have distinct molecular functions (1, 2).
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FIGURE 1. Multiple roles of VGLL members in tumor development. (A) Schematic representations of VGLL family proteins. Domain architecture is based on (7). CDK1-mediated phosphorylation sites (8) and a p300-mediated acetylation site (9) are shown on the VGLL4 structure. TDU, Tondu motif. (B) Overexpression of VGLL1 promotes anchorage-independent growth of prostate tumor cell lines through the induction of IGFBP5. VGLL1 expression was increased by the PI3K-AKT-β-catenin pathway and induced metastasis via MMP9 expression in gastric tumor. VGLL1 was induced by HPV infection, and VGLL1 contributed to HPV early gene expression. Estrogen receptor (ER) repressed VGLL1 expression in breast tumor. (C) VGLL2 fusion genes (VGLL2-CITED2 and VGLL2-NCOA2) were identified in pediatric spindle and sclerosing rhabdomyosarcoma. Although the tumorigenicity of these genes is obscure, it has been suggested that these genes affect gene expression signatures in tumor. (D) VGLL3 gene amplification was detected in myxoinflammatory fibroblastic sarcoma and soft tissue sarcoma, and VGLL3 was involved in the proliferation of sarcoma cells. VGLL3 expression showed positive correlation with poor prognosis in gastric tumor patients, and the activation of MAPK, JAK-STAT, WNT pathways as well as enhanced immune infiltrates were observed in VGLL3-high tumor. VGLL3 expression was induced by TGF-β-stimulation in a histone-modification dependent manner. (E) VGLL4 as a tumor suppressor through competition with YAP/TAZ for TEAD-binding in various tumors. Inactivation of VGLL4 was caused by microRNA-mediated gene silencing or CDK1-mediated phosphorylation. USP11 stabilized VGLL4 and enhanced its tumor-suppressing role. IRF2BP2 had both positive and negative effects on VGLL4. TCF4, STAT3, β-catenin, and cIAPs are also targets of VGLL4-mediated suppression.


Mammalian TEAD family consist of four homologs (TEAD1, 2, 3, and 4). Studies so far have revealed that the dysregulation of TEAD activity causes tumorigenesis (10–12). TEAD activity is controlled by the Hippo tumor-suppressor pathway. The main targets of the Hippo pathway are two homologous transcriptional cofactors for TEAD: Yes-associated protein (YAP) and transcriptional cofactor with PDZ-binding motif (TAZ) (13, 14). The Hippo pathway promotes protein degradation and nuclear export of YAP/TAZ through phosphorylation by protein kinases large tumor suppressor 1/2 (LATS1/2) (15). YAP/TAZ-TEAD complex promotes the expression of genes involved in cell growth, and disruption in the Hippo pathway causes aberrant activation of this complex and thereby induces tumor development (10–12).

Given that VGLL is a cofactor family for TEAD, VGLL members are likely to be involved in tumorigenesis (16, 17). Emerging evidence has revealed that these proteins have both promoting and suppressive roles in tumor development. The aim of this review is to summarize the multiple roles of VGLL members in tumor development (Table 1).


Table 1. Summary of the involvement of VGLL members in various types of tumors.
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VGLL1 IS INVOLVED IN TUMOR PROGRESSION

VGLL1 (TONDU) was the first identified human ortholog of Vg which could substitute for Vg in wing formation in Drosophila (6). The structural analysis of VGLL1-TEAD4 complex revealed that VGLL1 interacts with the surface of TEAD that overlap with YAP/TAZ-binding sites despite having a varied primary sequence and that VGLL1 competes with YAP/TAZ for TEAD binding (22). VGLL1 was detected in human prostate tumor cell lines PC3 and LnCAP, and stable expression of VGLL1 enhanced anchorage-independent growth on soft agar. VGLL1-expressing cells showed enhanced expression of insulin-like growth factor binding protein-5 (IGFBP5), a cell growth-promoting gene, whereas this enhancement was not observed with the overexpression of TAZ. Importantly, anchorage-independent growth or IGFBP5 expression was not induced by stable expression of the VGLL1 mutant lacking TEAD-binding ability, suggesting that VGLL1 depends on TEAD for its oncogenic activity (22).

Recently, EWSR1-VGLL1 fusion genes were found in a soft tissue malignant myoepithelial tumor and a pediatric neuroepithelial neoplasm (21, 23). In each case, the fusion gene encodes a protein where the N-terminal transactivation domain of EWSR1 is fused to the full-length VGLL1. Although the exact oncogenic effect of EWSR1-VGLL1 is still obscure, given the oncogenic roles of EWSR1 fusion genes, such as EWSR1-FLI1 and EWSR1-ERG, in Ewing sarcoma (47), EWSR1-VGLL1 likely has a potential to act as an oncogene.

The expression of VGLL1 was detected in fetal human lung and kidney (6). The analysis of VGLL1 expression in human breast tumor revealed that increased expression of VGLL1 is often detected in malignant types of breast tumor (triple negative and basal-like) and that VGLL1 expression is associated with reduced overall survival. It has been suggested that the modulation of estrogen receptor (ER) is involved in increased VGLL1 expression (18). Increased expression of VGLL1 has also been reported in gastric tumor, and its correlation with phosphatidylinositol-3-phosphate kinases (PI3K)/AKT/β-catenin signaling has also been demonstrated. VGLL1 is required for gastric tumor cell growth and metastasis, and matrix metalloprotease 9 (MMP9) has been suggested to be a target of VGLL1-TEAD4 complex (20).

Because TEAD1 activates the early promoter of human papillomavirus (HPV), a causative agent for cervical tumor, the contribution of VGLL1 to HPV early gene expression was recently investigated (19). The knockdown of VGLL1 reduced viral early gene expression in human cervical keratinocytes and cervical cancer cell lines. VGLL1 bound the HPV16 long control region (LCR) as a VGLL1-TEAD1 complex. The introduction of HPV16 and HPV18 whole-genomes into primary human keratinocytes increased VGLL1 expression. The results of these studies suggested that the VGLL1-TEAD1 complex support efficient transcription of HPV early genes, following cervical tumor development (Figure 1B).



VGLL2 IS A TARGET OF GENE ALTERATION IN SARCOMA

VGLL2, also known as vestigial and TONDU related (VITO)-1, was identified as a VGLL1 homolog specifically expressed in the skeletal muscle lineage (48, 49). VGLL2 association with TEAD1 and VGLL2 overexpression enhanced the induction of myosin heavy chain, a marker of terminal differentiation of muscle. VGLL2-knockout mice showed an increased number of fast-twich type IIb fibers and a down-regulation of slow type I myosin heavy chain gene. These knockout mice exhibited exercise intolerance, suggesting that VGLL2 is involved in the differentiation of the muscle (50, 51).

Two kinds of VGLL2-fusion genes, VGLL2-CITED2 and VGLL2-NCOA2, were identified in pediatric spindle and sclerosing rhabdomyosarcoma (SRMS) (24). SRMS is a type of muscle tumor that occurs in very young children. Each VGLL2-fusion gene encodes a protein where the C-terminal region of VGLL2 was replaced by CITED2 or NCOA2 gene product. Sarcomas harboring VGLL2-fusion genes shared similar gene expression signatures (52), suggesting that the common region of these fusion genes, namely VGLL2, plays an important role in the development of sarcoma. The analyses of the molecular roles of VGLL2-fusion genes are required to evaluate their significance in sarcoma development (Figure 1C).



VGLL3 IS INVOLVED IN BOTH TUMOR DEVELOPMENT AND SUPPRESSION

VGLL3 was found as a VGLL1 homolog predominantly expressed in the placenta (48). VGLL3 was also identified as VITO-2, which shares a high homology with VITO-1 and is mainly expressed in the myogenic lineage during early mouse embryonic development (53). In adult mice, VGLL3 was detected in various tissues, including the skeletal muscle, heart, kidney, liver, and brain (53). Mammalian two-hybrid assays showed the association between VGLL3 and TEAD1 (54). RNA interference-mediated VGLL3 knockdown suppressed myoblast proliferation, and VGLL3 overexpression strongly promoted myogenic differentiation (55). These observations suggested that VGLL3-TEAD1 complex regulates the differentiation of various types of cells, including muscles.

Similarly to VGLL2, VGLL3 gene alterations were identified in sarcoma. VGLL3 gene amplification and overexpression were found in myxoinflammatory fibroblastic sarcoma and soft tissue sarcoma (27, 29). Knockdown experiments showed that VGLL3 is required for proliferation in a soft tissue sarcoma-derived cell line (29). Recent deep sequencing of myxoinflammatory fibroblastic sarcoma demonstrated that VGLL3 amplification is a highly recurrent feature of this type of sarcoma (56).

In addition to sarcoma, VGLL3 expression was found to be positively correlated with accelerated grade and poor prognosis in gastric tumor (26). VGLL3-high gastric tumor showed the activation of the MAPK, JAK-STAT, and WNT pathways together with enhanced immune infiltrates (57). These features in VGLL3-high tumors may reflect the proinflammatory functions of VGLL3 which were found in VGLL3-overexpressing mice (58). Transforming growth factor-β (TGF-β) induced VGLL3 expression in a histone modification-dependent manner (59). Therefore, VGLL3 may be involved in TGF-β-related cell responses, such as epithelial-to-mesenchymal transition (EMT), in VGLL3-amplified or -high tumor cells (Figure 1D).

Recently, VGLL3 was found to promote proliferation of breast tumor and sarcoma cells by inducing LATS2 expression and Hippo pathway activation, suggesting that the Hippo pathway promotes tumor cell proliferation through inhibition of YAP/TAZ in the presence of VGLL3 (25). Notably, YAP/TAZ are known to function as a tumor suppressor via a cell-autonomous mechanism (60–62) and a non-cell-autonomous mechanism (63). Therefore, relationship between VGLL3-dependent cell growth and the tumor suppressive role of YAP/TAZ needs to be evaluated.

The tumor suppressor role of VGLL3 was also suggested in ovarian tumor. The transfer of a chromosome 3 fragment containing VGLL3 gene suppressed tumor phenotypes in the ovarian tumor cell line OV90 (28). VGLL3 expression in parental OV90 cells was undetectable, and the transfer of the chromosome fragment rescued VGLL3 expression and repressed tumorigenicity, suggesting that VGLL3 is a tumor suppressor gene (64). However, VGLL3 single gene transfer did not cause significant reduction in the proliferation of OV90 cells in vitro and in vivo (65). The concept of the tumor-suppressing role of VGLL3 needs more evaluation.



VGLL4 IS A TUMOR SUPPRESSOR IN VARIOUS TYPES OF TUMOR

VGLL4 is the only member of VGLL expressed in the heart (66). Unlike other members of VGLL that have a single TDU motif, VGLL4 has two tandem TDU motifs in its C-terminal region. VGLL4 association with TEAD1 and the overexpression of VGLL4 in cardiac myocytes repressed TEAD1-dependent skeletal α-actin promoter activity, suggesting that VGLL4 is a negative regulator of TEAD1 (66).

Consistent with this repressive effect of VGLL4 on TEAD activity, VGLL4 is recognized as a tumor suppressor gene (67). The tumor-suppressing role of VGLL4 was first observed in the transposon Sleeping Beauty-mediated mutagenesis in murine Kras-driven pancreatic adenocarcinoma models (46). The reduction in VGLL4 expression was observed in human lung tumor, and VGLL4 expression repressed the proliferation of lung tumor cells via the suppression of TEAD transcriptional activities (42). VGLL4 was down-regulated in esophageal squamous cell carcinoma, which led to increased cell growth and motility through the induction of the expression of connective tissue growth factor (CTGF) (35). Low expression of VGLL4 positively correlated with poor prognosis of gastric tumor patients, and reduction in VGLL4 expression increased YAP-mediated TEAD activity and gastric tumor cell growth (36, 37). Mechanistically, VGLL4 directly competed with YAP for TEAD binding. Structural and biochemical analyses revealed that the tandem TDU motifs in VGLL4 are not only essential but also sufficient for its suppressive role on YAP (36). VGLL4 repressed the proliferation of breast tumor cells via the inhibition of YAP-mediated gene induction, and high expression of VGLL4 correlated with poor prognosis of breast tumor patients (31).

Although the tumor-suppressing roles of VGLL4 mostly depend on competition with YAP for TEAD binding, VGLL4 also acts as a tumor suppressor in a YAP-independent manner. VGLL4 bound and inhibited cellular inhibitor of apoptosis proteins (cIAPs) and consequently promoted apoptotic cell death (32). VGLL4 associates with T-cell factor 4 (TCF4), a transcription factor in WNT/β-catenin signaling, and interferes with the formation of TCF4-TEAD4 complex. This VGLL4-mediated inhibition of TCF4-TEAD4 formation repressed WNT/β-catenin signaling and colorectal cancer progression (34). VGLL4 also suppresses EMT in gastric tumors by inhibiting WNT/β-catenin signaling via repression of the nuclear accumulation of β-catenin and activation of TCF/LEF target genes (37, 67). STAT3, a transcription factor in JAK-STAT signaling, was another target of VGLL4, and binding of VGLL4 to STAT3 repressed its transcriptional activity and cell growth in triple-negative breast cancer (33).

What are the molecular mechanisms of VGLL4 down-regulation in tumor cells? MicroRNAs are involved in VGLL4 repression. MiR-222 repressed VGLL4 expression and in turn activated YAP-TEAD signaling and cell growth in gastric tumor cells (39). MiR-130a, which is a direct target of YAP-TEAD complex, repressed VGLL4 expression and thereby amplified YAP-TEAD activity. This miR-130a-mediated repression of VGLL4 was involved in murine liver tumorigenesis and size control (45). MiR-301a-3p, which repressed VGLL4 expression, was enhanced in human hepatocellular carcinoma tissues and cell lines, and higher miR-301a-3p expression showed positive correlation with poor prognosis in tumor patients (40). MiR-130b was up-regulated in bladder tumor and promoted proliferation, migration, and invasion of bladder tumor cell lines via the repression of VGLL4 (30).

MicroRNA-independent mechanisms of VGLL4 repression in tumor have also been reported. Cyclin-dependent kinase1 (CDK1)-mediated phosphorylation suppressed the tumor-suppressing activity of VGLL4 (8). Serotonin 5-hydroxytryptamine could control YAP/VGLL4 balance and promote hepatocellular carcinoma progression (68). Hypoxic stress, which is a frequently observed characteristic in tumor, caused alternative splicing of VGLL4 gene in human breast tumor cells, and this alternative splicing was suggested to affect its tumor-suppressing role (69). Ubiquitin-specific protease 11 (USP11) deubiquitinated and stabilized VGLL4 proteins, and the inactivation of USP11 was suggested to be involved in the destabilization of VGLL4 in tumor cells (44).

Although interferon regulatory factor 2 binding protein 2 (IRF2BP2) was identified as a VGLL4 binding partner (70), the relationship between these proteins are complicated. IRF2BP2 stabilized VGLL4 protein and repressed tumor progression via the inactivation of YAP-TEAD4 complex in liver cancer (41). In contrast, IRF2BP2 repressed the suppressive role of VGLL4 on YAP-TEAD activation and promoted cell growth by inducing CTGF expression in gastric cancer (38). It has also been reported that IRF2BP2 and VGLL4 promote tumor growth through the induction of the immune checkpoint protein programmed cell death-ligand 1 (PD-L1) and immune evasion of tumor cells (43). Furthermore, VGLL4 was shown to act as a positive regulator for TEADs together with IRF2BP2 and promote expression of the angiogenic factor vascular endothelial growth factor A (VEGFA), suggesting that VGLL4 has a potential to activate TEADs in the presence of IRF2BP2 (70). The relationship between IRF2BP2 and VGLL4 is likely to be determined by cell context, and more detailed analyses are required (Figure 1E).



CONCLUSIONS

VGLL1 dysregulation was detected in various types of tumor; however, gene alterations in VGLL2 and VGLL3 were observed specifically in sarcoma. VGLL2 shares a high homology with VGLL3, and both genes are expressed in the myogenic lineage (53). Recent studies revealed that VGLL2 and VGLL3 are involved in the differentiation of muscle cells (51, 55). Therefore, the alterations of each gene are likely to affect proliferation and differentiation of stem cells in the myogenic lineage. VGLL2 and VGLL3 may be myogenic lineage-specific oncogenes (66), and this hypothesis should be evaluated in the future.

The inactivation of VGLL4 is involved in various types of tumors. VGLL4 expression has been observed in a wide range of tissues (66), and hence, it is likely to be a ubiquitously expressed tumor suppressor. Therefore, the transfer of VGLL4 into tumor cells may be an effective therapeutic method. Actually, adenovirus-mediated transfer of VGLL4 into hepatocellular carcinoma cells selectively killed the tumor cells through cell cycle arrest and apoptosis induction (71). On the basis of the structural and biochemical analyses of VGLL4-TEAD complex, Jiao and colleagues developed a VGLL4-mimicking peptide that acts as a YAP antagonist (36). The administration of this peptide significantly repressed YAP activation and gastric tumor growth, indicating that the targeting of YAP/TAZ-TEAD complex by the VGLL4-mimicking peptide is a promising therapeutic strategy for various tumors.

Because VGLL1-3 are suggested to be involved in tumor progression, its inactivation is required for tumor treatment. However, upstream signal transduction pathways controlling VGLL1-3 remain largely unknown. Post-transcriptional modifications (PTMs), such as protein phosphorylation, are key molecular mechanisms that regulate protein complex formation, subcellular localization, and stability. The PTMs of VGLL4 were reported (Figure 1A): CDK1 phosphorylates VGLL4 and lowers its affinity to TEADs (8), and the histone acetyltransferase p300 acetylates the lysine residue in the first TDU motif of VGLL4 and suppress its association with TEADs (9). Similarly to VGLL4, PTMs is likely to regulate binding of VGLL1-3 to TEADs. Identification of PTMs that control association of VGLL1-3 with TEADs and development of methods that could specifically repress this complex formation is required for tumor treatment.

In Xenopus laevis, VGLL3 binds to ETS-1, a transcription factor other than TEADs, and regulates trigeminal nerve formation and cranial neural crest migration (72). Given that ETS-1 plays an oncogenic role in various tumors (73) and that VGLL4 regulates transcription factors other than TEADs, it is reasonable to hypothesize that VGLL3 cooperates with ETS-1 as well as TEADs to promote tumorigenesis. Understanding of the whole picture of the binding targets of VGLL members might be helpful in understanding the complexity of the role of VGLL members in tumor development.

To estimate side-effects of molecular targeted therapies, understanding of the phenotypes of knockout mice is useful. Because VGLL4 knockout mice show severe defects in heart valve development and homeostasis (74), VGLL4-tageted drugs may have a risk to affect the development and homeostasis of heart. In contrast, VGLL2 or VGLL3 single knockout mice show only slight abnormalities in skeletal muscle (50, 51, 55). Therefore, VGLL2- or VGLL3-targeted drugs may be preferable medications for tumors with low risk of side-effects.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



FUNDING

This work was supported in part by grants-in-aid for Challenging Research (Exploratory) (grant number 19K22482) from the Japanese Ministry of Education, Culture, Sports, Science and Technology, Takeda Science Foundation, and Foundation for Promotion of Cancer Research in Japan.



REFERENCES

 1. Faucheux C, Naye F, Treguer K, Fedou S, Thiebaud P, Theze N. Vestigial like gene family expression in Xenopus: common and divergent features with other vertebrates. Int J Dev Biol. (2010) 54:1375–82. doi: 10.1387/ijdb.103080cf

 2. Simon E, Faucheux C, Zider A, Theze N, Thiebaud P. From vestigial to vestigial-like: the Drosophila gene that has taken wing. Dev Genes Evol. (2016) 226:297–315. doi: 10.1007/s00427-016-0546-3

 3. Halder G, Polaczyk P, Kraus ME, Hudson A, Kim J, Laughon A, et al. The vestigial and scalloped proteins act together to directly regulate wing-specific gene expression in Drosophila. Genes Dev. (1998) 12:3900–9. doi: 10.1101/gad.12.24.3900

 4. Paumard-Rigal S, Zider A, Vaudin P, Silber J. Specific interactions between vestigial and scalloped are required to promote wing tissue proliferation in Drosophila melanogaster. Dev Genes Evol. (1998) 208:440–6. doi: 10.1007/s004270050201

 5. Simmonds AJ, Liu X, Soanes KH, Krause HM, Irvine KD, Bell JB. Molecular interactions between vestigial and scalloped promote wing formation in Drosophila. Genes Dev. (1998) 12:3815–20. doi: 10.1101/gad.12.24.3815

 6. Vaudin P, Delanoue R, Davidson I, Silber J, Zider A. TONDU (TDU), a novel human protein related to the product of vestigial (vg) gene of Drosophila melanogaster interacts with vertebrate TEF factors and substitutes for Vg function in wing formation. Development. (1999) 126:4807–16.

 7. Gibault F, Sturbaut M, Bailly F, Melnyk P, Cotelle P. Targeting transcriptional enhanced associate domains. (TEADs). J Med Chem. (2018) 61:5057–72. doi: 10.1021/acs.jmedchem.7b00879

 8. Zeng Y, Stauffer S, Zhou J, Chen X, Chen Y, Dong J. Cyclin-dependent kinase 1. (CDK1)-mediated mitotic phosphorylation of the transcriptional co-repressor Vgll4 inhibits its tumor-suppressing activity. J Biol Chem. (2017) 292:15028–38. doi: 10.1074/jbc.M117.796284

 9. Lin Z, Guo H, Cao Y, Zohrabian S, Zhou P, Ma Q, et al. Acetylation of VGLL4 regulates Hippo-YAP signaling and postnatal cardiac growth. Dev Cell. (2016) 39:466–79. doi: 10.1016/j.devcel.2016.09.005

 10. Lin KC, Park HW, Guan KL. Regulation of the hippo pathway transcription factor TEAD. Trends Biochem Sci. (2017) 42:862–72. doi: 10.1016/j.tibs.2017.09.003

 11. Calses PC, Crawford JJ, Lill JR, Dey A. Hippo pathway in cancer: aberrant regulation and therapeutic opportunities. Trends Cancer. (2019) 5:297–307. doi: 10.1016/j.trecan.2019.04.001

 12. Zheng Y, Pan D. The hippo signaling pathway in development and disease. Dev Cell. (2019) 50:264–82. doi: 10.1016/j.devcel.2019.06.003

 13. Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo signaling pathway coordinately regulates cell proliferation and apoptosis by inactivating Yorkie, the Drosophila Homolog of YAP. Cell. (2005) 122:421–34. doi: 10.1016/j.cell.2005.06.007

 14. Lei QY, Zhang H, Zhao B, Zha ZY, Bai F, Pei XH, et al. TAZ promotes cell proliferation and epithelial-mesenchymal transition and is inhibited by the hippo pathway. Mol Cell Biol. (2008) 28:2426–36. doi: 10.1128/MCB.01874-07

 15. Hao Y, Chun A, Cheung K, Rashidi B, Yang X. Tumor suppressor LATS1 is a negative regulator of oncogene YAP. J Biol Chem. (2008) 283:5496–509. doi: 10.1074/jbc.M709037200

 16. Pobbati AV, Hong W. Emerging roles of TEAD transcription factors and its coactivators in cancers. Cancer Biol Ther. (2013) 14:390–8. doi: 10.4161/cbt.23788

 17. Zhou Y, Huang T, Cheng AS, Yu J, Kang W, To KF. The TEAD family and its oncogenic role in promoting tumorigenesis. Int J Mol Sci. (2016) 17:138. doi: 10.3390/ijms17010138

 18. Castilla MA, Lopez-Garcia MA, Atienza MR, Rosa-Rosa JM, Diaz-Martin J, Pecero ML, et al. VGLL1 expression is associated with a triple-negative basal-like phenotype in breast cancer. Endocr Relat Cancer. (2014) 21:587–99. doi: 10.1530/ERC-13-0485

 19. Mori S, Takeuchi T, Ishii Y, Kukimoto I. The transcriptional cofactor VGLL1 drives transcription of human papillomavirus early genes via TEAD1. J Virol. (2020) 94:e01945-19. doi: 10.1128/JVI.01945-19

 20. Kim BK, Cheong JH, Im JY, Ban HS, Kim SK, Kang MJ, et al. PI3K/AKT/beta-catenin signaling regulates vestigial-like 1 which predicts poor prognosis and enhances malignant phenotype in gastric cancer. Cancers. (2019) 11:1923. doi: 10.3390/cancers11121923

 21. Kundishora AJ, Reeves BC, Nelson-Williams C, Hong CS, Gopal PP, Snuderl M, et al. Novel EWSR1-VGLL1 fusion in a pediatric neuroepithelial neoplasm. Clin Genet. (2020) 97:791–2. doi: 10.1111/cge.13703

 22. Pobbati AV, Chan SW, Lee I, Song H, Hong W. Structural and functional similarity between the Vgll1-TEAD and the YAP-TEAD complexes. Structure. (2012) 20:1135–40. doi: 10.1016/j.str.2012.04.004

 23. Komatsu M, Kawamoto T, Kanzawa M, Kawakami Y, Hara H, Akisue T, et al. A novel EWSR1-VGLL1 gene fusion in a soft tissue malignant myoepithelial tumor. Genes Chromosomes Cancer. (2020) 59:249–54. doi: 10.1002/gcc.22823

 24. Alaggio R, Zhang L, Sung YS, Huang SC, Chen CL, Bisogno G, et al. A molecular study of pediatric spindle and sclerosing rhabdomyosarcoma: identification of novel and recurrent VGLL2-related fusions in infantile cases. Am J Surg Pathol. (2016) 40:224–35. doi: 10.1097/PAS.0000000000000538

 25. Hori N, Okada K, Takakura Y, Takano H, Yamaguchi N, Yamaguchi N. Vestigial-like family member 3. (VGLL3), a cofactor for TEAD transcription factors, promotes cancer cell proliferation by activating the Hippo pathway. J Biol Chem. (2020) 295:8798–807. doi: 10.1074/jbc.RA120.012781

 26. Zhang LH, Wang Z, Li LH, Liu YK, Jin LF, Qi XW, et al. Vestigial like family member 3 is a novel prognostic biomarker for gastric cancer. World J Clin Cases. (2019) 7:1954–63. doi: 10.12998/wjcc.v7.i15.1954

 27. Hallor KH, Sciot R, Staaf J, Heidenblad M, Rydholm A, Bauer HC, et al. Two genetic pathways, t(1;10) and amplification of 3p11-12, in myxoinflammatory fibroblastic sarcoma, haemosiderotic fibrolipomatous tumour, and morphologically similar lesions. J Pathol. (2009) 217:716–27. doi: 10.1002/path.2513

 28. Cody NA, Ouellet V, Manderson EN, Quinn MC, Filali-Mouhim A, Tellis P, et al. Transfer of chromosome 3 fragments suppresses tumorigenicity of an ovarian cancer cell line monoallelic for chromosome 3p. Oncogene. (2007) 26:618–32. doi: 10.1038/sj.onc.1209821

 29. Helias-Rodzewicz Z, Perot G, Chibon F, Ferreira C, Lagarde P, Terrier P, et al. YAP1 and VGLL3, encoding two cofactors of TEAD transcription factors, are amplified and overexpressed in a subset of soft tissue sarcomas. Genes Chromosomes Cancer. (2010) 49:1161–71. doi: 10.1002/gcc.20825

 30. Liu X, Kong C, Zhang Z. miR-130b promotes bladder cancer cell proliferation, migration and invasion by targeting VGLL4. Oncol Rep. (2018) 39:2324–32. doi: 10.3892/or.2018.6300

 31. Zhang Y, Shen H, Withers HG, Yang N, Denson KE, Mussell AL, et al. VGLL4 Selectively Represses YAP-Dependent Gene Induction and Tumorigenic Phenotypes in Breast Cancer. Sci Rep. (2017) 7:6190. doi: 10.1038/s41598-017-06227-7

 32. Jin HS, Park HS, Shin JH, Kim DH, Jun SH, Lee CJ, et al. A novel inhibitor of apoptosis protein. (IAP)-interacting protein, vestigial-like. (Vgl)-4, counteracts apoptosis-inhibitory function of IAPs by nuclear sequestration. Biochem Biophys Res Commun. (2011) 412:454–9. doi: 10.1016/j.bbrc.2011.07.117

 33. Song H, Luo Q, Deng X, Ji C, Li D, Munankarmy A, et al. VGLL4 interacts with STAT3 to function as a tumor suppressor in triple-negative breast cancer. Exp Mol Med. (2019) 51:1–13. doi: 10.1038/s12276-019-0338-8

 34. Jiao S, Li C, Hao Q, Miao H, Zhang L, Li L, et al. VGLL4 targets a TCF4-TEAD4 complex to coregulate wnt and hippo signalling in colorectal cancer. Nat Commun. (2017) 8:14058. doi: 10.1038/ncomms14058

 35. Jiang W, Yao F, He J, Lv B, Fang W, Zhu W, et al. Downregulation of VGLL4 in the progression of esophageal squamous cell carcinoma. Tumour Biol. (2015) 36:1289–97. doi: 10.1007/s13277-014-2701-7

 36. Jiao S, Wang H, Shi Z, Dong A, Zhang W, Song X, et al. A peptide mimicking VGLL4 function acts as a YAP antagonist therapy against gastric cancer. Cancer Cell. (2014) 25:166–80. doi: 10.1016/j.ccr.2014.01.010

 37. Li H, Wang Z, Zhang W, Qian K, Liao G, Xu W, et al. VGLL4 inhibits EMT in part through suppressing Wnt/beta-catenin signaling pathway in gastric cancer. Med Oncol. (2015) 32:83. doi: 10.1007/s12032-015-0539-5

 38. Yao Y, Wang Y, Li L, Xiang X, Li J, Chen J, et al. Down-regulation of interferon regulatory factor 2 binding protein 2 suppresses gastric cancer progression by negatively regulating connective tissue growth factor. J Cell Mol Med. (2019) 23:8076–89. doi: 10.1111/jcmm.14677

 39. Li N, Yu N, Wang J, Xi H, Lu W, Xu H, et al. miR-222/VGLL4/YAP-TEAD1 regulatory loop promotes proliferation and invasion of gastric cancer cells. Am J Cancer Res. (2015) 5:1158–68.

 40. Hu J, Ruan J, Liu X, Xiao C, Xiong J. MicroRNA-301a-3p suppressed the progression of hepatocellular carcinoma via targeting VGLL4. Pathol Res Pract. (2018) 214:2039–45. doi: 10.1016/j.prp.2018.09.008

 41. Feng X, Lu T, Li J, Yang R, Hu L, Ye Y, et al. The tumor suppressor interferon regulatory factor 2 binding protein 2 regulates hippo pathway in liver cancer by a feedback loop in mice. Hepatology. (2019) 71:1988–2004. doi: 10.1002/hep.30961

 42. Zhang W, Gao Y, Li P, Shi Z, Guo T, Li F, et al. VGLL4 functions as a new tumor suppressor in lung cancer by negatively regulating the YAP-TEAD transcriptional complex. Cell Res. (2014) 24:331–43. doi: 10.1038/cr.2014.10

 43. Wu A, Wu Q, Deng Y, Liu Y, Lu J, Liu L, et al. Loss of VGLL4 suppresses tumor PD-L1 expression and immune evasion. EMBO J. (2019) 38:e99506. doi: 10.15252/embj.201899506

 44. Zhang E, Shen B, Mu X, Qin Y, Zhang F, Liu Y, et al. Ubiquitin-specific protease 11. (USP11) functions as a tumor suppressor through deubiquitinating and stabilizing VGLL4 protein. Am J Cancer Res. (2016) 6:2901–9.

 45. Shen S, Guo X, Yan H, Lu Y, Ji X, Li L, et al. A miR-130a-YAP positive feedback loop promotes organ size and tumorigenesis. Cell Res. (2015) 25:997–1012. doi: 10.1038/cr.2015.98

 46. Mann KM, Ward JM, Yew CC, Kovochich A, Dawson DW, Black MA, et al. Sleeping Beauty mutagenesis reveals cooperating mutations and pathways in pancreatic adenocarcinoma. Proc Natl Acad Sci USA. (2012) 109:5934–41. doi: 10.1073/pnas.1202490109

 47. Fisher C. The diversity of soft tissue tumours with EWSR1 gene rearrangements: a review. Histopathology. (2014) 64:134–50. doi: 10.1111/his.12269

 48. Maeda T, Chapman DL, Stewart AF. Mammalian vestigial-like 2, a cofactor of TEF-1 and MEF2 transcription factors that promotes skeletal muscle differentiation. J Biol Chem. (2002) 277:48889–98. doi: 10.1074/jbc.M206858200

 49. Mielcarek M, Gunther S, Kruger M, Braun T. VITO-1, a novel vestigial related protein is predominantly expressed in the skeletal muscle lineage. Gene Expr Patterns. (2002) 2:305–10. doi: 10.1016/s0925-4773(02)00386-6

 50. Honda M, Hidaka K, Fukada SI, Sugawa R, Shirai M, Ikawa M, et al. Vestigial-like 2 contributes to normal muscle fiber type distribution in mice. Sci Rep. (2017) 7:7168. doi: 10.1038/s41598-017-07149-0

 51. Honda M, Tsuchimochi H, Hitachi K, Ohno S. Transcriptional cofactor Vgll2 is required for functional adaptations of skeletal muscle induced by chronic overload. J Cell Physiol. (2019) 234:15809–24. doi: 10.1002/jcp.28239

 52. Watson S, Perrin V, Guillemot D, Reynaud S, Coindre JM, Karanian M, et al. Transcriptomic definition of molecular subgroups of small round cell sarcomas. J Pathol. (2018) 245:29–40. doi: 10.1002/path.5053

 53. Mielcarek M, Piotrowska I, Schneider A, Gunther S, Braun T. VITO-2, a new SID domain protein, is expressed in the myogenic lineage during early mouse embryonic development. Gene Expr Patterns. (2009) 9:129–37. doi: 10.1016/j.gep.2008.12.002

 54. Kitagawa M. A sveinsson's chorioretinal atrophy-associated missense mutation in mouse Tead1 affects its interaction with the co-factors YAP and TAZ. Biochem Biophys Res Commun. (2007) 361:1022–6. doi: 10.1016/j.bbrc.2007.07.129

 55. Figeac N, Mohamed AD, Sun C, Schonfelder M, Matallanas D, Garcia-Munoz A, et al. VGLL3 operates via TEAD1, TEAD3 and TEAD4 to influence myogenesis in skeletal muscle. J Cell Sci. (2019) 132:jcs.225946. doi: 10.1242/jcs.225946

 56. Arbajian E, Hofvander J, Magnusson L, Mertens F. Deep sequencing of myxoinflammatory fibroblastic sarcoma. Genes Chromosomes Cancer. (2020) 59:309–17. doi: 10.1002/gcc.22832

 57. Zhang L, Li L, Mao Y, Hua D. VGLL3 is a prognostic biomarker and correlated with clinical pathologic features and immune infiltrates in stomach adenocarcinoma. Sci Rep. (2020) 10:1355. doi: 10.1038/s41598-020-58493-7

 58. Billi AC, Gharaee-Kermani M, Fullmer J, Tsoi LC, Hill BD, Gruszka D, et al. The female-biased factor VGLL3 drives cutaneous and systemic autoimmunity. JCI Insight. (2019) 4:e127291. doi: 10.1172/jci.insight.127291

 59. Tufegdzic Vidakovic A, Rueda OM, Vervoort SJ, Sati Batra A, Goldgraben MA, Uribe-Lewis S, et al. Context-specific effects of TGF-b/SMAD3 in cancer are modulated by the epigenome. Cell Rep. (2015) 13:2480–90. doi: 10.1016/j.celrep.2015.11.040

 60. Strano S, Monti O, Pediconi N, Baccarini A, Fontemaggi G, Lapi E, et al. The transcriptional coactivator Yes-associated protein drives p73 gene-target specificity in response to DNA damage. Mol Cell. (2005) 18:447–59. doi: 10.1016/j.molcel.2005.04.008

 61. Yuan M, Tomlinson V, Lara R, Holliday D, Chelala C, Harada T, et al. Yes-associated protein. (YAP) functions as a tumor suppressor in breast. Cell Death Differ. (2008) 15:1752–9. doi: 10.1038/cdd.2008.108

 62. Barry ER, Morikawa T, Butler BL, Shrestha K, de la Rosa R, Yan KS, et al. Restriction of intestinal stem cell expansion and the regenerative response by YAP. Nature. (2013) 493:106–10. doi: 10.1038/nature11693

 63. Moya IM, Castaldo SA, Van den Mooter L, Soheily S, Sansores-Garcia L, Jacobs J, et al. Peritumoral activation of the hippo pathway effectors YAP and TAZ suppresses liver cancer in mice. Science. (2019) 366:1029–34. doi: 10.1126/science.aaw9886

 64. Cody NA, Shen Z, Ripeau JS, Provencher DM, Mes-Masson AM, Chevrette M, et al. Characterization of the 3p12.3-pcen region associated with tumor suppression in a novel ovarian cancer cell line model genetically modified by chromosome 3 fragment transfer. Mol Carcinog. (2009) 48:1077–92. doi: 10.1002/mc.20535

 65. Gambaro K, Quinn MC, Wojnarowicz PM, Arcand SL, de Ladurantaye M, Barres V, et al. VGLL3 expression is associated with a tumor suppressor phenotype in epithelial ovarian cancer. Mol Oncol. (2013) 7:513–30. doi: 10.1016/j.molonc.2012.12.006

 66. Chen HH, Mullett SJ, Stewart AF. Vgl-4, a novel member of the vestigial-like family of transcription cofactors, regulates alpha1-adrenergic activation of gene expression in cardiac myocytes. J Biol Chem. (2004) 279:30800–6. doi: 10.1074/jbc.M400154200

 67. Deng X, Fang L. VGLL4 is a transcriptional cofactor acting as a novel tumor suppressor via interacting with TEADs. Am J Cancer Res. (2018) 8:932–43.

 68. Shu B, Zhai M, Miao X, He C, Deng C, Fang Y, et al. Serotonin and YAP/VGLL4 balance correlated with progression and poor prognosis of hepatocellular carcinoma. Sci Rep. (2018) 8:9739. doi: 10.1038/s41598-018-28075-9

 69. Han J, Li J, Ho JC, Chia GS, Kato H, Jha S, et al. Hypoxia is a key driver of alternative splicing in human breast cancer cells. Sci Rep. (2017) 7:4108. doi: 10.1038/s41598-017-04333-0

 70. Teng AC, Kuraitis D, Deeke SA, Ahmadi A, Dugan SG, Cheng BL, et al. IRF2BP2 is a skeletal and cardiac muscle-enriched ischemia-inducible activator of VEGFA expression. FASEB J. (2010) 24:4825–34. doi: 10.1096/fj.10-167049

 71. Xie W, Hao J, Zhang K, Fang X, Liu X. Adenovirus armed with VGLL4 selectively kills hepatocellular carcinoma with G2/M phase arrest and apoptosis promotion. Biochem Biophys Res Commun. (2018) 503:2758–63. doi: 10.1016/j.bbrc.2018.08.036

 72. Simon E, Theze N, Fedou S, Thiebaud P, Faucheux C. Vestigial-like 3 is a novel Ets1 interacting partner and regulates trigeminal nerve formation and cranial neural crest migration. Biol Open. (2017) 6:1528–40. doi: 10.1242/bio.026153

 73. Sizemore GM, Pitarresi JR, Balakrishnan S, Ostrowski MC. The ETS family of oncogenic transcription factors in solid tumours. Nat Rev Cancer. (2017) 17:337–51. doi: 10.1038/nrc.2017.20

 74. Yu W, Ma X, Xu J, Heumuller AW, Fei Z, Feng X, et al. VGLL4 plays a critical role in heart valve development and homeostasis. PLoS Genet. (2019) 15:e1007977. doi: 10.1371/journal.pgen.1007977

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yamaguchi. 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.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multiple Roles of Vestigial-Like Family Members in Tumor Development



		Introduction



		VGLL1 Is Involved in Tumor Progression



		VGLL2 Is A Target of Gene Alteration in SARCOMA



		VGLL3 Is Involved in Both Tumor Development and Suppression



		VGLL4 Is A Tumor Suppressor in Various Types of Tumor



		Conclusions



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

Multiple Roles of Vestigial-Like
Family Members in Tumor
Development





OPS/images/fonc-10-01266-g001.gif





OPS/images/fonc-10-01266-t001.jpg
VGLL1

VGLL2

VGLL3

VGLL4

Tumor types

Breast tumor
Cervical tumor
Gastric tumor

Pediatric neurospithelial neoplasm
Prostate tumor

Soft tissue malignant myoepithelial tumor
Pediatric spindle and sclerosing
thabdomyosarcoma

Breast tumor and sarcoma

Gastric tumor

Myxcinflammatory fibroblastic sarcoma
Ovarian tumor

Soft tissue sarcoma
Bladder tumor
Breast tumor
Breast tumor
Breast tumor
Colorectal tumor

Esophageal squamous cell carcinoma
Gastric tumor
Gastric tumor

Gastric tumor

Gastric tumor
Hepatocelular carcinoma
Liver tumor

Lung tumor

Lung tumor

Pancreatic tumor

Renal cell adenocarcinoma

Murine Liver tumor

Murine pancreatic adenocarcinoma

Effects on tumor

Association with reduced overall survival
Tumor development

Enhancement of cell proliferation and
metastasis

Oncogene?

Enhancement of anchorage-independent
growth

Oncogene?
Oncogene?

Enhancement of cell proliferation
Positive correlation with poor prognosis

Oncogene?
Tumor suppressor gene?

Enhancement of cell proliferation
Repression of cell prolferation and invasion
Repression of cell prolferation

Repression of cell survival

Repression of cell proliferation

Repression of cell prolferation

Repression of cell prolferation and motilty
Repression of cell proliferation
Repression of EMT

Repression of cell proliferation
Repression of cell prolferation

Negative corrilation with poor prognosis
Repression of cell prolferation
Repression of cell profferation
Induction of tumor immune vasion
Repression of cell profferation

Repression of cell proliferation and invasion

Tumorigenesis and size control
Tumor suppressor gene

Important feature

Increased expression of VGLL1
VGLL1-mediated HPV early gene expression

Positive correlation between VGLL1 and
PIBK/AKT/B-catenin signaling

EWSR1-VGLL1 fusion gene
VGLL1-mediated IGFBPS expression

EWSR1-VGLL1 fusion gene
VGLL2-CITED2 and VGLL2-NCOA?2 fusion
genes

Hippo pathway-dependent cell proliferation

Positive correlation between VGLL3 and
MAPK/JAK-STAT/WNT signaling

VGLL3 gene ampliication

Tumor suppressive role of chromosome
fragments containing VGLL3

VGLL3 gene amplfication
miR-130b-mediated VGLLA repression
VGLL4-mediated ilnhibition of YAP-TEADs
VGLL4-mediated inhibition of clAPs
VGLL4-mediated inhibition of STAT3

VGLL4-mediated inhibition of TCF4-TEAD4
and WNT/b-catenin signaling

'VGLL4-mediated inhibition of CTGF expression
VGLL4-mediated inhibition of YAP-TEADs

VGLL4-mediated inhibition of nuclear
accumulation of b-catenin

IRF2BP2-mediated repression of VGLL4
miR-222-mediated VGLLA repression
miR-301a-3p-mediated VGLL4 repression
IRF2BP2-mediated stabilization of VGLLA
VGLL4-mediated inhibition of YAP-TEADs
VGLL4-mediated PD-L1 expression

‘CDK1-mediated phosphorylation and inhibition
of VGLL4

USP11-mediated deubiquitination and
stabilization of VGLL4

miR-130a-mediated VGLL4 repression

Enhancement of tumor progression by VGLL4
inactivation

References

(18)
(19
(20

@1
@2

@3
(24

(@9)
(26)

@n
28

@9
80
@1
©2)
83)
84

©8)
86)
@7

©8)
©9)
(o)
@1
“2)
“3)
@©

“4

(“s)
(4e)









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





