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Abstract

Epidermal squamous cell carcinoma develops in response to ultraviolet light exposure and is 

among the most common cancers. The transglutaminase 2 cancer cell survival protein stimulates 

activity of the YAP1/TEAD transcription complex to drive expression of genes that promote 

aggressive epidermal squamous cell carcinoma cell invasion, migration and tumor formation. 

Therefore, we are interested in mechanisms that may inhibit these events. Vestigial-like protien-4 

(VGLL4) is a transcription cofactor/tumor suppressor that inhibits several pro-cancer pathways 

including YAP1 signaling. Our present studies show that VGLL4 inhibits YAP1/TEAD-dependent 

transcription to reduce expression of YAP1 target genes (CCND1, CYR61 and CTGF) and pro-

cancer collagen genes (COL1A2, COL3A1). We further show that loss of these YAP1 regulated 

genes is required for VGLL4 suppression of the cancer cell phenotype, as forced CCND1 or 

COL1A2 expression partially restores the aggressive cancer phenotype in VGLL4 expressing 

cells. Consistent with these findings, VGLL4 expression reduces tumor formation, and this is 

associated with reduced CCND1, CYR61, CTGF, COL1A2 and COL1A3 mRNA and protein 

level, and reduced EMT marker expression. These findings indicate that VGLL4 suppresses the 

malignant epidermal squamous cell carcinoma cancer phenotype by inhibiting YAP1/TEAD-

dependent pro-cancer signaling.
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Introduction

Epidermal squamous cell carcinoma (SCC) is an extremely common cancer that is caused by 

exposure to ultraviolet light 1. Treatment is by surgical removal of the primary tumor, but 

recurrence is common, and the recurring tumors are aggressive and therapy resistant 1. 

Cancer stem cells play a significant role in tumor formation, recurrence and metastasis in a 

host of cancers 2. We have characterized epidermal squamous cell carcinoma cancer stem 

cells (ECS cells) which express stem cell markers, form aggressive and highly vascularized 

tumors, and display enhanced migratory and invasive potential 3.

Transglutaminase 2 (TG2) is a multifunctional protein that is enriched in ECS cells and 

regulates a range of signaling pathways that maintain ECS cell and non-stem cancer cell 

survival 4–7. We are intersted in the role of TG2 in maintaining the cancer phenotype and 

have shown that it stimulates VEGF 8, NRP1 9, GIPC1/SYX/RhoA/p38 9, α6/β4-integrin 
10,11 and YAP1/TAZ 10 signaling. We have shown that TG2 is constitutively expressed in 

SCC cells where it interacts with α6/β4 integrin to stimulate FAK/Src signaling leading to 

PI3K activation of phosphoinositide-dependent kinase 1 (PDK1). PDK1, in turn, inhibits 

Hippo signaling to enhance nuclear YAP1 accumulation which stimulates epidermal 

squamous cell carcinoma spheroid formation, invasion, and migration 10. YAP1 complexes 

with TEAD transcription factors in the nucleus to activate transcription of pro-cancer 

survival genes 12. In the present study, we describe a mechanism that attenuates TG2-

dependent YAP1 signaling 10.

Vestigial-like protein-4 is an important tumor suppressor in a host of cancers that is 

regulated by various signaling cascades 13. Recent studies show that vestigial like protein-4 

(VGLL4) suppresses YAP1 function by competitive inhibition of YAP1/TEAD interaction 
14. VGLL4 binds to TEAD transcription factor via two TDU domains that interact with 

TEAD factors via the YAP binding domain. VGLL4 forms a VGLL4/TEAD complex that 

prohibits YAP1/TEAD complex formation thereby reducing YAP1/TEAD-dependent 

transcription 13. Reduced VGLL4 expression predicts poor survival in many cancers 

including lung, gastric, breast, colorectal, bladder, pancreatic and esophageal cancer 14. 

VGLL4 also negatively regulates Wnt/β-catenin signaling, suppresses epithelial-

mesenchymal transition and activates apoptosis 13,14.

Since VGLL4 suppresses YAP1/TEAD associated signaling in esophageal squamous cell 

carcinoma 15, we tested if VGLL4 regulates YAP1/TEAD signaling in epidermal squamous 

cell carcinoma. Our previous studies show that YAP1 stimulates SCC cell spheroid 

formation, invasion, migration and tumor formation 10. We show that these responses are 

attenuated by VGLL4 and that this is associated with reduced YAP1/TEAD-dependent 

transcription and reduced expression of YAP1 downstream target genes. Moreover, reduced 

target gene expression is required for VGLL4 action, as forced expression of these genes 

partially reverses VGLL4 suppression of the cancer phenotype. We further show that 

VGLL4 expression reduces tumor YAP1 levels, YAP1 target gene mRNA and protein 

expression, and EMT and that this is associated with reduced tumor formation. These 

findings suggest that VGLL4 suppresses the malignant cancer phenotype by inhibiting 

YAP1-dependent signaling.
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Materials and Methods

Reagents

Rabbit anti-VGLL4 (HPA038225), mouse anti-FLAG (F3165), mouse anti-TG2 (MAB3839) 

and mouse anti-β-actin (A5441) were obtained from Millipore Sigma (St. Louis, MO). 

Rabbit antibodies against YAP1 (4912S), YAP1-P (13008S), pan-TEAD (13295S), CTGF 

(10095S), CYR61 (39382S), Cyclin D1 (2922S), Cyclin D1-P (3300S), E-Cadherin (3195S), 

vimentin (5741S) and mouse anti-Snail (3895S) were obtained from Cell Signaling 

Technology (Danvers, MA). Rabbit anti-COL1A2 (ab96723), anti-Slug (ab27568) and anti-

Twist (ab49254) were from Abcam (Cambridge, MA). Mouse anti-Ezh2 (612667), anti-

fibronectin (610077) and anti-N-Cadherin (610920) were obtained from BD Transduction 

Laboratories (San Jose, CA). Rabbit anti-COL3A1 (GTX102997) was from GeneTex 

(Irvine, CA). pGL3-B-8xGTIIC plasmid (34615) was from Addgene (Watertown, MA). 

pCMV6-VGLL4-FLAG (RC200886), pCMV6-CCND1 (RC204957) and pCMV6-COL1A2 

(RC208484) were obtained from Origene (Rockville, MD). Control siRNA (sc-37007) was 

obtained from Santa Cruz Biotechnology (Dallas, TX) and siRNA targeting YAP1 

(S10662954, S10443867, S104438644, S104438367) was obtained from Qiagen 

(Germantown, MD). DAPI (D9542) was obtained from Sigma Aldrich (Milwaukee, WI). 

Millicell chambers (353097) and Matrigel (354234) were purchased from BD Biosciences 

(San Diego, CA). Fugene 6 (E2691) was from Promega (Madison, WI). G418 (11811) was 

from Invitrogen (Waltham, MA). The YAP1 signaling inhibitor, CA3 (CIL56) 16, was 

purchased from SelleckChem (Houston, TX). Peroxidase-conjugated sheep anti-mouse IgG 

(NA931V) and peroxidase-conjugated donkey anti-rabbit IgG (NA934V) secondary 

antibodies were purchased from GE Healthcare Systems (Chicago, IL). Statistical analysis 

used the student’s t-test of a minimum of triplicate repeats. Single asterisks indicate a 

significant reduction, p > 0.001 and double astersks indicate a significant increase, p > 

0.001.

Electroporation

Cells (1.2 million) were suspended in 100 μl of keratinocyte nucleofector reagent 

(VPD-1002, Lonza) containing 3 μg of plasmid. The cells were electroporated using the 

AMAXA nucleofector device on the T-018 setting 17 and the cells were permitted to recover 

in medium for 48 h before they were plated for use in biological assays (cell proliferation, 

spheroid formation, invasion, migration). For transient knockdown of targets, 1.2 million 

cells were electroporated with 3 μg of siRNA as above, and after recovery the 

electroporation was repeated a second time before the cells were plated for use in biological 

assays 17.

Cell culture

SCC-13 are human epidermis derived, tumor forming, squamous cell carcinoma cells 18. 

HaCaT are immortalized cells derived from human epidermis that do not form tumors 19. 

Growth medium contained DMEM supplemented with 4.5 mg/ml D-glucose, 2 mM L-

glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin and 5 % 

fetal calf serum. Cell proliferation, spheroid formation, invasion and migration assays were 

performed as previously described 20. Spheroids were grown in spheroid medium 
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[DMEM/F12 (1:1) containing 2% B27 serum-free supplement, 20 ng/ml EGF, 0.4% bovine 

serum albumin and 4 mg/ml insulin on ultra-low attachment plates] 20. To create VGLL4 

overexpressing stable cell lines, SCC-13 cells were electroporated with 1 μg of pCMV6-

VGLL4-FLAG plasmid and VGLL4-FLAG positive cells were selected by treatment with 2 

μg/ml G418 for 2 weeks before deriving clonal cell lines. The resulting clonal SCC13-

VGLL4-FLAG1–8 and SCC13-VGLL4-FLAG1–9 cell lines were maintained in growth 

medium.

TEAD luciferase reporter and qRT-PCR assays

To monitor TEAD responsive transcription activity, cells were transfected with 0.5 μg of 

pGL3-B-Luc or pGL3-B-8xGTIIC-Luc using Fugene 6 and at 24 h the cells were harvested 

for luciferase assay. For qRT-PCR measurement of target gene RNA level, RNA was isolated 

using the Illustra RNAspin Mini Kit (25050070, GE Healthcare Life Sciences), reverse 

transcribed, and quantified using LightCycler 480 SYBR Green I and gene-specific primers. 

Cyclophilin A forward (5’-CAT CTG CAC TGC CAA GAC TGA-3’) and reverse (5’-TTC 

ATG CCT TCT TTC ACT TTG C-3’) primers 21 were used as a normalizing control gene. 

CTGF forward (5′-GGA AAT GCT GCG AGG AGT GG-3’) and reverse (5′-GAA CAG 

GCG CTC CAC TCT GTG-3’) primers, CYR61 forward (5′-CAC ACC AAG GGG CTG 

GAA TG-3’) and reverse (5′-CCC GTT TTG GTA GAT TCT GG-3’) primers and CCND1 

forward (5′-TGA AGG AGA CCA TCC CCC TG-3’) and reverse (5′-TGT TCA ATG AAA 

TCG TGC GG-3’) primers were as described 22. Transglutaminase 2 primers were forward 

(5′-TAA GAG ATG CTG TGG AGG AG-3’) and reverse (5′-CGA GCC CTG GTA GAT 

AAA-3’). The COL3A1 forward (5’-TGG TCT GCA AGG AAT GCC TGG A-3’) and 

reverse (5’-TCT TTC CCT GGG ACA CCA TCA G-3’) primers (HP200076) and the 

COL1A2 forward (5’-CCT GGT GCT AAA GGA GAA AGA GG-3’) and reverse (5’-ATC 

ACC ACG ACT TCC AGC AGG A-3’) primers (HP200075) were purchased from Origene 

(Rockville, MD).

Immunoblot Analysis

Equal protein equivalents of cell extract were boiled in Laemmli sample buffer, loaded onto 

10–12% denaturing polyacrylamide gels and electrophoresed. The proteins were transferred 

to a nitrocellulose membrane and the membrane was blocked with 5% nonfat dry milk, 

incubated in primary antibodies overnight at 4°C and secondary antibody at room 

temperature for 1 h. The proteins were visualized using chemiluminescent detection 

reagents.

Tumor Xenograft

Wild-type SCC-13 and SCC13-VGLL4-FLAG1–9 cells were grown in monolayer culture 

and 100,000 cells were resuspended in 100 μl PBS containing 30% Matrigel and injected 

into each front flank of 5 female NOD Scid IL2 receptor gamma chain knockout mice 

(NSG) per treatment group. Tumor volume was measured as volume = 4/3π x (diameter/2)3. 

The tumor samples were harvested, stored frozen in liquid nitrogen and used to prepare 

extracts for immunoblot and qRT-PCR analysis.
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Results

VGLL4 suppresses YAP1-dependent transcription and YAP1/TEAD target gene expression

VGLL4 has been reported to suppress YAP1/TEAD-associated transcription and expression 

of downstream target genes 15,23–25. We first determined if VGLL4 regulates YAP1-

dependent transcription in SCC-13 cells. Fig. 1A/B show that YAP1 knockdown or 

treatment with CA3, which inhibits YAP1 activity 16,26, reduced YAP1 transcription as 

shown by reduced activity of a TEAD transcription factor reporter construct, 8xGTIIC-Luc. 

Fig. 1C shows that VGLL4-FLAG overexpression produced a similar reduction in YAP1/

TEAD-dependent transcription. We next monitored the impact of these treatments on 

SCC-13 cell invasion. Cells were seeded atop a Matrigel layer in medium containing 1% 

FCS and the ability of cells to move through the Matrigel to the lower chamber, which 

contains 10% FCS, was monitored. Fig. 1D/E/F shows that YAP1 knockdown, CA3 

treatment and VGLL4-FLAG expression reduced cell invasion. We next monitored the 

impact of these treatments on downstream markers of YAP1 action. Fig. 1G/H/I shows that 

YAP1 knockdown, CA3 treatment and VGLL4-FLAG overexpression reduce YAP1 target 

gene (CTGF, CCND1, CYR61) and pro-cancer collagen gene (COL1A2 and COL3A1) 

mRNA levels.

We next monitored the impact of stable VGLL4-FLAG overexpression on YAP1/TEAD 

transcription and spheroid formation, invasion and migration. We show that vector-mediated 

VGLL4-FLAG stable expression in two SCC-13 cell clones (Fig. 2A) reduced YAP1/TEAD 

transcriptional activity, cell proliferation, spheroid formation, invasion and migration (Fig. 

2B/C/D/E/F). In addition, CCND1, CYR61, CTGF, COL1A2, COL3A1 and TG2 mRNA 

and protein levels are reduced in the VGLL4-FLAG overexpressing lines (Fig. 2G/H).

To assure that these findings can be generalized, we monitored the impact of modulating 

YAP1 and VGLL4 function in epidermis-derived HaCaT cells 19. Treating HaCaT cells with 

YAP1-siRNA, YAP1 inhibitor or VGLL4-FLAG overexpression suppressed YAP1/TEAD-

related transcription (Fig. 3A/B/C) and reduced invasion (Fig. 3D/E/F). Moreover, these 

treatments reduced YAP1/TEAD responsive gene mRNA levels (Fig. 3G/H/I). The one 

exception is CCND1, which is slightly elevated or not changed by these treatments.

Role of YAP1 and VGLL4 responsive downstream target genes

If VGLL4 suppression of YAP1 responsive genes is important for the reduction in aggressive 

pro-cancer phenotype observed in Figs. 1, 2 and 3, overexpression of these genes should 

partially restore the aggressive phenotype. To test this, we monitored the ability of selected 

target genes to restore the aggressive phenotype in VGLL4-FLAG expressing cells. Fig. 

4A/B show that forced CCND1-FLAG (cyclin D1) expression in SCC13-VGLL4-FLAG1–8 

and FLAG1–9 cells slightly increased cell proliferation and partially restored invasion (Fig. 

4C/D). Fig. 4E/F shows that forced COL1A2 expression increased SCC13-VGLL4-FLAG1–

9 invasion but has modest effects on SCC13-VGLL4-FLAG1–8 cells. These findings 

suggest that reduced YAP1 target gene expression is important for VGLL4 attenuation of the 

cancer phenotype and that forced YAP1/TEAD target gene expression can partially restore 

the aggressive phenotype.
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Impact of VGLL4 on tumor formation

We next compared tumor formation in wild-type and VGLL4-FLAG overexpressing cells. 

Wild-type and VGLL4-FLAG overexpressing cells, derived from monolayer cultures, were 

injected into each front flank in NSG mice and tumor formation was monitored. Fig. 5A/B 

shows a marked reduction in tumor growth of VGLL4-FLAG expressing cells. Consistent 

with reduced YAP1 signaling activity, YAP1 and YAP1-P levels are reduced in these tumors 

(Fig. 5C/D). Moreover, a survey of malignancy markers revealed a decrease in Ezh2 level, 

an ECS cell-enriched survival marker 3,20,27, and reduced expression of many (Slug, Snail, 

fibronectin, N-cadherin), but not all (Twist, vimentin), EMT markers 28 in VGLL4-FLAG 

expressing tumors. In addition, E-cadherin, which is associated with an epithelial phenotype, 

is not altered in level in wild-type versus VGLL4-FLAG overexpressing tumors. We also 

monitored expression of YAP1-responsive target genes and show that VGLL4-FLAG 

expressing tumors display reduced levels of YAP1, CCND1, CYR61, CTGF, COL1A2 and 

COL3A1 mRNA and protein (Fig. 5E/F/G/H), which is consistent with the expression 

changes observed in cultured cells (Fig. 2G/H).

Discussion

Epidermal squamous cell carcinoma is a common cancer that is caused by mutagens. The 

most common cause is exposure to UVB irradiation 29. Therapy is via surgical removal, 

which is successful in many cases. However, approximately 10 – 30% of these tumors recur 

as aggressive and therapy-resistant cancer. Thus, studies are ongoing to identify agents that 

suppress recurrent cancer. TG2 is a multifunctional regulator that has two mutually exclusive 

activities associated with distinct protein conformations. In the closed/folded conformation 

TG2 functions as a GTP binding protein while the open/extended TG2 conformation 

functions as a transamidase enzyme 4,30–32. The closed conformation predominates in the 

intracellular environment in the presence of high GTP levels, while the open conformation is 

induced by calcium binding and is often active in dying cells 4,30. The closed and open 

conformations can both drive cancer cell survival. However, the closed GTP binding form 

drives malignancy in the vast majority of cancers 6,28,33 and we have shown that the closed 

TG2 GTP binding conformation drives cancer cell spheroid formation, invasion, migration 

and tumor formation and that this is attenuated by mutation of the TG2 GTP binding site 28.

Although TG2 is an important survival factor in squamous cell carcinoma, the mechanism of 

TG2 action is not yet well understood in this or any other cancer. However, some 

information is available. For example, we have shown that TG2 activates a host of cascades 

in SCC cells including VEGF 8, NRP1 9, GIPC1/SYX/RhoA/p38 9, α6/β4-integrin 10,11 and 

YAP1 10 signaling. In the present study, we focus on TG2 regulation YAP1 signalling. Our 

previous studies showed that TG2 associates with a6/b4-integrin and that this complex 

activates FAK/Src signaling which activates PDK1 to inhibit Hippo signaling leading to 

accumulation of active YAP1 in the nucleus where it interacts with TEAD transcription 

factors to activate transcription to drive the aggressive cancer phenotype 10. We also 

identified a novel signaling cascade that involves NRP-1, and showed that NRP-1 forms a 

complex with GIPC1 and α6/β4-integrin to activate FAK/Src signaling, which stabilizes 

nuclear YAP1 to enhance cancer cell survival, invasion, and angiogenesis 9. We also showed 
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that sulforaphane, a diet-derived anti-cancer agent, reduces YAP1 signaling to attenuate the 

SCC cell phenotype 34.

Because of the central role of YAP1 signaling in these cascades, we wanted to examine the 

role of VGLL4, an important suppressor of YAP1-dependent transcription 35. VGLL4 was 

initially reported to bind TEAD1 to suppress TEAD1-dependent a1-adrenergic activation in 

cardiac myocytes 36. Later it was demonstrated to inhibit nuclear YAP1/TEAD interaction 

by competing with YAP1/TEAD complex formation to suppress TEAD-dependent 

tumorigenesis 37,38. Moreover, a super-TDU peptide, designed based on the structure of the 

VGLL4/TEAD4 complex, can inhibit YAP1/TEAD interaction to reduce YAP1 signaling 

and tumor formation 35,39.

VGLL4 suppresses TEAD-dependent transcription and cancer cell invasion

Our studies confirm that YAP1/TEAD signaling is active in squamous cell carcinoma and is 

associated with an aggressive SCC cell phenotype as measured by enhanced spheroid 

formation, collagen invasion and migration. Moreover, YAP1/TEAD-dependent transcription 

and cancer cell spheroid formation, invasion and migration are reduced in VGLL4 

overexpressing cells. This is observed in the highly tumorigenic and aggressive SCC-13 

cells and in the immortalized but non-tumorigenic HaCaT cells. In addition, stable 

overexpression of VGLL4-FLAG in SCC-13 cells confirmed that VGLL4 suppresses the 

aggressive YAP1/TEAD dependent cancer phenotype.

YAP1 signaling maintains stable expression of YAP1 pro-cancer target genes, including 

CCND1, CYR61 and CTGF 40–44, which are markedly reduced in VGLL4-FLAG 

expressing cells. VGLL4-FLAG expression also reduced COL1A2 and COL3A1, which are 

collagen genes associated with an aggressive cancer phenotype 45–49. To confirm that loss of 

expression of these targets is required for VGLL4 suppression of the cancer phenotype, we 

forced CCND1 (cyclin D1) and COL1A2 (collagen type I alpha 2) expression in VGLL4 

overexpressing cells and were able to partially antagonize VGLL4 suppression of cancer cell 

invasion. These experiments also identify a VGLL4-dependent reduction in TG2 encoding 

mRNA, suggesting that YAP1 signaling may maintain TG2 level. This is an interesting 

finding, considering that our previous studies show that TG2 activates YAP1 signaling to 

drive the aggressive cancer cell cancer phenotype 10. Further studies will be necessary to 

assess if a TG2/YAP1 positive feedback loop helps drive the cancer phenotype.

VGLL4 suppresses tumor formation

Tumor studies reveal that VGLL4-FLAG overexpressing cells produce 10-fold smaller 

tumors than wild-type cells. Moreover, this is associated with reduced YAP1 mRNA and 

protein levels. It is interesting that VGLL4 overexpression is associated with a modest 

reduction in TEAD level, suggesting that YAP1 stability may be more sensitive to the action 

of VGLL4. We also observe a substantial reduction in EMT markers including Slug, Snail, 

fibronectin, and N-cadherin. However, not all EMT markers are reduced as vimentin levels 

are not changed and Twist level is increased in VGLL4 overexpressing cells. Moreover, the 

level of the epithelial marker, E-cadherin, is not changed in VGLL4 expressing cells. These 

findings indicate that VGLL4 reduces YAP1/TEAD signaling and suppresses EMT as part of 
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the process that reduces tumor growth. It is important that YAP1 regulated target genes, 

including CCND1, CYR61, CTGF, COL1A2 and COL3A1, are reduced in VGLL4 

expressing tumors which agrees with the observations in the cultured cells.

Sulforaphane is an important diet-derived cancer preventive the treatment agent 50. Our 

studies show that sulforaphane treatment reduces YAP1 level to inhibit skin cancer cell 

YAP1 signaling which attenuates the aggressive cancer phenotype 34. We had thought that 

sulforaphane may increase VGLL4 level as part of the mechanism to attenuate YAP1 

activity, but no increase in VGLL4 level was observed in sulforaphane treated cells (not 

shown).

VGLL4 mechanism of action in skin cancer

Our previous studies 10,51 show that a TG2/a4/b6-integrin and TG2/NRP-1 activated 

signaling cascades trigger YAP1 nuclear localization to maintain cancer cell spheroid 

formation, invasion, migration and tumor formation. Our present studies suggest that the 

VGLL4 tumor suppressor forms a VGLL4/TEAD complex that inhibits YAP1/TEAD 

interaction to reduce TG2-stimulated YAP1/TEAD transcription and target gene expression 

to attenuate the cancer phenotype (Fig. 5I).
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Fig. 1. 
VGLL4 inhibits SCC-13 cell YAP1/TEAD-dependent transcription and gene expression and 

suppresses the cancer phenotype. A/B/C YAP1 knockdown, YAP1 inhibitor (CA3) 

treatment, and transient VGLL4 expression suppress 8xGTIIC-Luc activity signifying 

suppression of YAP1/TEAD dependent transcription. These treatments also reduce cancer 

cell invasion (D/E/F) and YAP1-target gene (CTGF, CYR61, CCND1), pro-cancer collagen 

gene (COL1A2 and COL3A1) and TG2 mRNA levels (G/H/I). The asterisks indicate a 

significant reduction, n ≥ 3, p > 0.001.
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Fig. 2. 
VGLL4 attenuates the cancer cell phenotype and YAP1/TEAD-dependent gene expression. 

A Stable VGLL4-FLAG overexpression cell lines as compared to wild-type SCC-13 cells. B 
TEAD-dependent transcription is suppressed in VGLL4 overexpressing cells. C/D/E/F 
VGLL4 overexpressing cells line display reduced cell proliferation, spheroid formation, 

invasion and migration. G/H Stable VGLL4 overexpression suppresses YAP1-target gene, 

pro-cancer collagen gene and TG2 gene mRNA and protein levels. The asterisks indicate a 

significant reduction, n ≥ 3, p > 0.001.
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Fig. 3. 
VGLL4 inhibits HaCaT cell YAP1/TEAD-dependent transcription and gene expression, and 

suppresses the cancer phenotype. A/B/C YAP1 knockdown, YAP1 inhibitor (CA3) 

treatment, and transient VGLL4 expression suppress 8xGTIIC-Luc activity signifying 

suppression of YAP1/TEAD-dependent transcription. These treatments also reduce cancer 

cell invasion (D/E/F) and YAP1-target gene (CTGF, CYR61), pro-cancer collagen gene 

(COL1A2 and COL3A1) and TG2 mRNA levels (G/H/I).
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Fig. 4. 
CCND1 and COL1A2 partially restore the cancer phenotype in VGLL4 overexpressing 

cells. A/B Forced cyclin D1 (CCND1-FLAG) expression stimulates a modest increase in cell 

proliferation in VGLL4 overexpressing cells. C/D Cell invasion is partially increased by 

forced CCND1-FLAG expression in VGLL4 overexpressing cells. The asterisk in panel D 

indicate migration of the CCND1-FLAG fusion protein. E/F COL1A2 expression partially 

restores invasion in SCC13-VGLL4-FLAG1–9 cells. The double asterisks indicate a 

significant increase, n ≥ 3, p > 0.001.
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Fig. 5. 
VGLL4 overexpression suppresses tumor formation. Wild-type SCC-13 and SCC13-

VGLL4-FLAG1–9, derived from cells grown as monolayer cultures, were injected into each 

front flank of NSG mice and tumor formation and growth was monitored over the course of 

4 weeks. A/B VGLL4-FLAG overexpression in SCC13-VGLL4-FLAG1–9 markedly 

reduces tumor growth. Representative size tumors were selected for analysis. The asterisks 

indicate a significant reduction in tumor size, n = 10 tumors (5 mice x 2 tumor/mouse), p > 

0.001. C/D The VGLL4-dependent reduction in tumor growth is associated with decreased 

Mickle et al. Page 16

Mol Carcinog. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YAP1, YAP1-P and TEAD levels, loss of the Ezh2 marker of aggressive cancer 20, and a 

reduction in the level of many EMT (Slug, Snail, Fibronectin and N-Cadherin) markers. 

E/F/G/H VGLL4 overexpressing tumors display reduced YAP1, YAP1/TEAD target gene 

(CCND1, CYR61, CTGF) and pro-cancer collagen gene (COL1A2, COL3A1) mRNA and 

protein levels. The asterisks indicate a significant reduction compared to control, n = 3, p > 

0.001. Note that for some genes we observe a dramatic reduction in mRNA level and a more 

modest reduction in protein in VGLL4 overexpressing tumors. This is likely due to slower 

protein turnover and/or a compensatory increase in protein translation. I Schematic model of 

proposed signaling cascade. Previous reports show that TG2 interaction with ɑ6/β4 integrins 

results in a signaling cascade that activates YAP1/TEAD transcription and signaling, and 

ultimately enhances the cancer phenotype 10. Our present studies suggest that a VGLL4/

TEAD inhibitory complex can suppress TG2-dependent YAP1/TEAD signaling to attenuate 

the cancer phenotype.
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