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TEAD?2 as a novel prognostic factor for hepatocellular carcinoma
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Abstract. TEA Domain Transcription Factors (TEADs)
are important in development and serve essential roles in
tumorigenesis; however, the role of TEAD2 expression in
hepatocellular carcinoma (HCC) has not been widely exam-
ined. The present study was conducted to investigate the
expression status of TEAD2 in HCC and to evaluate whether
the expression of TEAD? is associated with the prognosis
of patients with HCC. mRNA expression data was retrieved
for Hippo pathway genes of 50 normal control and 377 HCC
samples from The Cancer Genome Atlas data portal. Gene
set enrichment, GeneNeighbors, ClassNeighbors and survival
analyses were then performed based on the gene expression
levels. The mRNA expression of TEAD2 and VGLL4 was
significantly higher in HCC compared with the normal control
samples, and the mRNA expression of TEAD2 was higher in
advanced stages than in early stages. Specifically, survival
analysis revealed that higher mRNA expression of TEAD2 was
significantly associated with a less favorable overall survival
rate (P=0.0067) and there was a trend towards significance
between higher mRNA expression of VGLL4 and poor overall
survival rate (P=0.051). According to the gene set enrichment
analysis, patients with higher mRNA expression of TEAD?2
and VGLL4 had strongly enhanced epithelial-mesenchymal
transition and angiogenesis, which are associated with tumor
progression. In conclusion, increased mRNA expression of
TEAD? is associated with a poor prognosis in patients with
HCC. TEAD?2 may serve as a prognostic factor for HCC and a
novel therapeutic target.
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Introduction

Hepatocellular carcinoma (HCC) was the sixth most common
cancer type and fourth most common cause of cancer-associated
mortalities worldwide in 2018 (1). Although the various thera-
peutic modalities for HCC have improved significantly in recent
years, patients with HCC exhibit a poor survival rate, with a
five-year survival rate of ~30% (2). Two leading causes of the
unfavorable prognosis are delays in the diagnosis of HCC and a
lack of appropriate treatment for advanced HCC (3). Although
researchers have evaluated the treatment of advanced HCC with
immunotherapy or molecular-targeted therapy, the survival rate
of patients with HCC has not significantly improved. The occur-
rence of HCC is thought to be associated with disturbances in
the relationships between various genes (4). Therefore, identi-
fying the genes and proteins that regulate HCC development is
important for developing novel therapeutic targets (4).

The Hippo signaling pathway antagonizes the oncogenic
transcriptional co-activators yes-associated protein (YAP) and
Tafazzin (TAZ) and serves an important role in limiting organ
size during developmental processes (5,6). Without the activa-
tion of Hippo signaling, non-phosphorylated YAP and TAZ
enter the nucleus and activate the expression of antiapoptotic
and proliferative genes with TEA domain transcription factors
(TEAD:s) (5,6). Mammals harbor four TEAD genes (TEADI-4).
VGLL is a hippo-independent coactivator that regulates gene
expression via interaction with TEAD, and there are four
VGLL genes (VGLLI-4). Notably, VGLL4 inhibits tumor
growth by binding to TEAD and VGLLI inhibits YAP/TAZ
target genes by competitively binding to TEAD (7-10). Several
previous studies revealed that TEADs are involved in human
cancer (11-16). However, these studies were primarily focused
on TEADI and TEAD4, while no clinical studies have exam-
ined the association between TEAD?2 expression and prognosis
in HCC. The purpose of the present study was to investigate
the mRNA expression status of TEAD2 in HCC tumors, as
well as the prognostic clinical significance of TEAD2 in HCC.
Therefore, the role of TEAD? as a possible prognostic marker
and therapeutic target for treating HCC was evaluated.

Materials and methods

Gene expression profiling. Level 3 mRNA expression aggre-
gated data and clinical data from 50 normal and 377 HCC
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samples were acquired from The Cancer Genome Atlas
Liver Hepatocellular Carcinoma (TCGA-LIHC) data portal
(https://portal.gdc.cancer.gov/) and RNAseqV2-RSEM_ genes
were obtained from Firebrowse v.1.1.39. (http:/firebrowse.
org/) for gene expression analysis. All 377 dataset samples
were included for profiling of mRNA expression.

Analysis of mRNA expression. R software (v.3.6.1; http://www.
r-project.org) was used to analyze the raw data. mRNA expres-
sion levels were analyzed with Firebrowse (http:/firebrowse.
org) and Gene Expression Profiling Interactive Analysis soft-
ware (GEPIA; http://gepia.cancer-pku.cn/). GeneNeighbors
and ClassNeighbors, which are modules in GenePattern
(http://broadinstitute.org/cancer/software/genepattern), were
used to calculate the nearest gene neighbors and identify
genes most significantly correlated with a class template for
a specific Hippo pathway gene, respectively. The dataset,
which is Illuminahiseq_maseqv2-RSEM_genes_normalized
RNA-Seq data obtained from Firebrowse (http:/firebrowse.
org/?cohort=LIHC&download_dialog=true), was processed
using R software (v.3.6.1; http://www.r-project.org) in
GeneNeighbors and ClassNeighbors analyses. The 100
genes most strongly associated with TEAD2 and VGLL4
were selected for classification according to Gene Ontology
Enrichment Analysis (GO terms) using Database for
Annotation, Visualization and Integrated Discovery (DAVID;
http://david.abcc.nciferf.gov). Differentially expressed genes
(DEGs) were classified by GO terms on the basis of their
molecular function, biological process, or cellular component.
DAVID provided not only an overview of extensive pathways
(www.biocarta.com) with various gene interactions but also the
number of DEGs per pathway with a gene enrichment P-value.
Gene enrichment score with P<0.05 considered to indicate a
strong association rather than random probability (17).

Functional enrichment analysis. Gene set enrichment analysis
(GSEA) was performed to identify enriched genes predicted to
be associated with pathways in the hallmark and curated gene
sets derived from Kyoto Encyclopedia of Genes and Genomes
(KEGG:; https://www.genome.jp/kegg) information. A P-value
<0.05 and false discovery rate <0.1 were considered to indicate
a statistically significant gene.

Survival analysis. Cutoff Finder (http://molpath.charite.
de/cutoff) was used to determine the cut-off values for
LIHC mRNA expression. [lluminahiseq_maseqv2-RSEM _
genes_normalised RNA-seq data of Hippo pathway
genes were acquired from a tab-separated files, and the
columns represented variables and the rows represented
patients (http://molpath.charite.de/cutoff/load.jsp). The
determination of optimal cut-off point in Cutoff Finder was
based on overall survival rate for significance on the basis
of the log-rank test for outcome of patient (http://molpath.
charite.de/cutoff/assign.jsp). The Kaplan-Meier method was
performed to estimate the cumulative event (death) rate
from the date of operation until death used as the outcome
variable. Survival curves stratified by high and low expres-
sion groups on each Hippo pathway genes were compared
using the log-rank test. P<0.05 was considered to indicate a
statistically significant difference.
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Human liver samples. In total, 79 patients with HCC were
retrospectively screened who were treated by surgical resec-
tion between 1999 and 2016 at Chungnam National University
Hospital (Daejeon, South Korea). The median age of patients
was 59 years (range, 18-78 years). All tissue samples were
obtained from specimens removed during lobectomy or
segmentectomy. Clinical data was obtained by reviewing the
medical records of all patients. Clinicopathological review
of all cases performed was by JSJ and HSE. The histologic
grade of HCC was determined according to the Edmondson
and Steiner grading system and the Tumor-Node-Metastasis
(TNM) staging system for HCC was determined according to
the 8th edition of the American Joint Committee on Cancer
TNM staging system at the time of surgery (18,19).

Of the 79 HCC cases, fresh-frozen 79 primary HCC and
paired 79 non-tumor liver tissues were acquired for quantita-
tive (qQ)PCR from the National Biobank of Korea, Chungnam
National University Hospital, a member of the Korea Biobank
Network. In total, one vial (100 mg) of tumor sample and
one vial (100 mg) of non-tumor sample was obtained from
the Biobank of Chungnam National University Hospital.
The present research was approved by the Institutional
Review Board of Chungnam National University Hospital
(approval no. CNUH 2017-05-013).

Reverse transcription (RT)-gPCR. Total RNA was extracted
from liver tissues with the RNeasy Mini kit (Qiagen, Inc.;
cat. no. 74106) or TRIzol reagent (Thermo Fisher Scientific,
Inc.) in accordance with the manufacturers' instructions. We
extracted RNA from all liver tissues used in this experiment
using RNeasy Mini kit. Reverse transcription was performed
using the same quantity of total RNA to generate cDNA using
amfiRivert cDNA synthesis master mix (GenDEPOT). The
following temperature protocol were used for RT: Annealing,
25°C for 5 min and extension at 50°C for 60 min. After that,
Reverse Transcriptase inactivation was performed at 70°C
for 15 min. Finally, the samples were held at 4°C. gPCR was
performed using SYBR Green Real-time PCR Master mix
(Toyobo Life Science). The qPCR thermocycling condition
were as follows: First, pre-denaturation step is performed
at 95°C for 10 min. This is followed by 40 cycles of denaturation
at 95°C for 45 sec, annealing at 60°C for 45 sec and extension
for 60 sec at 72°C. After that, the final denaturation reaction is
performed for 15 sec at 95°C followed by a final extension for
5 sec at 65°C. To quantify transcription, the mRNA expression
levels of the target genes were normalized to those of -actin.
Table SI shows the primers used in this study. All samples
were evaluated in duplicate, and the relative fold-changes in
gene expression levels were calculated as 2249 (20).

Experimental and recurrence, survival analyses. SPSS 13.0
(SPSS, Inc.) and Prism v.5.0 (GraphPad Software, Inc.) were
used for data analysis. In our experimental analysis, comple-
ment DNA (cDNA) was synthesized from paired liver tissues
(tumor and paired non-tumor tissue) and gene expression was
analyzed by amplifying TEAD2 and (3-actin on the cDNA. The
mRNA expression data of TEAD2 was analyzed in tumors and
normalized to B-actin. Arbitrary values were then obtained
by defining (Tumor TEAD2/Tumor (-actin)/(Non-tumor
TEAD2/Non-tumor [-actin). Groups stratified into high and
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Figure 1. Gene expression of Hippo pathway in HCC. (A) Gene expression of the Hippo pathway in HCC, based on the Gene Expression Profiling Interactive Analysis
database was compared between normal and tumor samples and is given as Log2 (Transcripts per kilobase million + 1). "P<0.01. (B) Relative mRNA expression differ-
ences of Hippo pathway genes in HCC according to histological grade (Edmondson-Steiner grade). (C) Relative mRNA expression differences of Hippo pathway genes
in HCC according to Tumor-Node-Metastasis stage. One-way ANOVA was conducted in more than two groups. ‘P<0.05; “P<0.01; ““P<0.001. HCC, hepatocellular
carcinoma; TEAD, transcriptional enhancer associated domain; VGLL, vestigial like family; TAZ, tafazzin; YAP, yes-associate protein; TNM, Tumor-Node-Metastasis.

low expression according to the median values and these groups
were converted to categorical variables based on this. Survival
analysis was performed for recurrence and overall survival

related with these two groups. Overall survival (OS) was
defined as the duration between the date of diagnosis and the
date of death/final follow up, from any cause. Recurrence-free
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Table I. Clinicopathologic information of patients with hepato-

cellular carcinoma derived from TCGA data portal.

Characteristics Total, n (%)
Patients 377 (100.0)
Sex
Female 122 (32.3)
Male 255 (67.7)
Age, years
<60 180 (47.7)
>60 196 (52.0)
NA 1(0.3)
TNM stage (8th AJCC staging system)
Stage 1 175 (46 .4)
Stage 11 87 (23.1)
Stage III 86 (22.8)
Stage IV 5(1.3)
NA 24 (6.4)
Histological grade (Edmondson-Steiner grade)
Grade 1 55 (14.6)
Grade 2 180 (47.7)
Grade 3 124 (33.0)
Grade 4 1334
NA 5(.3)
Vital status
Alive 245 (65.0)
Dead 132 (35.0)
Child-Pugh classification
A 223 (59.1)
B 21 (5.6)
C 1(0.3)
NA 132 (35.0)
Histological type
Hepatocholangiocarcinoma 7(1.9)
Hepatocellular carcinoma 367 (97.3)
Fibrolamellar carcinoma 3(0.9)
Adjacent hepatic tissue inflammation extent type
Mild 101 (26.8)
Severe 19 (5.0)
None 119 (31.6)
NA 138 (36.6)
Ishak fibrosis score
0-no fibrosis 76 (20.1)
1,2-portal fibrosis 31(8.2)
3 A-fibrous septa 30 (8.0)
5-nodular formation and incomplete cirrhosis 9(24)
6-established cirrhosis 72 (19.1)
NA 159 (42.2)
Thrombocytopenia (<150x10%/1)
Yes 76 (20.1)
No 234 (62.1)
NA 67 (17.8)
Albumin level, g/dl
>3.5 217 (57.6)
<35 86 (22.8)
NA 74 (19.6)
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Table I. Continued.

Characteristics Total, n (%)
AFP, ng/ml

<20 152 (40.3)

>20 132 (35.0)

NA 93 (24.7)
History of hepatocellular carcinoma risk

Hepatitis B 105 (27.9)

Hepatitis C 51 (13.5)

Hepatitis B + C 7(1.9)
Alcohol consumption 118 (31.3)
Non-alcoholic fatty liver disease 18 (4.8)
NA 78 (20.6)

TNM, Tumor-Node-Metastasis; AJCC, American Joint Committee
on Cancer; AFP, alpha-fetoprotein; NA, not applicable.

survival (RFS) was defined as the interval between the date
of surgery and the date of first recurrence or the date of the
last follow-up. In the experiment, the gene expression value
obtained from duplicated results for each gene and set the
expression value of the patient using the mean value of the
duplicated results. The experiment was performed once using
the paired tissue of the patients. Comparison of the distributions
between two groups were analyzed using the * test (or Fisher's
exact test when the expected frequency in any group was <5)
for categorical variables and by paired Student's t-test (or by
Kolmogorov-Smirnov test when the expected frequency in
any group was <5) for continuous variables. One-way ANOVA
followed by Student Newman-Keuls post-hoc comparisons
were used to compare =3 groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

mRNA expression of Hippo pathway genes in HCC. Table 1
exhibits the clinicopathological characteristics of patients
included in the present study. The expression of Hippo pathway
genes was examined in patients with HCC using the GEPIA
database (Fig. 1A and Table II). Comparison of mRNA expres-
sion levels between HCC and normal control samples revealed
that TEAD?2 expression was significantly higher in HCC tumor
tissue compared with normal control samples. The mRNA
expression levels of YAP, TEAD4 and VGLL4 were higher in
HCC tissue compared with normal control tissue, although
the differences were not significant (Fig. 1A and Table II).
Specifically, the mRNA expression of TEAD?2 was significantly
increased in histologic grades 3-4 samples compared with
histologic grades 1-2 samples and the mRNA expression of
TEAD4 was significantly increased in histologic grades 3-4
samples compared with histologic grades 1 samples (Fig. 1B).
The mRNA expression of TEAD?2 was significantly increased
in patients with TNM stage III and IV compared with TNM
stage I and II, and the mRNA expression of VGLL4 was also
significantly increased in TNM stage III and IV compared with
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Table II. Genes regulating the Hippo pathway hepatocellular carcinoma. The gene alteration contains gene amplification, deep
deletion, missense mutation (unknown significance), mRNA upregulation and truncating mutation (unknown significance) of
each analysed gene on HCC tissues.

Symbol Gene name Chromosome location Gene alteration (%)
YAPI Yes-Associated Protein 1 11g22.1 7
TAZ Tafazzin Xq28 9
TEADI TEA Domain Transcription Factor 1 11p15.3 4
TEAD? TEA Domain Transcription Factor 2 19q13.33 6
TEAD3 TEA Domain Transcription Factor 3 6p21.31 13
TEAD4 TEA Domain Transcription Factor 4 12p13.33 8
VGLLI Vestigial Like Family Member 1 Xq26.3 3
VGLL2 Vestigial Like Family Member 2 6q22.1 3
VGLL3 Vestigial Like Family Member 3 3pl2.1 4
VGLL4 Vestigial Like Family Member 4 3p25.2 6
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Figure 2. Survival analysis of Hippo pathway genes in hepatocellular carcinoma. Kaplan-Meier analysis of the association between mRNA expression of
Hippo pathway genes and overall survival rate of patients. TEAD, transcriptional enhancer associated domain; VGLL, vestigial like family; TAZ, tafazzin;
YAP, yes-associated protein.

in TNM stage I (Fig. 1C). Among the ten genes evaluated, TEAD2  database, abundant mRNA expression of TEAD?2 [hazard ratio
exhibited higher expression in HCC tumor tissue compared with ~ (HR), 1.61; 95% confidence interval (CI), 1.14-2.27; P=0.0067]
normal control tissue, and this was significantly associated with ~ was significantly associated with a poor OS rate in patients with
histological grade or stage of HCC (Fig. 1B and C). HCC, and there was a tendency towards significance between

TEAD4 (HR, 1.35; 95% CI, 0.95-1.91; P=0.085) and VGLL4
Poor prognosis of patients with HCC with high expression of  mRNA expression (HR, 1.42; 95% CI, 1-2.02; P=0.051), and a
TEAD?2 and VGLL4. Based on the log-rank test and TCGA  poor prognosis (Fig. 2). However, YAPI, TAZ, TEADI, TEAD3
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Figure 3. OS rate and RFS rate analysis of patients with HCC based on TEAD2 mRNA expression. Groups were stratified according to median expression
level and were converted to categorical variables accordingly. Survival curves were compared by the log-rank test. (A) Kaplan-Meier analysis of RFS rate.
Patients who did not exhibit recurrence at either the date of death or the date of last follow-up were censored. (B) Kaplan-Meier analysis of OS rate. Patients
who were still alive at the end of the follow-up period were censored. HCC, hepatocellular carcinoma; OS, overall survival; RFS, recurrence-free survival;

TEAD, transcriptional enhancer associated domain.

and VGLL3 mRNA levels were not significantly associated with
the prognosis of patients with HCC. To validate the associa-
tion between the mRNA expression of TEAD2 and prognosis,
RT-qPCR was performed and a log-rank test was conducted
on 79 clinical HCC tissues samples. The clinicopathological
characteristics of the patients with HCC are summarized in
Table SII. Although the results were not significant, there
was a tendency for a less favorable prognosis in patients with
increased TEAD2 mRNA expression compared with those
with decreased TEAD2 mRNA expression, affecting both in
recurrence-free and overall survival rate (P=0.257, P=0.217,
respectively; Fig. 3).

GeneNeighbors analysis of TEAD2 and VGLL4. The present
data revealed that TEAD2 and VGLL4 are closely associ-
ated with a poor prognosis in overall survival rate analysis
using TCGA database, and that TEAD?2 is associated with a
poor recurrence-free survival rate according to the current
clinical sample-based analyses (Figs. 2 and 3). Therefore,
GeneNeighbors analysis was performed to determine the effect
of TEAD?2 and VGLL4 on the survival of patients with HCC. The
100 genes most strongly associated with TEAD2 and VGLL4
were identified via GeneNeighbors analysis (Fig. 4A and B)
and classified using the DAVID (https:/david.ncifcrf.gov/). The
selected genes were divided into three categories of biological
processes, molecular functions and cellular components
according to gene ontology (GO) terms. In GeneNeighbors
analysis of TEAD?2, highly expressed genes in HCC were
primarily associated with “positive regulation of small GTPase’,
‘vasculogenesis’, ‘positive regulation of transcript’, ‘regula-
tion of cell migration’, ‘regulation of VEGF signaling’, ‘actin
cytoskeleton organization’, ‘peptidyl-arginine methylation’,
‘B cell apoptotic process’ and ‘positive regulation of vascular
permeability’ in biological processes (Fig. 4A). For cellular

components, highly expressed genes in HCC were strongly
associated with ‘focal adhesion’, ‘cytoplasm’, ‘cytosol’ and
‘RNA polymerase II transcription factor’. For molecular func-
tions, highly expressed genes in HCC were mainly associated
with ‘transcription factor binding’, ‘protein heterodimerization
activity’, ‘protein-arginine methyltransferase activity’, ‘profilin
binding’ and ‘protein binding’ (Fig. 4A).

In GeneNeighbors of VGLL4, highly expressed genes
in HCC were primarily associated with ‘integrin-mediated
signaling’, ‘cell adhesion mediated by integrin’, ‘extracellular
matrix (ECM) organization’, ‘cell-matrix adhesion’, ‘cell-cell
adhesion’, ‘mesodermal cell differentiation’, ‘cell motility’,
‘focal adhesion assembly’, ‘cell adhesion’ and ‘regulation of
cell migration in biological processes’ (Fig. 4B).

For cellular components, highly expressed genes in HCC
were associated with ‘focal adhesion’, ‘cell-cell adherent junc-
tion’, ‘integrin complex’, ‘extracellular exosome’ and ‘ruffle’.
For molecular functions, highly expressed genes in HCC were
mainly associated with ‘cadherin binding involved in cell-cell
adhesion’, ‘integrin binding’, ‘laminin binding’, ‘protein
binding’ and ‘protein kinase C binding’ (Fig. 4B).

ClassNeighbors analysis of TEAD2 and VGLL4. Analysis
by ClassNeighbors yielded two classes of HCC samples:
Class A included the highest 10% expressed TEAD2 and
VGLL4-upregulated HCC samples and class B included the
lowest 10% expressed TEAD2 and VGLL4-downregulated
HCC samples (Fig. 4C and D). The 150 most highly expressed
genes in classes A and B were identified from 20,502
probe sets. These genes were divided into three categories;
biological processes, molecular functions and cellular compo-
nents based on gene ontology (GO) terms (Fig. 4C and D).
In ClassNeighbors of TEAD2, highly expressed genes in
class A were primarily associated with ‘drug transmembrane
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Figure 4. GeneNeighbors analysis and ClassNeighbors analysis of TEAD2 and VGLL4 in 377 HCC samples. Class A comprised the highest 10% TEAD2 and
VGLL4-upregulated HCC samples and class B included the 10% of HCC samples with the lowest expression levels of TEAD2 and VGLLA4. (A) GeneNeighbors
analysis of TEAD?2. (B) GeneNeighbors analysis of VGLLA4.
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Figure 5. Gene Set Enrichment Analysis (GSEA) results for HCC with high TEAD2 and VGLL4 expression. Representative GSEA data with P-values are
exhibited for (A) TEAD?2 and (B) VGLL4. HCC, hepatocellular carcinoma; TEAD?2, transcriptional enhancer associated domain 2; VGLL4, vestigial like family
member 4; EMT, epithelial-mesenchymal transition; NOM, nominal; ES, enrichment score; NES, normalized enrichment score.
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Figure 6. Hippo signaling pathway. Upon activation of Hippo signaling, YAP/TAZ are phosphorylated and sequestered in the cytoplasm, whereas TEAD and
VGLL bind in the nucleus. When Hippo signaling is deactivated, YAP/TAZ are dephosphorylated and translocate to the nucleus to bind TEAD, activating the
downstream transcription of target genes. TEAD, transcriptional enhancer associated domain; VGLL, vestigial like family; HCC, hepatocellular carcinoma;
TEAD?2, transcriptional enhancer associated domain 2; VGLL4, vestigial like family member 4; YAP, yes-associated protein.

transport’, ‘regulation of cell morphogenesis’, ‘signal trans-
duction’, ‘cell migration’, ‘regulation of transforming growth
factor beta receptor’, ‘cell growth’, ‘ECM disassembly’,
‘cellular component organization’, ‘vasculature develop-
ment’ and ‘L-alpha-amino acid transmembrane transport’
in biological processes; ‘integral component of plasma
membrane’, ‘neuron part’ and ‘ruffle’ in cellular components;
and ‘drug transmembrane transporter activity’ and ‘amino
acid transmembrane transporter activity’ in molecular
functions. Highly expressed genes in class B were closely
related to ‘oxidation-reduction’, ‘alpha-amino acid catabolic
process’, ‘ammonium ion metabolic process’, ‘alcohol meta-
bolic process’, ‘glutamate metabolic process’, ‘amino-acid

betaine catabolic process’, ‘acyl-CoA metabolic process’,
‘alpha-amino acid biosynthetic process’, ‘lipid transport’ and
‘organic hydroxyl compound transport’ in biological process;
oxidoreductase activity and coenzyme binding in molecular
function; mitochondrial matrix and apical part of cell in
cellular components (Fig. 4C).

In ClassNeighbors of VGLL4, highly expressed genes in
class A were closely associated with ‘cell adhesion mediated by
integrin’, ‘cell migration’, ‘epithelial cell migration’, ‘tyrosine
kinase’, ‘cell adhesion’, ‘cellular compartment organization’,
‘cell-matrix adhesion’, ‘cellular response to endogenous stim-
ulus’, ‘integrin-mediated signaling pathway’ and ‘angiogenesis’
in biological processes; ‘collagen-containing ECM’, ‘cell
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surface’ and ‘integrin complex’ in cellular components; and
‘integrin binding’ and ‘signaling receptor binding’ in molec-
ular functions. Highly expressed genes in class B were closely
associated with ‘oxidation-reduction’, ‘xenobiotic metabolic
process’, ‘ammonium ion metabolic process’, ‘glutamate meta-
bolic process’, ‘carboxylic acid biosynthetic process’, ‘protein
targeting to peroxisome’, ‘chemokine-mediated signaling’,
‘monocarboxylic acid catabolic process’, ‘exogenous drug
catabolic process’ and ‘alpha-amino acid catabolic process’
in biological process; ‘arachidonic acid epoxygenase activity’,
‘iron ion binding’ and ‘aromatase activity’ in molecular
function; and ‘peroxisomal matrix’ and ‘intracellular
non-membrane organelle’ in cellular components (Fig. 4D).

GSEA for TEAD2 and VGLL4. Using GSEA of mRNAs asso-
ciated with hallmark pathways and KEGG pathways (Fig. 5),
the top 10% of HCC samples with upregulated TEAD2 and
VGLL4 and bottom 10% of samples with downregulated
TEAD2 and VGLL4 were investigated. In the hallmarks
pathways, high mRNA expression of TEAD2 and VGLL4 was
strongly associated with genes related to ‘epithelial-mesen-
chymal transition (EMT)’ and ‘angiogenesis’. In KEGG
pathway analysis, increased mRNA expression of TEAD2 and
VGLL4 was closely associated with genes involved in cancer
pathways (Fig. 5A and B).

Discussion

TEAD protein serves an essential role in the early stage of
the developmental process and cellular ageing (21-23). It has
been demonstrated that specific TEAD proteins influence
cancer as activators of transcription of pro-growth genes (24).
In previous studies, TEAD was revealed to be upregulated
in gastric cancer (16), breast cancer (11,25) and renal cell
carcinoma (15). In prostate cancer, an increased TEADI level
was correlated with unfavorable clinical outcomes (12), and
in colorectal cancer and gastric cancer an increased TEAD4
expression level was associated with poor outcomes (13,14,26).
Regarding HCC, expression of YAP-TEAD was reported
to be upregulated, with most studies examining the expres-
sion of TEADI and TEAD4 (26-28). According to previous
cellular-based assays, inhibition of LATS2, an upstream
regulator of YAP/TAZ in the Hippo signaling pathway, induces
nuclear localization of YAPI and YAPI/TEAD?2 interactions,
which in turn promotes HCC progression (26). However, this
study only explained the molecular mechanism underlying
the action of YAPI/TEAD?2 via LATS?2 but did not reveal the
clinical significance of TEAD2 in HCC. In the present study,
based on analyses of TCGA database and clinical samples,
as the HCC stage and histologic grade of tumor increased,
TEAD? expression adversely affected overall survival rate and
recurrence-free survival rate.

In TCGA data analysis, increased mRNA expression of
TEAD? was significantly associated with a less favorable
prognosis in patients with HCC in overall survival rate, and
the potential of TEAD?2 as a prognostic marker was predicted.
Moreover, clinical data analysis revealed a similar tendency
as the results of TCGA data analysis. However, additional
studies are needed to confirm the association between mRNA
expression of TEAD?2 and prognosis.
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To investigate the function and mechanism of TEAD?2 in
HCC, bioinformatics analysis was performed. GeneNeighbors
analyses demonstrated that ‘angiogenesis-associated genes’
(VEGF, vasculogenesis and vascular permeability), ‘regula-
tion of cell migration” and ‘actin cytoskeleton organization’
were highly correlated with TEAD?2 in HCC. ClassNeighbors
analysis classified TEAD2-expressing HCC into Class A,
which expresses genes associated with ‘signal transduction’,
‘cell migration’, ‘ECM disassembly’, ‘cell morphogenesis’,
‘transforming growth factor P signaling’ and ‘vasculature
development’. It was also classified into Class B, which
expresses genes associated with metabolic pathways. Class A
genes enhance EMT and angiogenesis. GSEA was performed
on TEAD?2, which was significantly associated with the prog-
nosis of patients with HCC. EMT, angiogenesis and cancer
pathway-related genes were strongly associated with high
mRNA expression of TEAD2. During EMT, cancer cells lose
their apical basal polarity and cell-cell adhesions and develop
a more invasive phenotype (29). Diepenbruck et al (30)
reported that increased TEAD2 transcriptional activity
promotes the induction of EMT in breast cancer cells and
mammary gland epithelial cells. Moreover, angiogenesis
also serves an important role in tumor growth and metas-
tasis (31,32). For a tumor to grow above a certain size the
development of new blood vessels is required, and tumors
induce angiogenesis by secreting various growth factors
including VEGF (33,34).

In the current study, the mRNA expression of VGLL4
was higher in HCC compared with normal control samples
although the difference was not significant, and there was a
tendency towards significance between VGLL4 expression and
a poor prognosis (P=0.051). GeneNeighbors analyses demon-
strated that ‘ECM organization’, ‘integrin-mediated signaling
pathway’ and ‘cell adhesion’ associated genes were highly
correlated with VGLL4 expression in HCC. ClassNeighbors
analysis classified VGLL4-expressing HCC into Class A,
which includes genes associated with ‘integrin’, ‘cell adhesion’
and ‘angiogenesis’, and Class B, which includes genes associ-
ated with ‘metabolic pathways’. Class A genes enhance EMT
and angiogenesis. Remodeling of the ECM and changes in
cell-ECM interactions are necessary for the induction and
progression of EMT (35). Integrin complexes allow cells to
receive signals from ECM proteins via interactions with signal
transduction mediators. Some integrins play essential roles
in EMT progression (35). GSEA revealed that EMT-, angio-
genesis- and cancer pathway-associated genes were strongly
associated with high mRNA expression of VGLL4. Previous
studies have reported that VGLL4 suppresses multiple cancer
types, such as gastric, lung, colon and breast carcinoma by
suppressing the WNT and Hippo signaling pathways (36-40).
Xie et al (41) demonstrated that VGLL4 causes G,/M phase
arrest in HCC cells, and Shu er al (42) reported that the
YAP/VGLLA4 ratio is higher in patients with HCC, which is
associate with tumor progression and a poor prognosis (41,42).
By contrast to previous studies, the present study reported
tendency towards significance between increased VGLL4
mRNA expression and the poor prognosis of patients with
HCC. Unlike other cancer types, unknown mechanisms
specific to HCC may have contributed to this discrepancy, and
further studies are needed.
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According to previous studies, when Hippo signaling is
activated, YAP/TAZ are phosphorylated and sequestered in the
cytoplasm, whereas TEAD and VGLL bind in the nucleus. When
Hippo signaling is deactivated, YAP/TAZ are dephosphory-
lated and translocate to the nucleus to bind TEAD, activating
the downstream transcription of target genes (Fig. 6) (43,44).
In the present study, mRNA expression and poor prognosis on
overall survival rate for both TEAD2 and VGLL4 exhibited
similar tendencies in patients with HCC. Generally, when
Hippo signaling pathway is ‘On’, TEAD and VGLL maintain
their binding status; therefore, the similar tendency between
TEAD?2 and VGLL4 is likely related to our findings. However,
further mechanistic studies are needed to validate this predic-
tion. The present analysis did not reveal that TEAD2 and
VGLLA4 significantly influence each other. However, TEAD?2
and VGLL4 expression were significantly correlated in TCGA
HCC cohorts (P<0.001) (data not shown). Therefore, further
experimental studies are required to determine which factors
are the most significant.

The present study demonstrated that an increase in expres-
sion of TEAD4 was associated with an increase in histological
grade; however, survival tended to decrease with increasing
TEAD4 expression. Thus, in addition to histological grades,
other factors may influence patient survival.

In conclusion, the present study was the first to evaluate the
association between TEAD?2 and the survival of patients with
HCC. The current data revealed that a high expression level of
TEAD? in resected tumor tissue from patients with HCC was
positively associated with a poor prognosis. Therefore, TEAD?2
may represent a useful prognostic marker and therapeutic
target for HCC.
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