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Abstract. Gastric cancer (GC) is one of the most common 
types of malignancy worldwide and is accompanied by both 
high mortality and morbidity rates. Homeobox B13 (HOXB13) 
has been reported to act as a tumor suppressor gene in multiple 
types of human cancer. The present study aimed to investigate 
the effects and potential underlying molecular mechanisms 
of HOXB13 in the progression of GC. The expression of 
HOXB13 in GC cells was first examined using the Cancer 
Cell Line Encyclopedia database and subsequently validated 
in a number of GC cell lines. Following HOXB13 overexpres‑
sion (Ov‑HOXB13), HGC‑27 cell proliferation was evaluated 
by colony formation and Cell Counting Kit‑8 assays. Wound 
healing and Matrigel assays were used to determine the 
migratory and invasive abilities, respectively. Additionally, 
cell apoptosis was assessed using TUNEL staining, and the 
expression of apoptosis‑related proteins was detected by 
western blot analysis. Subsequently, TEA domain transcrip‑
tion factor 4 (TEAD4) was overexpressed to evaluate the 
effects on HGC‑27 cell proliferation, migration, invasion and 
apoptosis following co‑transfection with Ov‑HOXB13. The 
potential binding sites of HOXB13 on the vestigial‑like family 
member 4 (VGLL4) promoter were verified using chromatin 
immunoprecipitation and dual luciferase reporter assays. 
Moreover, the expression levels of proteins involved in the 
Hippo signaling pathway were analyzed using western blot‑
ting. The results revealed that the expression of HOXB13 was 
notably lower in GC cells compared with normal gastric cells. 
The overexpression of HOXB13 significantly inhibited the 

proliferation, migration and invasion, but promoted the apop‑
tosis of HGC‑27 cells. Moreover, Ov‑HOXB13 downregulated 
TEAD4 expression. Notably, Ov‑TEAD4 transfection partially 
reversed the effects of Ov‑HOXB13 on the cellular behaviors 
of HGC‑27 cells. HOXB13 was also confirmed to bind with 
the VGLL4 promoter. The knockdown of VGLL4 restored the 
inhibitory effects of Ov‑HOXB13 on the expression levels of 
VGLL4 and Hippo pathway signaling proteins. In conclusion, 
the findings of the present study suggested that Ov‑HOXB13 
may suppress the proliferation, migration and invasion, and 
promote the apoptosis of GC cells through the transcriptional 
activation of VGLL4 to inhibit the involvement of TEAD4 in 
the Hippo signaling pathway. These results may provide novel 
and potent targets for the treatment of GC.

Introduction

Gastric cancer (GC) is the third most common cause of 
cancer‑related mortality worldwide. After surgical removal of 
cancer tissue, the five‑year survival rate of patients with stage II 
GC is still <35% (1). Previous studies have shown that risk 
factors for GC include chronic infection of Helicobacter pylori, 
age, radiation exposure, low socioeconomic status and low 
levels of physical activity (2,3). The morbidity of GC progres‑
sively increases with age, with the median age at diagnosis 
being 70 years; however, at present, ~10% of GC cases are 
diagnosed at the age of 45 or younger (2). Thus, it is of great 
importance to determine the potential underlying mechanisms 
of GC progression.

Homeobox B13 (HOXB13) is an important member of 
the HOX family, which encode nuclear transcription factors 
that drive cell differentiation during normal development 
and tumorigenesis (4). HOXB13 has been reported to act as a 
tumor suppressor gene in a number of types of human cancer, 
including colon cancer (5), prostate cancer (6) and renal cell 
carcinoma (7). A previous study demonstrated that HOXB13 
expression was significantly downregulated in primary GC 
tissues compared with the corresponding non‑malignant 
gastric tissues, and HOXB13 expression was positively corre‑
lated with the 5‑year overall survival rate (8). This finding 
suggested that HOXB13 may also act as a tumor suppressor 
gene in GC progression and may have potential as a promising 
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biomarker for the diagnosis and prognosis of GC. Although 
studies have shown that the mechanism of HOXB13 in GC 
may be related to its own methylation and regulation of the 
IGF‑1R/PI3K/AKT/mTOR pathway (8,9), the specific under‑
lying mechanism of the effects of HOXB13 in GC remains 
to be further elucidated. Thus, the present study aimed to 
investigate the potential underlying mechanism of HOXB13 
in GC progression.

TEA domain (TEAD)1 and TEAD4 are key effectors 
of the Hippo signaling pathway and have been reported to 
exert oncogenic roles in gastric tumorigenesis (10). Notably, 
the Hippo signaling pathway was previously found to serve 
a regulatory role in GC tumorigenesis (11). Vestigial‑like 
family member 4 (VGLL4) was discovered to act as a tumor 
suppressor in GC by directly competing with Yes1‑associated 
transcriptional regulator (YAP) to bind to TEADs, thereby 
suppressing the tumor‑promoting effect of the TEAD family 
in GC (12). Hence, the present study explored whether the 
HOXB13‑mediated regulation of GC cell progression was 
related to TEAD4 and VGLL4.

The present study aimed to determine the effects of 
HOXB13 on the proliferation, migration, invasion and apop‑
tosis of GC cells and to investigate the underlying mechanism 
to provide a novel insight into the current understanding of the 
pathogenesis of GC.

Materials and methods

Bioinformatics Methods. The interaction between HOXB13 
and TEAD4 was predicted using the Search Tool for the 
Retrieval of Interacting Genes/Proteins (STRING) database 
(https://string‑db.org/cgi/input.pl). HOXB13 was identified as 
a transcription factor of VGLL4 using the JASPAR database 
(http://jaspar.genereg.net).

Cell lines and culture. Human GC cell lines, including 
MKN‑45, MKN‑74, AGS and HGC‑27, and normal gastric 
GES‑1 cells were obtained from the American Type Culture 
Collection. Cells were cultured in DMEM/F12 1:1 medium 
(HyClone; Cytiva) supplemented with 10% FBS (HyClone; 
Cytiva) and maintained at 37˚C with 5% CO2.

Cell transfection. HOXB13 expression in GC cell lines 
was examined using the Cancer Cell Line Encyclopedia 
(CCLE; https://portals.broadinstitute.org/ccle). HOXB13 
overexpression (Ov‑HOXB13), TEAD4 overexpression 
(Ov‑TEAD4) and pcDNA3.1 negative control (Ov‑NC) 
plasmids were purchased from Shanghai GenePharma Co., 
Ltd. Briefly, 2x104 HGC‑27 cells/well were transfected with 
100 pmol pcDNA3.1 vectors using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. Subsequently, cells were trans‑
fected with either small interfering RNA (siRNA) targeting 
VGLL4 (si‑VGLL4‑1, 5'‑AGG ACC TAG ACT GTG ACA A‑3'; 
si‑VGLL4‑2, 5'‑TCG CAC TGA CCA AGA ACA G‑3') or si‑NC 
(5'‑CUA GAA CUG GAC AAC GAC A‑3') according to the 
manufacturer's protocol. All the siRNAs were used at a final 
concentration of 10 nM. After transfection at 37˚C for 6 h, the 
medium was replaced with complete medium. Then, following 
incubation at 37˚C for 36 h, the transfection efficiencies 

of the overexpression plasmids and siRNAs were verified 
using reverse transcription‑quantitative PCR (RT‑qPCR) and 
western blotting, and the most effective siRNA was used for 
the subsequent functional experiments.

Cell viability assay. Viability of HGC‑27 cells was determined 
using a Cell Counting Kit‑8 (CCK‑8) assay (Beyotime Institute 
of Biotechnology). Briefly, 2x103 cells/well were seeded into 
96‑well plates and cultured at 37˚C for 24 h. After the indicated 
transfections, 10 µl CCK‑8 reagent was added to each well 
and incubated at 37˚C for an additional 4 h. The absorbance 
was measured at a wavelength of 450 nm using an automated 
microplate reader (Beckman DU6400 spectrophotometer; 
Beckman Coulter, Inc.).

Colony formation assay. Following transfection, mixed 1x103 
HGC‑27 cells with 1 ml 0.3% soft agar and inoculated them 
into 6‑well plates pre‑plated with 1.5 ml 0.6% soft agar and 
cultured at 37˚C for 2 weeks with complete medium in a 5% 
CO2 incubator. After colony formation, colonies were fixed with 
4% paraformaldehyde (Biosharp Life Sciences) for 20 min and 
stained with 1% crystal violet (Nanjing Biotech Co., Ltd.) for 
30 min at room temperature. Colonies were counted using an 
inverted light microscope (Olympus Corporation).

Wound healing assay. HGC‑27 were seeded (1x105 cells/well) 
into 6‑well plates and cultured at 37˚C overnight. After reaching 
80‑90% confluence, the cells were transiently transfected for 
6 h, and then cultured in complete medium at 37˚C for an 
additional 18 h. An artificial wound was made by scratching 
the cell monolayer with a sterile pipette tip. Cells were washed 
with phosphate buffer solution (PBS) to remove the debris, 
and the media was replaced with serum‑free DMEM/F12 
1:1 medium. The plates and the wound closure were visualized 
at 0 and 24 h using an inverted light microscope (magnifica‑
tion, x100; Olympus Corporation). The ratio of the wound area 
to the initial wound area was calculated using ImageJ 1.46r 
(National Institutes of Health).

Transwell assay. The Transwell membranes were precoated 
with Matrigel, and the substrate membrane was air‑dried at 
room temperature for 3 h and then hydrated with DMEM. 
Following transfection, 4x104 HGC‑27 cells/well were seeded 
into the upper chambers, in serum‑free medium. A total of 
500 µl complete medium supplemented with 10% FBS was 
added into the lower chambers as a chemoattractant. Following 
24 h of incubation at 37˚C, the cells were fixed with 4% para‑
formaldehyde for 10 min and stained with 1% crystal violet for 
20 min at room temperature. The invading cells were counted 
using an inverted light microscope (Olympus Corporation; 
magnification, x200) in five pre‑determined fields of view.

TUNEL staining. Following transfection, HGC‑27 cells 
(2x106 cells/well in 6‑well plates) were fixed with 4% para‑
formaldehyde at room temperature for 30 min, washed with 
PBS and incubated with 0.3% Triton‑X 100 for 5 min to 
permeabilize the cell membrane. Apoptosis was analyzed 
using a TUNEL Apoptosis Detection kit (Beyotime Institute 
of Biotechnology) according to the manufacturer's protocol. 
Briefly, cells were incubated with 50 µl TUNEL reaction buffer 
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for 1 h at 37˚C in the dark. The nuclei were counterstained with 
DAPI for 5 min at room temperature in the dark and the slides 
were then mounted with anti‑fade mounting medium. The 
levels of apoptosis were estimated as the ratio of the number 
of TUNEL‑positive cells to the total number of DAPI‑positive 
cells using a fluorescence microscope (magnification, x200; 
Olympus Corporation).

Dual luciferase reporter gene assay. Luciferase reporter plas‑
mids (Promega Corporation) were constructed with wild‑type 
(WT) and mutant‑type (MUT) 3'‑untranslated region 
sequences. The MUT sequences included MUT‑VGLL4‑SITE1 
(S1; ‑1,061 to ‑1,052) and MUT‑VGLL4‑SITE2 (S2; ‑1,876 to 
‑1,867). Firefly luciferase was used as the primary reporter 
to monitor the binding of the protein to the cloned target 
sequences. Renilla luciferase was used as the control reporter 
for normalization. The luciferase reporter plasmids and regu‑
lating factors were co‑transfected into HGC‑27 cells using 
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). All plasmids were used at a concentration of 
50 ng per well in the 12‑well plates. After transfection at 37˚C 
for 6 h, fresh complete medium was replaced, and luciferase 
activities of different groups were detected until 48 h after 
transfection. The relative luciferase activities were measuring 
using a Dual Luciferase Reporter assay system (Promega 
Corporation).

Chromatin immunoprecipitation (ChIP) assay. The binding of 
HOXB13 to the VGLL4 promoter was validated using a ChIP 
assay kit (Beyotime Institute of Biotechnology) according to 
the manufacturer's protocol. Briefly, formaldehyde was added 
at a final concentration of 1% to the cultured HGC‑27 cells 
and incubated at room temperature for 10 min to cross‑link the 
protein and DNA; then three sets of 20‑sec pulses were used to 
obtain chromatin fragments. An anti‑HOXB13 antibody (1:20; 
cat. no. ab201682; Abcam) was used to generate the immuno‑
precipitations and an anti‑IgG antibody (1:40; cat. no. sc‑2025; 
Santa Cruz Biotechnology, Inc.) was used as the blank control 
group to exclude the influence of other factors in the ChIP 
assay. The recovered DNA fragments were evaluated using 
RT‑qPCR. The primer sequences were as follows: VGLL4, 
forward 5'‑AACTGCAACCTCTCGCACTG‑3' and reverse 
5'‑GCT CGG GCT CCT TGT AAT TCT‑3'.

RT‑qPCR. Total RNA was extracted from 1x105 cells using 
TRIzol® reagent (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. Total RNA was reverse 
transcribed into cDNA using PrimeScript™ RT reagent Kit 
(Takara Bio, Inc.). qPCR was subsequently performed in a 
96‑well optical plate using Thunderbird SYBR qPCR mix 
(Toyobo Life Science) and an ABI Prism 7500 Real‑Time 
PCR Detection System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The following thermocycling conditions 
were used for the qPCR: Initial denaturation at 95˚C for 
1 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 
1 min. The relative expression levels of HOXB13, TEAD4 
and VGLL4 were calculated using the 2‑ΔΔCq method (13) and 
normalized to GAPDH. The primer sequences were as follows: 
VGLL4, forward 5'‑GGC AGC ATT TGC AGA CTC CAG‑3' and 
reverse 5'‑GGT GAT GAA CTT GTT AGC CGC‑3'; TEAD4, 

forward 5'‑CTG GAC AAG CCC ATC GAC AA‑3' and reverse 
5'‑CAG CTC GTT CCG ACC ATA CA‑3'; and VGLL4, forward 
5'‑TTT GTG AAG TTG AAG AGC CAG G‑3' and reverse 
5'‑GCA GCT TCG CCT TCG T‑3'. All experiments were 
performed in triplicate.

Western blotting. Total protein was extracted from cells 
(2x106) using RIPA lysis buffer (Beyotime Institute of 
Biotechnology). Total protein concentration was determined 
using the BCA method and 20 µg protein/lane was separated 
by 10% SDS‑PAGE. The separated proteins were transferred 
onto PVDF membranes and blocked with 5% skimmed milk 
for 2 h at room temperature. The membranes were then incu‑
bated with following primary antibodies overnight at 4˚C: 
Anti‑HOXB13 (1:1,000; cat. no. ab201682; Abcam), anti‑prolif‑
erating cell nuclear antigen (PCNA; 1:1,000; cat. no. ab92552; 
Abcam), anti‑Ki‑67 (1:1,000; cat. no. ab92742; Abcam), 
anti‑MMP2 (1:1,000; cat. no. ab92536; Abcam), anti‑MMP9 
(1:1,000; cat. no. ab76003; Abcam), anti‑issue inhibitor of 
metalloproteinases 1 (TIMP‑1; 1:1,000; cat. no. ab211926; 
Abcam), anti‑Bcl‑2 (1:1,000; cat. no. ab182858; Abcam), 
anti‑Bax (1:1,000; cat. no. ab32503; Abcam), anti‑cleaved 
caspase‑3 (1:500; cat. no. ab32042; Abcam), anti‑caspase‑3 
(1:1,000; cat. no. ab32351; Abcam), anti‑TEAD4 (1:1,000; 
cat. no. ab155244; Abcam), anti‑cellular communication 
network factor 2 (CCN2; 1:1,000; cat. no. ab209780; Abcam), 
anti‑cysteine rich angiogenic inducer 61 (Cyr61; 1:1,000; 
cat. no. ab230947; Abcam), anti‑amphiregulin (AREG; 
1:1,000; cat. no. ab180722; Abcam) and anti‑GAPDH (1:2,000; 
cat. no. ab181602; Abcam). Following the primary antibody 
incubation, the membranes were washed three times with 
TBS +0.05% Tween‑20 and incubated with a goat anti‑rabbit 
HRP‑conjugated secondary antibody (1:1,000; cat. no. ab6721; 
Abcam) at room temperature for 2 h. Protein bands were 
visualized using a Pierce ECL Plus Western Blotting (Pierce; 
Thermo Fisher Scientific, Inc.) and analyzed using ImageJ 
(version 1.8; National Institutes of Health).

Statistical analysis. All experiments were repeated three 
times. All data are reported as the mean ± standard deviation 
and analyzed with GraphPad Prism 8.0 software (GraphPad 
Software, Inc.). One‑way ANOVA followed by Tukey's 
post‑hoc test was used to compare differences among multiple 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

HOXB13 expression levels are notably lower in GC tissues and 
cell lines. Analysis of the CCLE database revealed that HOXB13 
expression was lower in GC tissues compared with normal gastric 
tissues (Fig. 1A). Results from western blotting and RT‑qPCR 
analyses demonstrated that HOXB13 protein and mRNA 
expression levels, respectively, were also significantly lower in 
MKN‑45, MKN‑74 and HGC‑27 cells compared with GES‑1 
cells, while HOXB13 was only significantly reduced in AGS 
cells at the mRNA level, and the expression levels were lowest in 
HGC‑27 cells (Fig. 1B and C). Therefore, the HGC‑27 cell line 
was selected for use in subsequent experiments. These results 
suggested that HOXB13 may be involved in GC progression.
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Overexpression of HOXB13 inhibits the proliferation, 
migration and invasion of HGC‑27 GC cells. To investigate 
the role of HOXB13 in the progression of GC, HGC‑27 cells 
were successfully transfected with Ov‑HOXB13 plasmid, as 
demonstrated by RT‑qPCR (Fig. 2A). Ov‑HOXB13 transfec‑
tion notably inhibited the proliferative ability of HGC‑27 cells 
compared with the Ov‑NC group (Fig. 2B and C). Ov‑HOXB13 
also significantly downregulated the expression levels of the 
proliferation‑related markers, PCNA and Ki‑67, compared 
with the Ov‑NC group (Fig. 2D). Moreover, the results from 
the wound healing and Transwell assays showed that the over‑
expression of HOXB13 significantly decreased the migratory 
and invasive abilities of HGC‑27 cells (Fig. 2E and F, respec‑
tively), and downregulated the protein expression levels of the 
migration‑ and invasion‑related proteins, TIMP‑1, MMP2 and 
MMP9 (Fig. 2G). These results suggested that Ov‑HOXB13 
may inhibit the proliferation, migration and invasion of 
HGC‑27 cells.

Overexpression of HOXB13 promotes the apoptosis of HGC‑27 
GC cells. To further investigate the effects of HOXB13 in GC 
progression, cell apoptosis was detected using a TUNEL assay 
following the overexpression of HOXB13 in HGC‑27 cells. As 
shown in Fig. 3A and B, the cell apoptotic rate was notably 

increased following the overexpression of HOXB13. In addi‑
tion, the expression levels of the anti‑apoptotic protein, Bcl‑2, 
were downregulated following the overexpression of HOXB13, 
whereas the expression levels of the proapoptotic proteins, Bax 
and cleaved caspase‑3, were upregulated following the over‑
expression of HOXB13 (Fig. 3C and D). These results indicated 
that Ov‑HOXB13 may promote the apoptosis of HGC‑27 cells.

Overexpression of HOXB13 downregulates TEAD4 expression 
in HGC‑27 GC cells. To determine the mechanism underlying 
the role of HOXB13 in the development of GC, the interac‑
tion between HOXB13 and TEAD4 was predicted using the 
STRING database (Fig. 4A). Results from western blotting 
analysis and RT‑qPCR revealed that the protein and mRNA 
expression levels of TEAD4 were higher in GC cell lines 
compared with GES‑1 cells (Fig. 4B and C, respectively). 
Notably, Ov‑HOXB13 transfection significantly downregu‑
lated the expression of TEAD4 (Fig. 4D and E), suggesting that 
the overexpression of HOXB13 may downregulate TEAD4 
expression in HGC‑27 cells.

Overexpression of TEAD4 reverses the effects of Ov‑HOXB13 
on the proliferation, migration, invasion and apoptosis of 
HGC‑27 GC cells. To confirm whether TEAD4 mediated the 

Figure 1. HOXB13 expression levels are significantly lower in GC cell lines. (A) HOXB13 expression was lower in GC tissues than normal gastric tissues, as 
determined by the analysis of the Cancer Cell Line Encyclopedia database. (B) Protein and (C) mRNA expression levels of HOXB13 in several human GC 
cell lines (MKN‑45, MKN‑74, AGS and HGC‑27) and GES‑1 normal gastric cells were detected using western blotting and reverse transcription‑quantitative 
PCR, respectively. **P<0.01, ***P<0.001 vs. GES‑1. GC, gastric cancer; HOXB13, homeobox B13.
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effects of HOXB13 in GC progression, an Ov‑TEAD4 plasmid 
was constructed, and the expression of TEAD4 was notably 
upregulated following transfection compared with the Ov‑NC 
group (Fig. 5A). Additionally, as shown in Fig. 5B and C, the 
results from the western blotting and RT‑qPCR analyses, respec‑
tively, demonstrated that co‑transfection with the Ov‑HOXB13 

and Ov‑TEAD4 plasmids upregulated TEAD4 expression 
levels in HGC‑27 cells compared with co‑transfection with the 
Ov‑HOXB13 + Ov‑NC plasmids group. In addition, the results 
of the CCK‑8 and colony formation assays demonstrated that 
the overexpression of TEAD4 partially reversed the effects 
of the Ov‑HOXB13 plasmid on the proliferation of HGC‑27 

Figure 2. Overexpression of HOXB13 inhibits the proliferation, migration and invasion of HGC‑27 gastric cancer cells. (A) Expression levels of HOXB13 in 
HGC‑27 cells following transfection with Ov‑HOXB13 plasmid were analyzed using reverse transcription‑quantitative PCR. (B) Cell viability was detected 
using a Cell Counting Kit‑8 assay. (C) Cell proliferation was analyzed using a colony formation assay. (D) Protein expression levels of PCNA and Ki‑67 
were determined by western blotting. (E) Cell migration was measured using a wound healing assay. (F) Cell invasion was analyzed using a Transwell 
assay. (G) Protein expression levels of TIMP‑1, MMP2 and MMP9 were determined by western blotting. *P<0.05, **P<0.01, ***P<0.001 vs. Ov‑NC; ##P<0.01, 
###P<0.001 vs. Control. HOXB13, homeobox B13; NC, negative control; Ov, overexpression; PCNA, proliferating cell nuclear antigen; TIMP‑1, tissue inhibitor 
of metalloproteinases 1.
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cells (Fig. 5D and E, respectively). Similarly, the expression 
levels of PCNA and Ki‑67 in HGC‑27 cells co‑transfected 
with Ov‑HOXB13 and Ov‑TEAD4 plasmids were markedly 
upregulated compared with the Ov‑HOXB13 + Ov‑NC group 
(Fig. 5F).

Moreover, the results from wound healing and Transwell 
assays demonstrated that the overexpression of TEAD4 blocked 
the suppressive effect of Ov‑HOXB13 on the migration and 
invasion of HGC‑27 cells (Fig. 6A and B, respectively), and the 
expression of TIMP‑1, MMP2 and MMP9 (Fig. 6C). Notably, 
as shown in Fig. 7A and B, the apoptotic rate of HGC‑27 
cells co‑transfected with Ov‑HOXB13 and Ov‑TEAD4 
plasmids was decreased compared with the Ov‑HOXB13 
+ Ov‑NC group. Overexpression of TEAD4 reversed the 
effects of Ov‑HOXB13 on the proliferation, migration, inva‑
sion and apoptosis of HGC‑27 GC cells. Transfection with 
the Ov‑TEAD4 plasmid also downregulated the expression 
levels of Bax and cleaved caspase‑3 compared with the 
Ov‑HOXB13 + Ov‑NC group, while the upregulation of Bcl‑2 
was not significant (Fig. 7C and D). These results suggested 

that the overexpression of TEAD4 may reverse the effects 
of Ov‑HOXB13 on the proliferation, migration, invasion and 
apoptosis of HGC‑27 cells.

HOXB13 inhibits the involvement of TEAD4 in the Hippo 
signaling pathway by regulating VGLL4 expression. To 
investigate the underlying mechanisms associated with the 
interaction between HOXB13 and TEAD4, two VGLL4 
siRNAs were constructed and transfected into HGC‑27 cells 
(Fig. 8A). As si‑VGLL4‑1 was found to downregulate the 
expression of VGLL4 to the greatest extent, it was selected 
for use in subsequent experiments. As shown in Fig. 8B and C, 
the knockdown of VGLL4 markedly upregulated TEAD4 
protein and mRNA expression levels, respectively, compared 
with the Ov‑HOXB13 + si‑NC group. The JASPAR database 
was used to predict that HOXB13 is a potential transcription 
factor that can bind to the promoter of VGLL4. As exhibited 
in Fig. 8D, two putative binding sites (S1/S2) of HOXB13 
were identified in the VGLL4 promoter. Luciferase reporter 
plasmid containing WT‑VGLL4‑S1 or WT‑VGLL4‑S2 sites 

Figure 3. Overexpression of HOXB13 promotes the apoptosis of HGC‑27 gastric cancer cells. (A) Cell apoptosis was evaluated using a TUNEL assay 
and (B) quantified. (C) Expression levels of apoptosis‑related proteins, Bcl‑2, Bax and cleaved caspase‑3, were determined using western blotting and 
(D) semi‑quantified. **P<0.01, ***P<0.001 vs. Ov‑NC. HOXB13, homeobox B13; NC, negative control; Ov, overexpression.
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were activated following HOXB13 overexpression (Fig. 8E). 
Additionally, notable enrichment of VGLL4 promoter 
sequences (S1/S2) were obtained through ChIP using the 
anti‑HOXB13 antibody, whereas no significant enrich‑
ment was obtained using the control IgG (Fig. 8F). Finally, 
the results from the western blotting analysis revealed that 
Ov‑HOXB13 significantly downregulated the expression 
levels of downstream effectors of the Hippo signaling pathway, 
including CCN2, Cyr61 and AREG, whereas the knockdown 
of VGLL4 exerted the opposite effects on the expression of 
these proteins compared with the Ov‑HOXB13 + si‑NC group 
(Fig. 8G). These results suggested that HOXB13 may inhibit 
the involvement of TEAD4 in the Hippo signaling pathway by 
regulating VGLL4 expression.

Discussion

GC is one of the most common types of malignancy worldwide 
and is a leading cause of cancer‑related mortality (14,15). GC 
is a global health burden; therefore, it is urgent to determine 
the potential underlying mechanisms involved in its onset and 

development to identify promising biomarkers for the diagnosis 
and treatment of GC. The results of the present study revealed 
that Ov‑HOXB13 suppressed the proliferation, migration and 
invasion of HGC‑27 GC cells; thus, the study subsequently 
investigated the underlying molecular mechanism of HOXB13 
in GC.

Proliferation and metastasis are hallmarks of the malig‑
nant biological behavior of GC, and inhibiting these processes 
has been suggested to be crucial for improving the biomedical 
treatment of GC worldwide (16,17). HOXB13 was reported to 
act as a tumor suppressor in numerous types of human cancer, 
including GC (8,18). Our previous study found that HOXB13 
promoted the proliferation, migration and invasion of glioblas‑
toma by transcriptional upregulation of the long non‑coding 
RNA (lncRNA) homeobox cluster C antisense RNA 3 (19). In 
the present study, HOXB13 expression was discovered to be 
downregulated in various cancer cell lines following analysis 
using the CCLE database. In addition, HOXB13 expression 
was downregulated in human GC cell lines compared with 
normal gastric cells. Moreover, the overexpression of HOXB13 
inhibited the proliferation, migration and invasion of HGC‑27 

Figure 4. Overexpression of HOXB13 downregulates TEAD4 expression in HGC‑27 GC cells. (A) Interaction between HOXB13 and TEAD4 was predicted 
using the Search Tool for the Retrieval of Interacting Genes/Proteins database. (B) TEAD4 protein and (C) mRNA expression levels in several human GC 
cell lines (MKN‑45, MKN‑74, AGS and HGC‑27) and GES‑1 cells were determined by western blotting and RT‑qPCR, respectively. *P<0.05, ***P<0.001 vs. 
GES‑1. (D) TEAD4 protein and (E) mRNA expression levels in different groups (Control, Ov‑NC and Ov‑HOXB13) were determined by western blotting and 
RT‑qPCR, respectively. **P<0.01, ***P<0.001 vs. Ov‑NC. GC, gastric cancer; HOXB13, homeobox B13; NC, negative control; Ov, overexpression; TEAD4, TEA 
domain 4; RT‑qPCR, reverse transcription‑quantitative PCR.
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cells, and promoted cell apoptosis. Thus, it was suggested that 
HOXB13 may serve an anticarcinogenic role in GC progression. 
Subsequently, further experiments were performed to investi‑
gate the detailed mechanism underlying the role of HOXB13 
in GC. Notably, HOXB13 was found to interact with TEAD4, 
as demonstrated by analysis using the STRING database. The 
expression levels of TEAD4 were upregulated in human GC 
cell lines compared with normal gastric cells. In addition, the 
overexpression of HOXB13 downregulated the expression 
levels of TEAD4 in HGC‑27 cells. Lim et al (20) demonstrated 
that the expression levels of TEAD4 were upregulated in GC 
cells, which is consistent with the findings of the present 
study. Notably, Ov‑TEAD4 reversed the suppressive effects 
of Ov‑HOXB13 on the proliferation, migration and invasion, 
and the promoting effect on the apoptosis of HGC‑27 cells in 

the present study. In a previous study, TEAD4 was reported 
to contribute to GC progression by regulating the expression 
of the lncRNA motor neuron and pancreas homeobox 1 anti‑
sense RNA 1 (21). Thus, it was hypothesized that TEAD4 may 
mediate the effects of HOXB13 in GC progression.

Based on the discovery of genome‑wide integrated expres‑
sion transcriptome and immune antibody proteomics, the 
VGLL4 gene is on chromosome 3p25.3~3p25.2 and includes 
14 exons. Wide expression of VGLL4 genes was detected 
in human tissues (22). VGLL4 was described as a tumor 
suppressor in numerous types of cancers, such as lung, breast 
and colorectal (23‑25). A previous study has proposed that 
VGLL4 inhibits epithelial‑mesenchymal transition in part 
through suppressing Wnt/β‑catenin signaling pathway in 
gastric cancer (26). It was previously reported that VGLL4 

Figure 5. TEAD4 overexpression reduces the effects of HOXB13 on HGC‑27 cell proliferation. (A) TEAD4 expression was evaluated with RT‑qPCR after 
transfection with Ov‑TEAD4 plasmid. ***P<0.001 vs. Ov‑NC. (B) TEAD4 protein and (C) mRNA expression levels in HGC‑27 cells were determined by 
western blotting and RT‑qPCR, respectively. (D) Cell viability was detected by Cell Counting Kit‑8 assay. (E) Cell proliferation was analyzed using colony 
formation assay. (F) The protein expression levels of PCNA and Ki‑67 were determined by western blotting. **P<0.01, ***P<0.001 vs. Control; #P<0.05, 
##P<0.01, ###P<0.001 vs. Ov‑HOXB13 + Ov‑NC. HOXB13, homeobox B13; NC, negative control; Ov, overexpression; PCNA, proliferating cell nuclear antigen; 
RT‑qPCR, reverse transcription‑quantitative PCR; TEAD4, TEA domain 4.
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acted as a tumor suppressor in GC by directly competing 
with YAP for the binding to TEADs, thereby suppressing the 
tumor‑promoting effect of the TEAD family in GC (12). The 
findings of the present study demonstrated that the knockdown 
of VGLL4 significantly upregulated TEAD4 expression levels. 
In addition, as a transcription factor of VGLL4, HOXB13 was 
found to interact with VGLL4 and upregulate its expression. 
Jiao et al (25) reported that VGLL4, which was previously iden‑
tified as a YAP antagonist, targeted the TEAD4‑transcription 
factor 4 complex and negatively regulated TEAD4 transacti‑
vation to inhibit colorectal carcinoma tumor growth. YAP is 
the effector protein of the Hippo pathway (27). As a tumor 
suppressor pathway, the Hippo signaling pathway is involved 
in multiple cellular processes driving cell proliferation and 
differentiation, and its dysregulation was found to contribute 
to the tumorigenesis of multiple cancer types (28). The results 

of the present study revealed that the knockdown of VGLL4 
reversed the suppressive effects of HOXB13 on the expression 
levels of downstream effectors of the Hippo signaling pathway, 
including CCN2, Cyr61 and AREG, suggesting that HOXB13 
may inhibit the involvement of TEAD4 in the Hippo signaling 
pathway by regulating VGLL4 expression.

In conclusion, the findings of the present study suggested 
that HOXB13 may suppress the proliferation, migration and 
invasion, and promote the apoptosis of GC cells through the 
transcriptional activation of VGLL4 to inhibit the involvement 
of TEAD4 in the Hippo signaling pathway. These results may 
provide evidence for a new regulatory mechanism involving 
HOXB13 in GC, suggesting a theoretical basis for the devel‑
opment of novel targeted therapies. The lack of experimental 
verification of the direct interaction mechanism between VGLL4 
and TEAD4 is a potential limitation of the present study and an 

Figure 6. TEAD4 overexpression reverses the effects of HOXB13 on migration and invasion of HGC‑27 cells. (A) Cell migration was examined by wound 
healing assay. (B) Cell invasion was analyzed by Transwell chamber assay. (C) TIMP‑1, MMP2 and MMP9 protein expression levels were determined by 
western blotting. ***P<0.001 vs. Control; #P<0.05, ##P<0.01, ###P<0.001 vs. Ov‑HOXB13 + Ov‑NC. HOXB13, homeobox B13; NC, negative control; Ov, overex‑
pression; TEAD4, TEA domain 4; TIMP, tissue inhibitor of metalloproteinases 1.
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Figure 7. TEAD4 overexpression abolishes the effects of HOXB13 on apoptosis of HGC‑27 cells. (A) Apoptosis was detected with TUNEL assay and (B) quan‑
tified. (C) Expression levels of apoptosis‑related proteins Bcl‑2, Bax and cleaved caspase3 were determined using western blot analysis and (D) semi‑quantified. 
**P<0.01, ***P<0.001 vs. Control; ##P<0.01, ###P<0.001 vs. Ov‑HOXB13 + Ov‑NC. HOXB13, homeobox B13; NC, negative control; Ov, overexpression; TEAD4, 
TEA domain 4.
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aim of future studies. Additionally, the potential use of GSEA 
to assess more collectively through bioinformatics analysis the 

association between HOXB13 expression and Hippo signaling 
pathways will be also performed in future studies.

Figure 8. HOXB13 inhibits the involvement of TEAD4 in Hippo signaling pathway by regulating VGLL4 expression. (A) Relative mRNA expression levels of 
VGLL4 in transfected HGC‑27 cells were examined by RT‑qPCR. ###P<0.001 vs. si‑NC. (B) Protein and (C) mRNA expression levels of TEAD4 in HGC‑27 
cells were determined by western blot assay and RT‑qPCR, respectively. **P<0.01, ***P<0.001 vs. Control; #P<0.05, ###P<0.001 vs. Ov‑HOXB13 + si‑NC. 
(D) The binding of HOXB13 to VGLL4 promoter regions (S1/S2). (E) The interaction between HOXB13 and VGLL4 was determined by luciferase reporter 
gene assay. ***P<0.001 vs. Ov‑NC. (F) The direct binding of HOXB13 and VGLL4 promoter was confirmed using chromatin immunoprecipitation. ***P<0.001 
vs. IgG. (G) Protein expression levels of downstream effectors of the Hippo signaling pathway, including CCN2, Cyr61 and AREG, were determined with 
western blot analysis and semi‑quantified. **P<0.01, ***P<0.001 vs. Control; #P<0.05, ###P<0.001 vs. Ov‑HOXB13 + si‑NC. AREG, amphiregulin; CCN2, 
cellular communication network factor 2; Cyr61, cysteine rich angiogenic inducer 61; HOXB13, homeobox B13; F‑luc/R‑Luc, Firefly luciferase/Renilla lucif‑
erase; MUT, mutant‑type; NC, negative control; Ov, overexpression; si, small interfering RNA; TEAD4, TEA domain 4; TSS, transcription start site; VGLL4, 
vestigial‑like family member 4; WT, wild‑type; RT‑qPCR, reverse transcription‑quantitative PCR; S1, site 1; S2, site 2.
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