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TBX2 overexpression promotes proliferation and invasion through
epithelial-mesenchymal transition and ERK signaling pathway
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Abstract. The present study aimed to clarify the clinical
significance and biological effects of T-box (TBX)2 and its
potential mechanism in gastric cancer (GC). TBX2 protein
expression levels in human GC tissues were investigated using
immunohistochemistry, and it was demonstrated that TBX2
was overexpressed in 55.9% (90/161) GC samples. TBX?2 over-
expression correlated with tumor invasion, advanced tumor
node metastasis stage and presence of lymph node metastasis.
In addition, TBX2 correlated with poor patient survival. To
investigate the effect of TBX2 on biological behaviors, TBX2
plasmid transfection was performed in SGC-7901 cells and
TBX2 small interfering RNA knockdown was carried out in
BGC-823 cells. MTT and matrigel invasion assays demon-
strated that TBX2 overexpression promoted proliferation and
invasion, whereas TBX2 depletion inhibited proliferation
and invasion. TBX2 overexpression also promoted epithe-
lial-mesenchymal transition by downregulating E-cadherin
and upregulating N-cadherin. TBX2 overexpression also
upregulated matrix metalloproteinase (MMP)2, MMP9Y, cyclin
E and phosphorylated-extracellular signal regulated kinase
levels, however downregulated p21. In conclusion, TBX2 may
serve as an effective predictor and therapeutic target in human
GC.
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Introduction

Gastric cancer (GC) is one of the most common malignant
cancers in the world. The incidence of GC has declined with
identification of several risk factors including dietary and
environmental risks in the past several years (1-4). However,
most patients diagnosed with GC at advanced stage have a
low 5-year survival rate (5,6). The main reason for the poor
prognosis in GC is invasion and metastasis (7-9). To improve
the understanding of GC progression, novel oncogenes and
therapeutic targets should be explored.

T-box (TBX)2 is a member of T-box gene family which
is one of the most prominent gene families in the field of
embryonic development (10). Members in T-box gene family
are highly conserved in evolution ranging from hydra to
human (11-13). T-box transcription factors are characterized
by a highly conserved DNA binding domain and have been
shown to function as either transcriptional activators or repres-
sors (14-17).

Genetic researches showed that T-box proteins are gener-
ally expressed in certain cell types of specific organs in flies,
worms, fish, mice, dogs, and humans and they were reported to
be necessary for the development of these structures (18,19). In
addition, a growing list of studies have reported dysregulation
of T-box factors in different cancers and inappropriate T-box
factor expression was directly linked to oncogenesis (20-23).

TBX2 overexpression was first reported in breast cancer
tissues and cell lines, and high TBX2 level correlated with
poor prognosis (24). TBX?2 overexpression was also found in
pancreatic cancer, endometrial cancer, colorectal cancer and
cervical cancer (25-29). However, the effects of TBX2 on GC
progression remains unclear. This study aims to clarify not
only the clinical of TBX2 in GC tissues but also its biological
functions and potential mechanisms.

Materials and methods

Patients and specimens. This study protocol was approved
by the ethics review board of the First Affiliated Hospital of
China Medical University (Shenyang, China). Primary tumor
specimens were obtained from 161 patients diagnosed with
GC who underwent resection in the First Affiliated Hospital
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of China Medical University between 2010 and 2015. The
histological diagnosis was evaluated for sections stained with
hematoxylin and eosin according to the 2004 World Health
Organization (WHO) classification guidelines.

Immunohistochemistry. Immunohistochemistry was
performed using the Elivision plus kit purchased from
MaiXin (Fuzhou, China). Samples were prepared for 4-ym
thick tissue sections and deparaffinized using xylene.
Sections were rehydrated with graded alcohol (100%, 5 min
for 2 times; 95%, 2 min; 80%, 2 min; 70%, 2 min). Citrate
buffer (pH 6.0; 2 min) was used for antigen retrieval. H,O,
was used to block the endogenous peroxidase. Normal goat
serum was used to reduce nonspecific binding. Sections were
incubated with TBX?2 antibody (rabbit polyclonal; dilution,
1:60; SAB2102383; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) overnight at 4°C. A biotinylated anti-rabbit horse-
radish peroxidase polymer was used as a secondary antibody.
The peroxidase reaction was developed with DAB plus from
MaiXin. Counterstaining was done with hematoxylin, and the
sections were dehydrated in alcohol before mounting.

Two independent investigators, who were blinded to the
patient characteristics, examined all tumor slides randomly.
To evaluate the staining, 400 tumor cells were counted and the
intensity/percentage was calculated. The intensity of TBX2
staining was scored as 0 (no signal), 1 (moderate) or 2 (strong).
Percentage scores were assigned as 1 (1-25%), 2 (26-50%), 3
(51-75%) or 4 (76-100%). The scores of each tumor sample
were multiplied to give a final score of 0-8; tumor samples that
scored 4-8 were considered as TBX?2 overexpression.

Cell culture. BGC-823 and SGC-7901 cells were purchased
from Shanghai Cell Bank (Shanghai, China). Cells were culti-
vated in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% FBS (Invitrogen;
Thermo Fisher Scientific, Inc.), with the conditions of 37°C
and 5% CO,. Cells were seeded at a density of 1x10° cells/ml.
Cells were treated with paclitaxel (final concentration, 5 M)
after cells attached to the bottom for 24 h.

Cell transfection. pPCMV6 TBX2 plasmid was purchased
from OriGene Technologies, Inc. (Rockville, MD, USA).
Transfection was performed in SGC-7901 cell line using
Attractene reagent (Qiagen GmbH, Hilden, Germany). siGE-
NOME TBX2 siRNAs pool and Negative siRNAs pool were
purchased from GE Healthcare Dharmacon, Inc. (Lafayette,
CO, USA). siRNA was transfected into BGC-823 cell line with
DharmaFECT1 (GE Healthcare Dharmacon, Inc.).

Western blotting. Total protein of cells was extracted using
lysis buffer (Pierce; Thermo Fisher Scientific, Inc.) and
quantified by Bradford method. 30 pg protein was separated
by SDS-PAGE. Samples were transferred to polyvinyli-
dene fluoride membranes (EMD Millipore, Billerica, MA,
USA) and incubated overnight at 4°C with antibody against
cyclin E (20808; Cell Signaling Technology, Inc., Danvers,
MA, USA), matrix metalloproteinase (MMP)2 (1:1,000;
cat. no. 4022; Cell Signaling Technology, Inc.), MMP9
(1:1,000; cat. no. 3852; Cell Signaling Technology, Inc.),
E-cadherin (24E10) (1:1,000; cat. no. 3195; Cell Signaling
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Technology, Inc.), N-cadherin (1:600; cat. no. 13116; Cell
Signaling Technology, Inc.), p21 (Waf1/Cipl;12D1) (1:1,000;
cat. no. 2947; Cell Signaling Technology, Inc.), p-ERK
(1:1,000; cat. no. 9101; Cell Signaling Technology, Inc.), ERK
(1:1,000; cat. no. 4695; Cell Signaling Technology, Inc.),
B-actin (1:3,000; cat. no. 4967; Cell Signaling Technology,
Inc.), GAPDH (1:3,000; cat. no. G5262; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). After incubation with
peroxidase-coupled anti-mouse/rabbit IgG (1:1,000; Cell
Signaling Technology, Inc.) at 37°C for 2 h, bound proteins
were visualized using ECL (Pierce; Thermo Fisher Scientific,
Inc.) and detected using a DNR Biolmaging System (DNR,
Jerusalem, Israel). Relative protein levels were quantified
using ImagelJ software.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted using TRIzol Reagent
(Thermo Fisher Scientific, Inc.). Total RNA was reverse
transcribed using PrimeScript RT Master Mix (5X). A total
of 10 pl of reverse transcribed reaction system was consisted
of 800 ng RNA template, 2 1 RT master mix and moderate
volume of RNase-free H,O. Real-time PCR was performed
using SYBR-Green master mix kit (ABI, USA) with a 7500
Real-Time PCR System (Applied Biosystems; Thermo Fisher
Scientific, Inc.). PCR reaction system was consisted of 10 ul
SYBR-Green master mix, 4 ul RNase-free H,0, 0.5 ul forward
primer, 0.5 ul reverse primer and 5 ul cDNA template. The
process of PCR was 95°C for 2 min, 40 cycles of 95°C for 2 sec,
annealing/extension at 60°C for 30 sec. A dissociation step was
performed to generate melting curves to confirm the specificity
of the amplification. Expression levels of the analyzed genes
were normalized to the expression of -actin. The fold change
of gene expression was calculated by the 2244 method. The
sequences of the primer pairs are as follows: TBX?2 forward,
5-GGCTTCAACATCCTAAACTCC-3"; and reverse, 5'-AAG
ATCGACCAACAACCCGTTT-3" B-actin forward, 5'-ATA
GCACAGCCTGGATAGCAACGTAC-3"; and reverse, 5'-CAC
CTTCTACAATGAGCTGCGTGTG-3'.

MTT assay. Cells (5x10°/well) were plated in 96-well
plates and then cultured overnight. 20 ul of 5 mg/ml
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma-Aldrich; Merck KGaA] solution was added
to each well and incubated for another 4 h at 37°C. The
supernatant was removed and DMSO (150 ul) was added to
dissolve the formazan crystals. Absorbance was measured
at 490 nm. Data was obtained from triplicate wells per
condition and representative of at least three independent
experiments.

Matrigel invasion assay. Matrigel invasion assay was
performed using a 24-well Transwell chamber. 48 h after
the transfection, cells were trypsinized and inoculated to the
upper chamber with our serum and incubated for 18 h. Lower
chamber was added with medium supplemented with 10%
serum. Non-invaded cells were wiped out and cells invaded
through the filter were fixed with 4% paraformaldehyde and
stained with hematoxylin. The number of invading cells was
counted under electron microscope (Olympus BX53; Olympus
Corporation, Tokyo, Japan).
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Table I. Distribution of TBX2 status in gastric cancer according to clinicopathological characteristics.
Characteristics Number of patients TBX2 low expression TBX2 high expression P-value
Age 0.7901
<60 82 37 45
=60 79 34 45
Sex 0.2644
Male 116 48 68
Female 45 23 22
Differentiation 0.6369
Poor 76 35 41
Well-moderate 85 36 49
Tumor invasion (T) 0.0460
T1+T2 61 33 28
T3+T4 100 38 62
Lymph node metastasis 0.0051
Absent 60 35 25
Present 101 36 65
TNM stage <0.0001
I+11 76 48 28
11 85 23 62

TBX2, T-box 2; TNM, tumour node metastasis.

Figure 1. Expression pattern on T-box 2 (TBX2) in human gastric cancer. (A).
Negative staining of TBX?2 protein in non-cancerous gastric tissue. (B) Negative
staining of TBX2 protein in gastric cancer tissue with well-moderate differen-
tiation. (C) Nuclear positive staining of TBX2 protein in gastric cancer tissue
with well-moderate differentiation. (D) Cytoplasm positive staining of TBX2
protein in gastric cancer tissue with poor differentiation.

Statistical analysis. SPSS version 16 for Windows (SPSS,
Inc., Chicago, IL, USA) was used for all statistical analyses.
A %* test was used to examine possible associations between
TBX2 expression and clinicopathological factors. The
Kaplan-Meier method was used to estimate the probability of
patient survival, and differences in the survival of subgroups
of patients were compared by using Mantel's log-rank test. Cox
proportional hazards regressions were applied to estimate the
individual hazard ratio (HR). The Student's t-test was used to

compare differences between control and treatment groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

TBX2 is overexpressed in human GC. To explore expression
pattern of TBX2 in human GC, 161 cases of GC tissues and
10 cases of normal gastric tissues were collected and then
TBX2 protein expression was determined using immuno-
histochemistry. As shown in Fig. 1A, negative staining was
observed in normal gastric tissue. Positive nuclear staining
was observed in 90 of 161 (55.9%) cases of GCs (Fig. 1B-D).
The relationship between TBX?2 expression and various clini-
copathological parameters was analyzed and the results were
listed in Table I. It was observed that TBX?2 overexpression
was significantly associated with deep tumor invasion (T1+T2
45.9% vs. T3+T4 62%; P=0.0460), advanced TNM stage (I+11
36.8% vs. III 72.9%; P<0.0001) and presence of nodal metas-
tasis (absent 41.7% vs. present 64.4%; P=0.0051). To investigate
the association between TBX2 expression and prognosis,
Kaplan-Meier analysis was performed and the results showed
that patients with higher TBX2 levels showed poorer survival
than those with low TBX2 levels (P<0.05; Fig. 2). In addition,
Cox regression analysis revealed that TBX2 was predictor for
overall survival of patients with GCs using univariate analysis
(Table IT).

Expression pattern of TBX2 in GC cells. TBX2 protein expres-
sion in normal and cancerous gastric cells (GES-1, BGC-823,
AGS, SGC-7901, MKN-1 and HGC-27) was detected by
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Table II. Multivariate analysis for predictive factors in patients with gastric cancer (Cox regression model).

Univariate Multivariate
Factors Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value
TBX2 overexpression 2.027 (1.284-3.201) 0.0024 1.049 (0.636-1.730) 0.8524
Stage 2.127 (1.560-2.906) <0.0001 2.285 (1.553-3.363) <0.0001
Differentiation 1.103 (0.716-1.697) 0.6567 0.874 (0.560-1.363) 0.5519
Relapse 70.552 (21.978-226.486) 90 83.884 (26.938-306.633) <0.0001

CI, confidence interval; TBX, T-box.
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Figure 2. Correlation between T-box 2 (TBX2) expression and prognosis.
Kaplan-Meier analysis results demonstrated that patients with high TBX2
levels showed poor survival and patients with low TBX2 levels showed good
prognosis (P=0.0017).

western blot. As shown in Fig. 3A, relative high level of TBX2
was found in BGC-823 cells while low TBX?2 expression was
found in SGC-7901 cells. In order to confirm effect of TBX2
on GC cells, we adopted SGC-7901 and BGC-823 to perform
TBX2 transfection and siRNA interference. Western blot
results showed that TBX2 protein expression was significantly
upregulated in SGC-7901 cells when transfected with TBX2
plasmid while downregulated in BGC-823 cells when treated
with TBX2 siRNA (Fig. 3B). Quantitative PCR showed similar
results.

TBX2 promotes cell proliferation and invasion in GC cells.
MTT assay was employed to measure the effect of TBX2 on
cell viability. TBX2 overexpression induced cell growth rate
significantly while TBX?2 depletion decreased cell growth rate
(Fig. 4A). Matrigel invasion assay was performed to explore
change of cell invasion. It was observed that number of
invading cells increased significantly after TBX2 overexpres-
sion while decreased after TBX2 depletion (Fig. 4B). These
results demonstrated that TBX2 enhanced the ability of prolif-
eration and invasion in GC cells.
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Figure 3. Expression pattern of T-box 2 (TBX2) in gastric cancer cell lines
and the transfection efficiency. (A) Western blot analysis was employed
to detect expression of TBX2 in gastric cancer cell lines included GES-1,
BGC-823, AGS, SGC-7901, MKN-1, HGC-27. The results showed that
TBX2 protein expression was relatively high in BGC-823 cells and low
in SGC-7901 cells. (B) TBX2 plasmid and siRNA were transfected into
SGC-7901 and BGC-823 cells respectively, and then transfection efficiency
was evaluated using western blot. TBX?2 expression was upregulated when
transfected with TBX2 plasmid and downregulated when transfected with
TBX2 siRNA. (C) Transfection efficiency was evaluated using qPCR. The
results showed that TBX2 mRNA level was increased when transfected with
TBX2 plasmid (P<0.05) and decreased when transfected with TBX2 siRNA
(P<0.05). "P<0.05.

TBX2 promotes EMT and ERK signaling pathway. To inves-
tigate the potential mechanism responsible for the effect
of TBX2 on cell biological behaviors, related factors were
detected using western blot. As shown in Fig. 5, levels of
MMP2, MMPO9, cyclin E, N-cadherin were increased while
E-cadherin and p21 levels decreased in SGC-7901 cells trans-
fected with TBX?2 plasmid. In BGC-823 cells, TBX2 depletion
enhanced expression of E-cadherin and p21 while suppressed
expression of MMP2, MMP9, N-cadherin and cyclin E.

To further explore the possible molecular mechanism,
MAPKSs signaling pathway was examined using western blot.
ERK phosphorylation level was increased in SGC-7901 cells
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Figure 4. T-box 2 (TBX?2) promote proliferation and invasion in gastric cancer cells. (A) MTT assay was employed to analyze change of growth rate in gastric
cancer cells under the effect of TBX2. The results showed that growth rate in SGC-7901 cells treated with TBX2 plasmid was increased compared with cells
treated with empty vector. Growth rate was decreased in BGC-823 cells treated with TBX2 siRNA compared with control siRNA. (B) Effect of TBX2 on
cell invasion was examined using matrigel invasion assay. The results showed that number of invading cells was increased significantly when transfected with
TBX2 plasmid (P<0.05) and decreased significantly when transfected with TBX2 siRNA (P<0.05). "P<0.05.
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Figure 5. T-box 2 (TBX2) regulates expression of matrix metalloproteinase
(MMP)2, MMP9, cyclin E, E-cadherin, p21 and p-ERK. Expression of
MMP2, MMP?9, cyclin E and p-ERK was upregulated after TBX2 over-
expression in SGC-7901 cells while downregulated after TBX2 depletion
in BGC-823 cells. E-cadherin and p21 levels were decreased after TBX2
overexpression in SGC-7901 cells while increased after TBX2 depletion in
BGC-823 cells. Western blotting was repeated in triplicate and representative
result was shown.

transfected with TBX2 plasmid and decreased in BGC-823
cells transfected with TBX2 siRNA.

Discussion

In the present study, we examined TBX?2 expression pattern in
GC tissues. The results revealed that TBX?2 was upregulated
in GC tissues, with significant association with local invasion,
advanced TNM stage and presence of nodal metastasis. These
results suggested TBX2 correlated with malignant phenotype
of GCs. We also observed that patients with high TBX2
showed worse prognosis compared with those with low TBX2
expression, suggesting that TBX2 is a potential diagnostic or
prognostic cancer marker.

We also found that TBX2 directly regulated the progres-
sion of GC cells. Transfection or knocking down of TBX2
was sufficient to change the ability of cell proliferation,
invasion. Previous studies reported that TBX2 functioned
as a potent growth-promoter in malignant tumors partly due
to its ability to bypass senescence and repress key negative
regulators of the cell cycle (30,31). We observed that cell
proliferation rate was increased after TBX2 overexpression
while decreased after TBX2 depletion. Matrigel invasion
results showed that invading cells was increased transfected
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with TBX2 plasmid while decreased when transfected with
TBX2 siRNA, suggesting that TBX2 promoted the ability of
invasion.

To clarify the potential mechanism responsible for the
regulatory effect of TBX2 on cell biological behaviors in GC
cells, we examined expression of related protein including
MMPs, cyclins and p21. It was observed that expression of
MMP2, MMP?9 and cyclin E was increased after TBX2 over-
expression while decreased when TBX2 depletion. MMPs are
calcium-dependent zinc-containing endopeptidases, which are
capable of degrading all kinds of extracellular matrix proteins
and processing a number of bioactive molecules (32-34).
Tumor invasion is a phenomenon that requires increased
motility and proteolysis and MMPs have been suggested to
be critical for the invasive and metastatic potential in vari-
eties of malignant tumors (35-37). In addition, we observed
that TBX?2 reduced the expression of epithelial-mesenchymal
transition marker E-cadherin while upregulated N-cadherin.
Epithelial-to-mesenchymal transition (EMT) activation
is a process that involves the transcriptional repression of
epithelial markers such as E-cadherin, which is pivotal during
cancer invasion and metastasis (38,39). Thus TBX2 promote
cell invasion partly through regulating MMP2, MMP9 and
E-cadherin levels.

TBX2 has been confirmed to function as transcriptional
repressors and promote the bypass of senescence by down-
regulating expression of the negative cell cycle regulators p21
(40). Another reports showed that TBX2 protein is a direct
repressor of the p21 promoter through an element located
close to the p21 transcription start site (40,41). Our study was
consistent with previous conclusions, showing that TBX2
overexpression downregulated p21 level in SGC-7901 cells
while TBX2 depletion upregulated p21 level in BGC-823
cells. We also found that TBX2 positively regulated cyclin E
expression. Cyclin E normally accumulates at the G1/S phase
transition and then accelerates the speed of cell prolifera-
tion (42,43). According to above findings, we speculated that
TBX?2 affected cell proliferation partly through regulating
p21 and cyclin E expression in GC cells. TBX2 was reported
to represses Connexin43, which functions as gap junc-
tion protein (44). TBX2 could also represses CST6, which
induced sustained breast cancer proliferation (45). It is also
reported that TBX2 promoting transcription of the canonical
WNT3A promoter (46). Thus TBX2 is a multifunctional gene
regulator which could either inhibit or activate transcription.

To further investigate potential molecule mechanism,
MAPK signaling pathway was examined. Level of p-ERK
increased in SGC-7901 cells transfected with TBX2, while
p-ERK level decreased in BGC-823 cells interferenced with
TBX2 siRNA. The ERK cascade functions in cellular prolifer-
ation, differentiation, and survival, and its activation promotes
tumor progression (47-50). We speculated that regulatory
effect of TBX2 in GC may partly depend on ERK signaling
pathway.

In conclusion, TBX2 is upregulated in GCs and correlates
with lymph node metastasis, local invasion, TNM stage
and poor prognosis. TBX2 promotes proliferation, invasion
through regulation of MMP2, MMP9, cyclin E, E-cadherin
and p21 through ERK signaling pathway. TBX2 might serve as
an effective biomarker and therapeutic target in human GCs.
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