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Abstract

Gastric cancer is a common malignancy, and is one of the most frequent causes of cancer deaths worldwide. Recently, members of
the transglutaminases (TGM) family, especially TGM2, have been implicated in the progression and drug resistance of cancers, but the
function of TGM1 in cancer development has been largely overlooked. In this study, we demonstrate the roles of TGM1 in develop-
ment of gastric cancer. We found that expression levels of TGM1 were upregulated in both gastric cancer tissues and cultured gastric
cancer cells, and that TGM1 expression levels were correlated with patient survival. In cultured gastric cancer cells, loss of TGM1
expression inhibited cell proliferation and promoted apoptosis, as well increased gastric cancer cell sensitivity to chemotherapeutic
drugs and reducing stemness. These results strongly supported the participation of TGM1 in the regulation of gastric cancer devel-
opment. In addition, we found evidence that the mechanism of action of TGM1 in regulating gastric cancer cell might involve the Wnt

signaling pathway, as loss of TGM1 expression in gastric cancer cells led to a significant suppression of Wnt signaling activities.
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Introduction

Gastric cancer is a common malignancy and is one of the most
frequent causes of cancer deaths worldwide."” The high mor-
tality rates of gastric cancer are partially due to it usually being
diagnosed in later stages, resulting in poor prognosis and
therapeutic outcomes.”’ Like many other cancer types, initi-
ation and progression of gastric cancer involves multistep pro-
cesses of various genetic and molecular factors, including
activation of multiple oncogenes and suppression of tumor
suppressor genes.*” Molecular pathways that affect cell pro-
liferation and migration, including the integrin/focal adhesion
kinase,” mammalian target of rapamycin (mTOR) signaling,”
mitogen-activated protein kinases (MAPK),® and nuclear
factor-kB (NF-kB) pathways,” have been demonstrated to
play roles in development of gastric cancer.

Recently, members of the transglutaminases (TGM)
family, especially tissue TGM, have been implicated in pro-
gression and drug resistance of cancers. TGM catalyze
Ca**-dependent post-translational protein modifications
by inserting irreversible e-(y-glutamyl)-lysine cross-links
between polypeptide chains. Tissue TGM are primarily
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localized within the compartments of cell structures, but
they can also be secreted into extracellular spaces.”
Recent studies have shown that tissue TGM have been asso-
ciated with several biological functions including signal
transduction, apoptosis, cell adhesion, cell migration, and
extracellular matrix formation."!? In the context of cancer
development, overexpression of tissue TGM has been
observed in breast, > pancrea’cic,15 ovarian,'® colon,”
non-small cell lung cancers,'® as well as melanoma'® and
glioblastoma.” Elevated levels of TGM expression have
been postulated to be a potential negative prognostic
marker and are associated with advanced stages of cancer,
metastatic migration and chemoresistance.'”** There are
several members of the TGM family, including TGM1 and
TGM2. The majority of previous studies regarding the roles
of TGM in cancer development were focused on TGM2,
whereas the functions of TGM1 were mostly investigated
in an epidermal condition known as ichthyosis.” Because
expression of TGML1 is not restricted to skin tissue and
TGML1 possesses enzymatic functions similar to TGM2, the
possibility that TGM1 is also involved in regulating progres-
sion and drug resistance of cancer can not be excluded.
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For the first time we demonstrated that the expression
levels of TGM1 are regulated in both gastric cancer tissues
and cells, and that TGM1 levels are associated with patient
survival. Furthermore, loss of TGM1 expression in gastric
cancer cell lines inhibited cell proliferation and promoted
cell apoptosis. Loss of TGM1 expression also increased che-
mosensitivity and reduced stemness of gastric cancer cells.
In addition, we found evidence that the mechanism of
action of TGM in regulating gastric cancer might involve
the Wnt signaling pathway, as loss of TGM1 expression
in gastric cancer cells leads to significant suppression of
Wnt signaling.

Materials and methods
Tissue samples and cell lines

Ninety-six pairs of primary gastric cancer samples and their
matched adjacent normal gastric tissues were obtained from
patients who underwent surgical resections at the Department
of General Surgery, Daqing Oilfield General Hospital. The
fresh samples were snap-frozen in liquid nitrogen and
stored at —80°C for future use. Prior patient consent and
approval from the Institutional Research Ethics Committee
were obtained. Histologic diagnosis of gastric normal and
cancer tissues was confirmed by three pathologists.

Cell culture and treatments

Four gastric cancer cell lines (BGC823, SGC7901, MGC803
and AGS) and one human normal gastric epithelial cell line
(GES-1) were grown in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) (Gibco) and 50 units/mL penicillin
and streptomycin. All cell lines were maintained in a humi-
dified incubator with 5% CO, at 37°C. Small interfering
RNA (siRNA) were transfected into gastric cancer cells
using the Lipofectamine® RNAiMAX Reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
Gastric cancer cells were treated with 5-Fu (0, 4, 8, 12 or
16 pg/mL) (Sigma, St Louis, MO), cisplatin (0, 3, 6, 9 or
12 ug/mlL) (Sigma) or vincristine (0, 1.5, 3.0, 4.5 or 6.0 ng/mL)
(Sigma) for 48 h. All cell lines used were routinely tested for
mycoplasma contamination by the Mycoplasma Detection
Kit (Thermo-Fisher Scientific, Pittsburgh, PA). An authenti-
cation of all cell lines used was confirmed by short tandem
repeat DNA profiling.

gRT-PCR

Total RNA was isolated from gastric cancer tissues or cell
lines using the TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. One pg of total RNA was
reverse transcribed to cDNA using a reverse transcription
kit (Takara, Dalian, China). Real-time polymerase chain reac-
tion (PCR) was performed with the SYBR Green Premix EX
Taq kit (Takara) and the ABI 7500 real time PCR System
(Applied Biosystems, Carlsbad, CA). B-actin was used as
an internal control. Primer sequences in our study are as
follows: TGM1 forward 5'-CCCCCGCAATGAGATCTACA-
3 and reverse 5-ATCCTCATGGTCCACGTACACA-3;
Axin2 forward 5-GGTGTTTGAGGAGATCTGGG-3/, and
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reverse 5-TGCTCACAGCCAAGACAGTT-3'; c-myc forward
5-AAGAGGACTTGTTGCGGAAA-3' and reverse 5'-CTCA
GCCAAGGTTGTGAGGT-3; CCND1 forward 5-AAGGCC
TGAACCTGAGGAG-3' and reverse 5-CTTGACTCCAGCA
GGGCTT-3; TCF4 forward 5-TCTTCACAGTAGTGCCA

TGGAG-3 and reverse 5-CTTGCTGATGGAGCATAG
ACTG-3; B-actin forward 5-GA AAATCTGGCACCA
CACCTT-3 and reverse 5-GTTGAAGGTAGTTITCGTG
GAT-3.

Western blot assays

Gastric cancer tissues or cultured gastric cancer cells were
homogenized in radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime Biotechnology, Beijing, China) on ice,
and centrifuged at 12,000 x g for 30 min. The cytoplasmic
and nuclear protein fractions were extracted using a nuclear
and cytoplasmic protein extraction kit (Beyotime
Biotechnology) according to the manufacturer’s instructions.
Protein concentrations were determined by the bicinchoninic
acid (BCA) method (Beyotime Biotechnology), and 20-40 mg
of protein was separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) onto nitro-
cellulose membrane (Bio-Rad, Hercules, CA). Western
blots were performed with primary antibodies: anti-TGM1
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
Bcl-2 (1:2000; Santa Cruz Biotechnology), anti-Bax (1:1000;
Santa Cruz Biotechnology), anti-B-catenin (1:500; Abcam,
Cambridge, MA), anti-LaminA (1:1000; Santa Cruz
Biotechnology), and anti-B-actin (1:1000; Santa Cruz
Biotechnology) along with their corresponding secondary
antibodies. The signals were visualized with enhanced
chemiluminescence (ECL) reagent (Pierce Biotechnology,
Rockford, IL).

MTT assays

We used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay according to the manufac-
turer’s instructions to determine cell growth and viability.
Briefly, the cells were seeded into 96-well plates at 4000
cells/well after 48 h incubation. Twenty microliters of MTT
solution (5 mg/mlL, Sigma, Grand Island, NY) were added to
each well at different time points, and the cells were incu-
bated at 37°C for 4h. The supernatant was removed and
150 mL of dimethyl sulfoxide (DMSO) was added to each
well. The plate was gently shaken on a shaker for 10 min,
and the absorbance was measured at 570nm using a
spectrophotometer.

CCK-8 assays

The CCK-8 kit (Beyotime Biotechnology) was used to ana-
lyze cell proliferation. Gastric cancer cells were seeded at a
density of 4000 cells/well into 96-well plates and incubated
at 37°C, 5% CO, for different periods of time. CCK-8 solu-
tion (100 pL) was added into each well and incubated at
37°C for 4 h, then shaken for 1 min. Absorbance at 450 nm
was measured using a microplate reader.
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Sphere formation assays

Gastric cancer cells were plated into wells of ultra-low
attachment surface six-well culture plates (Corning,
Corning, NY) at a density of 3000 cells/mL in DMEM/
F12 medium (Gibco) supplemented with 20ng/mL epider-
mal growth factor (EGF), 20ng/mL basic fibroblast growth
factor (bFGF), and 2% B27. Diameters of spheres were mea-
sured seven days post seeding.

Flow cytometry

Flow cytometric analysis was used to determine cell
surface expression of CD44 +and CD133 + markers from
gastric cancer sphere cells. Briefly, gastric cancer
sphere cells were harvested, washed twice and resus-
pended in Hanks” balanced salt solution (HBSS). Cells
were then incubated with antibodies in the dark for
30min at room temperature. After three washes, the cell
surface markers were detected using a flow cytometer
(BD Biosciences, San Jose, CA), and analyzed with
Flow Jo software (BD Biosciences). CD133-PE and CD44-
APC antibodies were obtained from Miltenyibiotec
(Auburn, CA).

Cell cycling was examined by flow cytometry. Gastric
cells (1 x 10°) were washed twice with ice-cold phosphate-
buffered saline (PBS), treated with trypsin, fixed with 70%
cold ethanol at 4°C for 1h, centrifuged at 1500r/min for
5 min to remove ethanol, again washed with PBS, and incu-
bated in 25 ng/mL of RNase for 1 h at 37 °C. Before analysis,
cells were stained with 50 pg/mL of propidium iodide (PI)
at room temperature for 30 min in the dark, then subjected
to flow cytometric analysis.

Luciferase assays

Wnt signaling activity was examined using the TOPflash/
FOPflash luciferase assay. Briefly, cells were trans-
fected with TOPFlash or FOPflash firefly luciferase reporter
vector (Upstate, Chicago, IL) and Renilla luciferase
vectors (Promega, Madison, WI) according to the recom-
mended protocol for the Lipofectamine 2000 transfection
system. Post incubation (48h), luciferase activity was
detected using the dual-luciferase reporter assay system
(Promega).

Statistical analysis

Data are presented as mean=+SD. Statistical significance
was determined using two-tailed Student’s ¢ tests between
the means of the control and experimental groups. The
overall survival curves were drawn using the Kaplan-
Meier method. All statistical calculations were analyzed
using GraphPad Prism 5.0 software (GraphPad Software
Inc., San Diego, CA). P <0.05 was considered statistically
significant.

Results
TGM1 is upregulated in gastric cancer

To determine the expression pattern of TGM1 in gastric
cancer, we performed qRT-PCR to examine the expression
levels of TGM1 in clinical gastric cancer specimens. In the
96 samples of gastric cancer tissues and matched adjacent
normal gastric tissues, we found that TGM1 was signifi-
cantly upregulated in gastric cancer tissues (P <0.001).
Overexpression of TGM1 was confirmed in 94.8% of the
patient samples (Figure 1(a)). We further performed
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TGM1 is upregulated in gastric cancer. (a) Expression levels of TGM1 as determined by qRT-PCR in gastric cancer tissues (GC) and compared with

matched adjacent normal gastric tissues (NT) from the same patient (P < 0.001). (b) Protein levels of TGM1 as determined by Western blot analysis in GC and
matched NT from four randomly selected patient samples. (c) Protein levels of TGM1 as determined by Western blot analysis in one human normal gastric epithelial cell
line (GES-1) and four gastric cancer cell lines (BGC823, SGC7901, MGCB803 and AGS). (A color version of this figure is available in the online journal.)
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Western blot analysis to examine the protein levels of TGM1
in randomly selected gastric cancer samples, and found that
TGML1 levels were higher than in all normal gastric tissues
tested (Figure 1(b)). We next compared the expression levels
of TGM1 in four gastric cancer cell lines (BGC823, SGC7901,
MGC803 and AGS), to those in human normal GES-1 and

Table 1 Comparison of clinicopathological features of patients with
TGM1 low and high gastric cancer

TGM1 expression

Factors Total Low (%) High (%) P value
Gender 0.423
Male 79 38 (48.1) 41 (51.9)
Female 17 10 (58.8) 7(41.2)
Age (years) 0.679
<60 40 19 (47.5) 21 (52.5)
>60 56 29 (51.8) 27 (48.2)
Location 0.214
Upper and middle 40 23 (57.5) 17 (42.5)
stomach
Lower stomach 56 25 (44.6) 31 (55.4)
Tumor size (cm) 0.138
<6 61 34 (55.7) 27 (44.3)
>6 35 14 (40.0 21 (60.0
Differentiation 0.088
High/moderate 34 21 (61.8) 13 (38.2)
Low/undifferentiated 62 27 (43.5) 35 (56.5)
Gastric wall invasion 0.083
T1-T2 32 12 (37.5) 20 (62.5)
T3-T4 64 36 (56.3) 28 (43.7)
Lymph node 0.021*
metastasis
Yes 59 24 (40.7) 35 (59.3)
No 37 24 (64.9 13 (35.1
TNM stage 0.028*
-l 30 20 (66.7) 10 (33.3)
-V 66 28 (42.4 38 (57.6
*P value < 0.05 was considered statistically significance.
(a)120
100 -
§ 80 +
2
E 60 4
(2]
T 40
[1}]
8 20-
0 T T T
0 20 40 60 80

Survival time (months)

Tissue transglutaminase-1 promotes stemness and chemoresistance in gastric cancer cells

found that TGM1 was consistently upregulated in all four
gastric cancer cell lines (Figure 1(c)). BGC823 and MGC803
cells are poorly differentiated, SGC7901 cells are moder-
ately differentiated and AGS cells were poorly to moder-
ately differentiated,”*?® but there were no significant
differences between poorly and moderately differentiated
cells. Because SGC7901 and MGC803 cells expressed rela-
tively high levels of TGM1, they were selected for further
functional analyses. We divided the patient samples equally
to “high” and ‘low’” groups based on the average values of
TGM1 mRNA expression and found that the expression
levels of TGM1 were significantly associated with tumor
lymph node metastasis, TNM stages, and cancer-related
deaths (Table 1 and Figure 2). Taken together, these results
indicated that TGM1 was upregulated in both gastric cancer
tissues and cells, and that TGM1 levels were associated with
cancer progression.

Loss of TGM1 inhibits gastric cancer cell
proliferation and promotes apoptosis

To explore the function of TGM1 in gastric cancer develop-
ment, we knocked down TGM1 expression in SGC7901
and MGC803 gastric cancer cells by transfecting siRNA
targeting TGM1 (Figure 3(a)). Using the MTT cellular pro-
liferation assay, we found that TGM1 knockdown signifi-
cantly reduced cell proliferation of both SGC7901 and
MGC803, as compared to gastric cancer cells transfected
with control scrambled siRNA (Figure 3(b)). Using the cell
counting kit-8 (CKK-8) assay, we consistently confirmed
decreases in proliferation of TGM1 knockdown cells
(Figure 3(c)). We performed MTT cellular viability assays
by culturing cells in serum free medium with glucose
deprivation, and found that knockdown of TGM1 expres-
sion led to significantly decreased cell viability
(Figure 3(d)). We postulated that the reduced cell viability
was due to increased apoptosis. Therefore we examined the
expression levels of Bcl-2 and Bax in TGM1 knockdown
cells, and found that TGM1 knockdown resulted in
increased Bcl-2 and decreased Bax levels, consistent with
elevated cell apoptosis (Figure 3(e)). Furthermore, cell
cycle analysis showed that TGM1 downregulation arrested
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Figure 2 Expression levels of TGM1 are associated with survival of gastric cancer patients. (a) The Kaplan-Meier survival curves of 96 gastric cancer patients. (b) The
Kaplan—Meier survival curves of patients in (a) are categorized by low and high TGM1 expression levels (n =96; P < 0.001). (A color version of this figure is available in

the online journal.)
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Figure 3 Loss of TGM1 inhibits gastric cancer cell proliferation and promotes apoptosis. (a) Western blot of TGM1 expression in MGC803 and SGC7901 gastric
cancer cells transfected with siRNA targeting TGM1 (si-TGM1), (b) MTT cell proliferation assay, (c) CKK-8 assay, and (d) MTT cell viability assays in MGC803 and
SGC7901 cells transfected with si-TGM1, and compared to cells transfected with a control scramble siRNA (si-Ctrl). (€) Protein levels of Bcl-2 and Bax as determined by
Western blot analysis in MGC803 and SGC7901 cells transfected with si-TGM1 and compared to cells transfected with a control scrambled siRNA. (f) Cell cycle
analysis of MGC803 and SGC7901 cells transfected with si-TGM1 as compared to si-Ctrl. Each bar represents the mean + SEM of three independent experiments.

*P <0.001

more gastric cancer cells in the GO/G1 phase and led to
further cells apoptosis (Figure 3(f)). These results collect-
ively indicate that loss of TGM1 inhibits gastric cancer cell
proliferation and promotes apoptosis.

Loss of TGM1 increases chemosensitivity
and reduces stemness of gastric cancer cells

We next investigated the role of TGM1 in regulating gastric
cancer drug resistance. We treated the TGM1 knockdown
cell lines, SGC7901 and MGC803, with different concentra-
tions of 5-Fu (Figure 4(a)), cisplatin (Figure 4(b)), or vincris-
tine (Figure 4(c)). Knockdown of TGMI significantly
increased chemosensitivity to all three of these anticancer
drugs in both SGC7901 and MGC803 cell lines, compared to
cells transfected with control scrambled siRNA (Figure 4).
Since cancer cell stemness is one of the determinants
of drug resistance and TGM is known to participate in

regulating cell stemness,®®” we determined whether

TGM1 regulates the stemness of gastric cancer cells.
We performed cell sphere formation assays with TGM1
knockdown cell lines, SGC7901 and MGC803, and found
that knockdown of TGM1 led to markedly decreased
sphere diameters (Figure 5(a)). TGM1 knockdown also sig-
nificantly reduced CD44 + (Figure 5(b)) and CD133+
(Figure 5(c)) cell numbers in SGC7901 and MGC803 cell
spheres. Taken together, these results suggest that loss of
TGM1 increases chemosensitivity and reduces stemness of
gastric cancer cells.

Loss of TGM1 suppresses Wnt/p-catenin signaling

The Wnt/ p-catenin signaling pathway is known to play an
important role in maintaining gastric cancer cell stemness
and drug resistance.” Since increased levels of TGM1 have
been reported to associate with higher levels of nuclear
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Figure 4 Loss of TGM1 increases chemosensitivity of gastric cancer cells. MTT cell proliferation assays in MGC803 and SGC7901 gastric cancer cells transfected
with siRNA targeting TGM1 (si-TGM1) as compared to cells transfected with a control scrambled siRNA (si-Ctrl). Cells were treated with different concentrations of
(a) 5-Fu, (b) cisplatin or (c) vincristine. Each bar represents the mean &+ SEM of three independent experiments. *P < 0.001
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Figure 5 Loss of TGM1 reduces stemness of gastric cancer cells. (a) Representative images of mammospheres formed by MGC803 and SGC7901 cells transfected
with siRNA targeting TGM1 (si-TGM1) as compared to those formed by cells transfected with a control scrambled siRNA (si-Ctrl), left panel; quantification of sphere
diameters, right panel. Each bar represents the mean 4+ SEM of three independent experiments. “P < 0.001. (b) CD44 + and (c) CD133 + cells in spheres derived from
MGC803 and SGC7901 cells transfected with siRNA targeting TGM1 (si-TGM1) as compared to cells transfected with a control scrambled siRNA (si-Ctrl). Red,
si-TGM1; blue, si-Ctrl. (A color version of this figure is available in the online journal.)

B—Catenin,29 we investigated whether TGM1 regulates Wnt/

B-catenin signaling in gastric cancer cells. We first examined
the expression levels of a series of genes related to Wnt/ -
catenin signaling (Axin2, c-myc, CCND1 and TCF4), and
found that the levels of these genes were significantly
lower in TGM1 knockdown cells than in cells transfected
with control scrambled siRNA (Figure 6(a)), suggesting that

TGM1 could be involved in regulating Wnt/ p-catenin sig-
naling in gastric cancer cells. In addition, knockdown of
TGM1 significantly reduced Wnt/p-catenin luciferase
reporter activity (Figure 6(b)). Furthermore, we found that
nuclear B-catenin levels were decreased in TGM1 knock-
down gastric cancer cells, while cytosolic B-catenin levels
were elevated (Figure 6(c)). Upregulation of Wnt/p-catenin
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Figure 6 Loss of TGM1 suppresses Wnt/B-catenin signaling. (a) Expression levels of Axin2, c-myc, CCND1, and TCF4, as determined by qRT-PCR in MGC803 and
SGC7901 cells transfected with siRNA targeting TGM1 (si-TGM1) as compared to cells transfected with a control scrambled siRNA (si-Ctrl). (b) TOPflash/FOPflash
luciferase assay activities in MGC803 and SGC7901 cells transfected with siRNA targeting TGM1 (si-TGM1) as compared to those in cells transfected with a control
scrambled siRNA (si-Ctrl). Each bar represents the mean + SEM of three independent experiments. *P < 0.001. (c) B-catenin levels in the nucleus and cytosol in
MGC803 and SGC7901 cells transfected with siRNA targeting TGM1 (si-TGM1) compared to cells transfected with a control scrambled siRNA (si-Ctrl). (d) mRNA
expression levels of Axin2, c-myc, CCND1, and TCF4 as determined by qRT-PCR in 96 clinical gastric cancer tissue samples

signaling downstream genes in clinical samples confirmed
activation of Wnt/B-catenin signaling in gastric cancer
(Figure 6(d)). Collectively, these results support the hypoth-
esis that loss of TGM1 expression led to reduced
Wnt/ B-catenin signaling activity in gastric cancer cells.

Discussion

We demonstrated the roles of TGM1 in development of gas-
tric cancer cell in vitro, with expression levels of TGM1
being upregulated in both gastric cancer tissues and
cultured gastric cancer cells. TGM1 expression levels were
correlated with patient survival. In detailed cell culture stu-
dies, loss of TGM1 expression in gastric cancer cell lines
inhibited proliferation and promoted apoptosis, as well as
increasing chemosensitivity and reducing stemness of gas-
tric cancer cells. These results strongly indicate participa-
tion of TGM1 in regulating gastric cancer cell malignancy.
Most previous research has focused on involvement of
TGM2 in carcinogenesis, whereas the function of TGM1 in
cancer development has been largely overlooked. Given
that TGM1 is expressed in tissues other than the skin, and

that TGM1 and TGM2 are functionally redundant, it is
important to also explore the roles of TGM1 in progression
and drug resistance of gastric cancer.

We provide evidence that the mechanism of action
of TGML1 in regulating gastric cancer might involve the
Wnt signaling pathway, because loss of TGM1 expression
in gastric cancer cells led to significant suppression of
Wnt signaling. Although a previous study suggested that
TGM1 could promote Wnt/B-catenin signaling,* it is not
clear whether this is also true in gastric cancer cells. Loss of
TGM1 inhibited both nuclear accumulation of B-catenin
and transcriptional activities of the Wnt/p-catenin signal-
ing pathway in gastric cancer cells, consistent with the func-
tion of Wnt signaling in cancer development. It has
been shown that activation of Wnt signaling is associated
with increased cell proliferation and decreased cell apop-
tosis.?*>! To further confirm our hypothesis that TGM1 pro-
motes gastric cancer development by activating the Wnt
signaling pathway, we are investigating need to determine
whether TGM1 can regulate proliferation, apoptosis, and
stemness in cells lacking functional Wnt/ p-catenin signal-
ing. In addition to Wnt/p-catenin signaling, numerous
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other factors are involved in gastric cancer stemness and
chemoresistance.’”** Further investigations of other poten-
tial mechanisms of TGM1 function are necessary.

Since we do not have data to indicate whether loss
of TGM1 inhibits cell proliferation, promotes chemosensi-
tivity, or inhibits Wnt/p-catenin signaling in other cancer
types, this study is not yet applicable to other cancer types.
It is also important to note that the function of Wnt signal-
ing is not limited to regulating cell apoptosis and stemness.
Recent studies have elucidated important roles of the
Wnt/ B-catenin signaling pathway in regulating mesenchy-
mal changes.**® One of the primary mechanisms by which
the Wnt/ B-catenin signaling pathway regulates mesenchy-
mal changes is modulation of levels of key cell adhesion
molecules, such as E-cadherin. E-cadherin is negatively
controlled at the transcriptional level by transcription fac-
tors induced by Wnt/B-catenin signaling.®” Transcription
factors such as Twist” and Slug® play fundamental roles
in regulating E-cadherin. As epithelial to mesenchymal tran-
sition is a hallmark of the malignancy processes of many
cancer types, we are actively exploring whether TGM1 can
also function in the cellular processes related to the mesen-
chymal transition in gastric cancer development.
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