Received: 9 March 2022 Revised: 30 June 2022

Accepted: 24 October 2022

DOI: 10.1002/cac2.12386

ORIGINAL ARTICLE

ANCER
COMMUNICATIONS

Cytosolic TGM2 promotes malignant progression in gastric
cancer by suppressing the TRIM21-mediated
ubiquitination/degradation of STAT1 in a GTP
binding-dependent modality

Lu Zhang"*

| QingyaLi"* | Jing Yang' | PenghuiXu' | Zhe Xuan' |

Jianghao Xu' | Zekuan Xu'?

!Department of General Surgery, The
First Affiliated Hospital of Nanjing
Medical University, Nanjing, Jiangsu
210029, P. R. China

2Jiangsu Key Lab of Cancer Biomarkers,
Prevention and Treatment, Collaborative
Innovation Center for Personalized
Cancer Medicine, Nanjing Medical
University, Nanjing, Jiangsu 211166, P. R.
China

Correspondence
Zekuan Xu, xuzekuan@njmu.edu.cn

Abstract

Background: Previous studies have revealed the critical role of transglutami-
nase 2 (TGM2) as a potential therapeutic target in cancers, but the oncogenic
roles and underlying mechanisms of TGM2 in gastric cancer (GC) are not fully
understood. In this study, we examined the role and potential mechanism of
TGM2 in GC.

Methods: Western blotting, immunohistochemistry, CCKS8, colony formation
and transwell assays were used to measure TGM2 expression in the GC cells and
tissues and to examine the in vitro role of TGM2 in GC. Xenograft and in vivo
metastasis experiments were performed to examine the in vivo role of TGM2 in
GC. Gene set enrichment analysis, quantitative PCR and western blotting were
conducted to screen for potential TGM2 targets involved in GC. Gain/loss-of-
function and rescue experiments were conducted to detect the biological roles
of STAT1 in GC cells in the context of TGM2. Co-immunoprecipitation, mass
spectrometry, quantitative PCR and western blotting were conducted to identify
STAT1-interacting proteins and elucidate their regulatory mechanisms. Muta-
tions in TGM2 and two molecules (ZM39923 and A23187) were used to identify
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1 | BACKGROUND

the enzymatic activity of TGM2 involved in the malignant progression of GC and
elucidate the underlying mechanism.

Results: In this study, we demonstrated elevated TGM2 expression in the GC
tissues, which closely related to pathological grade, and predicted poor survival
in patients with GC. TGM2 overexpression or knockdown promoted (and inhib-
ited) cell proliferation, migration, and invasion, which were reversed by STAT1
knockdown or overexpression. Further studies showed that TGM2 promoted
GC progression by inhibiting STATI1 ubiquitination/degradation. Then, tripartite
motif-containing protein 21 (TRIM21) was identified as a ubiquitin E3 ligase of
STAT1in GC. TGM2 maintained STAT1 stability by facilitating the dissociation of
TRIM21 and STAT1 with GTP-binding enzymatic activity. A23187 abolished the
role of TGM2 in STATI and reversed the pro-tumor role of TGM2 in vitro and in
vivo.

Conclusions: This study revealed a critical role and regulatory mechanism of
TGM2 on STAT1 in GC and highlighted the potential of TGM2 as a therapeutic
target, which elucidates the development of medicine or strategies by regulating
the GTP-binding activity of TGM2 in GC.
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TGM2, STAT1, TRIM21, ubiquitination, degradation, gastric cancer

cancer, and leukemia. Extracellular pools of TGM2 cross-

According to the GLOBOCAN database, gastric cancer
(GCQ) is the fifth most common malignant tumor and the
fourth leading cause of cancer-related mortality world-
wide [1]. Over the past 35 years, gastric cancer incidence
and mortality rates have been growing very fast in China
[2]. Despite many advances have been made in diagnostic
approaches and surgical procedures, the high incidence of
recurrence and metastasis results in poor 5-year survival
rate of advanced stages of GC [3-6]. Heterogeneity is a
major challenge in the development of effective therapeu-
tic strategies against GC, and current treatment methods
are insufficient for its management. Recently, precision
medicine and targeted therapy have become topics of
increasing interest [7]. However, only a limited number of
functional targets and their underlying mechanisms have
been identified in GC. Hence, it is important to elucidate
the molecular mechanisms of GC development, to facili-
tate the identification of therapeutic targets for developing
effective strategies.

Transglutaminase 2 (TGM2) is a multifunctional
enzyme involved in extracellular matrix degradation,
apoptosis, and signal transduction [8, 9]. Aberrant TGM2
expression has been observed in multiple types of cancer
cells [10-16], including ovarian cancer, breast cancer,
pancreatic cancer, glioma, melanoma, lung cancer, colon

link and bind to numerous components of the extracellular
matrix (ECM), such as fibronectin, vitronectin, collagen,
fibrin, laminin, osteonectin, and osteopontin [17], leading
to the speculation that TGM2 functions as a suppressor of
cellular invasion [18].

In addition to this hypothesized tumor suppressor activ-
ity, cytosolic TGM2 was found to be associated with poor
drug response, increased metastatic potential, and poor
patient survival [10, 11, 13-15], indicating that cytosolic
TGM2 is a potential therapeutic target in cancer. However,
the oncogenic roles and potential mechanisms of TGM2 in
GCremain unclear. In this study, we examined the role and
potential mechanism of cytosolic TGM2 in GC cells.

2 | MATERIALS AND METHODS
2.1 | Celllines and cell culture

Human GC cell lines HGC27 and KATOIII were obtained
from Zhong Qiao Xin Zhou Biotech (Shanghai, China) and
human GC cell lines AGS, MKN45, NCI-N87 and MKN28
were obtained from Cellcook Biotech (Guangzhou,
China). HGC27, MKN28, KATOIII, MKN45 and NCI-N87
were cultured in RPMI-1640 medium (Wisent, Shang-
hai, China) containing 10% fetal bovine serum (FBS;
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Wisent, Nanjing, China) and 1% penicillin/streptomycin
(ThermoFisher Scientific, Massachusetts, USA). AGS
cells were cultured in an F-12K medium (Wisent,
Nanjing, China) supplemented with 10% FBS and 1%
penicillin/streptomycin. All cell lines were incubated at
37°C in a humidified atmosphere containing 5% CO,. The
information on the GC cell lines is listed in Supplementary
Table S1.

2.2 | Tissue specimens and tissue
microarray (TMA)

TMA of 90 pairs of tumorous and adjacent non-tumorous
human gastric tissues (2009.12-2010.6) were purchased
from Outdo Biotech (HStmA180Su09; Shanghai, China).
Regular follow-ups were conducted on 90 patients until
June 2016. A total of 24 pairs of GC and adjacent normal
tissues were collected from patients with GC who under-
went surgery at the First Affiliated Hospital of Nanjing
Medical University (Nanjing, Jiangsu, China). All samples
were frozen in liquid nitrogen and stored at -80°C until
use. Plasma samples from 24 patients with GC (same as
above) and 8 healthy controls were collected from the First
Affiliated Hospital of Nanjing Medical University. None
of the patients with GC received preoperative chemother-
apy or radiotherapy, and the diagnoses were validated
through pathological analysis. This study was approved
by the Ethics Committee of the First Affiliated Hospital
of Nanjing Medical University, and consent was obtained
from all the patients.

2.3 | Bioinformatics

The Cancer Genome Atlas (TCGA, http://www.
cancergenome.nih.gov/) [19] was used for gene set
enrichment analysis (GSEA) to analyze the expres-
sion of TGM2 in patients with GC and the effect of
TGM2 on clinical survival. The Kaplan-Meier plotter
(http://www.kmplot.com/) was used to analyze the effect
of tripartite motif-containing protein 21 (TRIM21) on
clinical survival.

2.4 | Enzyme-linked immunosorbent
assay (ELISA)

TGM2 can be secreted extracellularly; therefore, we
employed ELISA to test the TGM2 level in the plasma of
patients with GC, as well as the supernatants and lysates
of GC cells. Samples were collected for ELISA accord-
ing to the manufacturer’s instructions (ThermoFisher

Scientific, Massachusetts, USA). Briefly, the standard sam-
ple was diluted two-fold from a starting concentration
of 200 ng/mL to 3.125 ng/mL, and plasma samples were
diluted 1:2 for use. Standard and plasma samples were
added to a 96-well plate (100 uL/well) and incubated
at 37°C for 90 min. After washing five times, biotin-
labeled secondary antibodies were added to the wells (100
uL/well) at a dilution of 1:1000 and incubated at 37°C for
60 min. After washing five times, horseradish peroxidase
(HRP)-conjugated streptavidin was added to the well (100
uL/well) at a dilution of 1:1000 and incubated at 37°C for
60 min. After five washes, 3,3’,5,5'-tetramethylbenzidine
coloring solution was added to the well (100 uL/well),
developed for 5 min, and then stopped with stopping
solution (50 uL/well). The plates were analyzed using a
microplate reader at an OD450.

2.5 | RNA isolation, reverse
transcription, and quantitative PCR (qPCR)

Total RNA was extracted from tissues and cells using
TRIzol reagent (ThermoFisher Scientific, Massachusetts,
USA). Further, 500 ng of total RNA was reverse-transcribed
to cDNA in a final volume of 10 uL using the TRUEscrip-
tRT kit (Proteinbio, Nanjing, China). Specific primers were
synthesized commercially (Proteinbio, Nanjing, China),
and qPCR was performed using Universal SYBR Green
gPCR Supermix (US EVERBRIGHT, Suzhou, China) and
a 7500 Real-time PCR System (Applied Biosystems, Mas-
sachusetts, USA). The relative mRNA expression was
normalized to that of B-actin and calculated by the 274ACT
method. Each qPCR was performed in triplicates. The PCR
primer sequences are listed in Supplementary Table S2.

2.6 | Preparation of stable cells

TGM2-overexpressing and TGM2 S171E-overexpressing
lentiviruses were constructed by GenePharma Biotech-
nology Co. Ltd (Shanghai, China). TGM2-shRNA plas-
mids (ShRNA-1:ACAGCAACCTTCTCATCGAGT, shRNA-
2: TGAGAAATACCGTGACTGCCT, shRNA-3: CCACC-
CACCATATTGTTTGAT) were constructed by Proteinbio
Co. Ltd (Nanjing, China). Luciferase lentiviruses were con-
structed by Biosciences Inc. (Shanghai, China). Briefly, the
cells (2 x 10%) were seeded in a 24-well plate until they
reached ~80% confluence after 24 h of culture. Cells were
infected with lentiviral vectors at a multiplicity of infection
of 20 or transfected with 5 ug of plasmids. After 48 h incu-
bation, 0.5 ug/mL puromycin (MCE, New Jersey, USA) or
0.4 ug/mL G418 (MCE, New Jersey, USA) was added to the
well based on the antibiotic resistance genes on the vectors.
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Then, the cells were incubated for 7 days with puromycin
or for 14 days with G418 for stable cell line selection.

2.7 | RNA interference and plasmid
transfection

For RNA interference, small interfering RNAs (siR-
NAs) targeting STAT1 and TRIM21 were constructed by
GenePharma Biotechnology Co. Ltd (Shanghai, China).
Briefly, the cells (6 x 10°) were seeded in a 6-well plate and
reached ~80% confluence after 24 h of culture. A mixture of
50 nmol/L siRNA and 7.5 uL of Lipofectamine 3000 (Ther-
moFisher Scientific, Massachusetts, USA) was incubated
at room temperature for 20 min and then added to the cells.
Cells were collected after 48 h of culture.

For plasmid transfection, plasmids encoding FLAG-
coupled STATI(STATI-FLAG), FLAG-coupled TRIM21
(TRIM21-FLAG), FLAG-coupled TRIM21 with ZF_RING
domain deleted (TRIM21_ARING-FLAG), TGM2, STATI,
HA-coupled ubiquitin (Ub-HA) and relatively empty vec-
tors were constructed by Miaolingbio (Wuhan, China).
Briefly, the cells (6 x 10°) were seeded in a 6-well plate
and reached ~80% confluence after 24 h of culture. A mix-
ture of 15 ug plasmid and 7.5 uL of Lipofectamine 3000 was
incubated at room temperature for 20 min and then added
to the cells. Cells were collected after 48 h of culture. The
information on siRNA and plasmids used in this study is
listed in Supplementary Table S3 and Supplementary Table
S4, respectively.

2.8 | Immunofluorescence assay

The cells were fixed with 4% paraformaldehyde (PFA)
for 10 min at room temperature. Then, the cells were
incubated with a blocking solution (Beyotime, Haimen,
China) for 1 h at room temperature. Next, the cells were
incubated with the primary antibody overnight at 4°C.
The next day, the cells were washed three times with
washing buffer (Beyotime, Haimen, China) at room tem-
perature. They were then incubated with the secondary
antibody (Abclonal, Wuhan, China) at a dilution of 1:150
in the dark for 1 h at room temperature. Finally, the
cells were washed three times with washing buffer (Bey-
otime, Haimen, China) and counterstained using DAPI
(Beyotime, Haimen, China). Cells were stored in the
dark at 4°C until further investigation. If needed, protein
expression and colocalization were analyzed quantita-
tively using the ImageJ software (National Institutes of
Health, Bethesda, USA). The antibodies used in this study
are listed in Supplementary Table S5.

2.9 | Immunohistochemical and
hematoxylin and eosin staining

Immunohistochemistry (IHC) was performed to deter-
mine TGM2 levels in the TMA. Briefly, the paraffin-
embedded section was de-waxed in xylene and rehydrated
in a graded alcohol series. Heat-activated antigen retrieval
was performed using a sodium citrate buffer (10 mmol/L,
pH 6.0). The section was heated using the microwave
method for 20 min. Endogenous peroxidase activity was
suppressed by exposure to 3% hydrogen peroxide for 10
min. The section was then blocked with 5% BSA and
was incubated with TGM2 antibody (Abcam, New York,
USA) at a dilution of 1:50 at 37°C for 1 h, which was
followed by the incubation with HRP-conjugated sec-
ondary antibody (Abcam, New York, USA) at a dilution
of 1:2000 at 37°C for 20 min. The section was visual-
ized using DAB and counterstained with hematoxylin for
microscopic examination.

Tumor tissues and lung tissues from mice were stained
with hematoxylin and eosin (H&E) staining for patholog-
ical evaluation. Briefly, paraffin-embedded sections were
de-waxed in xylene and rehydrated in a graded alcohol
series. Sections were incubated with hematoxylin for 5 min
at room temperature, and then moved into water to wash
away floating color for 2 min. Sections were moved into
a differentiation solution (1% hydrochloric acid alcohol)
for a few seconds to 30 seconds. Sections were washed
in water for 30-60 min and then dipped into eosin for 2
min. The sections were then washed in water for further
investigation.

The immunoreactive score (IRS) was used for expression
assessment. Staining intensity was graded as 0, 1, 2, and 3
(no staining, weak, moderate and strong staining, respec-
tively). The proportion of positive cells was scored as 1, 2,
or 3 (<10%, 10%-50%, or >50%, respectively). The following
formula combined the two scores: IRS = positive rate score
X intensity score.

2.10 | Cell counting kit-8 assay

Cell proliferation was detected using the Cell counting kit-
8 (CCKS8) kit (MCE, New Jersey, USA) according to the
manufacturer’s instructions. Briefly, the cells were seeded
in 96-well plates (2000 cells/well), inoculated with com-
plete medium and cultured for 96 h; 10 uL of CCK8 reagent
and 90 pL of complete medium were mixed and added
to each well every 24 h, and incubated at 37°C for 2 h.
The plates were analyzed using a microplate reader at an
0D450.
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2.11 | Colony formation assay

Cells were seeded in six-well plates (500 cells/well) and
cultured in a complete medium for 10-14 days. The colonies
were fixed with 4% PFA at room temperature for 15
min and stained with 0.1% crystal violet solution for
30 min.

2.12 | Wound-healing assay

The cells were seeded in a 6-well plate (6 X 10° cells/well).
After the cells reached confluence, the monolayer was
wounded with a 200 pL pipette tip, and detached cells
were removed with PBS. The cells were then cultured
in a serum-free medium to inhibit proliferation. Images
were taken at 0 and 24 h, and the area of the wound was
measured using Image] software. All experiments were
performed in triplicates.

2.13 | Transwell assay

Transwell assays were performed to assess the migration
and invasion abilities of cells. For the migration experi-
ment, 3 X 10* cells suspended in serum-free medium were
added to the upper chamber, and 10% FBS medium (750 uL)
was added to the bottom chamber to induce cell migration
to the other side of the membrane. After 36 h of culturing,
the chamber was removed and fixed with 4% PFA for 30
min. The upper cells were wiped away with cotton swabs
and stained with 0.1% crystal violet solution for 20 min.
For the invasion experiment, Matrigel (BD Bioscience, San
Diego, CA, USA) was added to the upper chamber at a
dilution of 1:8. The treatment was the same as described
above. The cells in five random fields of view were counted
at 100X magnification. All experiments were performed in
triplicates.

2.14 | Flow cytometric analysis of cell
apoptosis

Apoptosis was detected using an Annexin V-Alexa
Fluor647 kit according to the manufacturer’s instructions
(US Everbright, Suzhou, China). Briefly, the cells (6 X 10°)
were seeded in 6-well plates. After 24 h culture, the cells
were collected, resuspended in buffer, and stained with
Annexin V-Alexa Fluor647 (50 pg/mL) and propidium
iodide (10 pg/mL) in the dark for 15 min before being
subjected to a flow cytometer (LSR, BD Biosciences, San
Diego, CA, USA).

2.15 | Protein isolation and western

blotting

GC cells and tissue samples were lysed in radioim-
munoprecipitation assay lysis buffer (Beyotime, Haimen,
China). Protein concentrations were measured using an
enhanced BCA protein assay kit (Beyotime, Haimen,
China). The proteins were subjected to 10% or 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluo-
ride (PVDF) membrane (Millipore, Massachusetts, USA).
The membranes were then blocked with blocking buffer
(Beyotime, Haimen China) for 2 h at room temperature
and incubated with primary antibodies overnight at 4°C.
After washing with Tris-buffered saline containing 0.1%
Tween (TBST) three times (15 min/time), the membranes
were incubated with HRP-conjugated secondary antibod-
ies for 1 h at room temperature. The membranes were
washed again, and the protein expression levels were visu-
alized with a Super ECL chemiluminescent substrate kit
(US Everbright, Suzhou, China). If needed, the relative
protein expression was measured using ImageJ software
(National Institutes of Health, Bethesda, USA). The anti-
bodies used in this study are listed in Supplementary
Table S5.

2.16 | Co-immunoprecipitation (Co-IP)
and mass spectrometry (MS)

Co-IP and MS were used to examine proteins coupled to
STATI. The cells were transfected with STAT1-FLAG and
vector plasmids. After 48 h, cells (1 x 107) were washed
in PBS twice, and then 500 pL of NP40 lysis buffer (Bey-
otime, Haimen, China) containing 1Xx Protease Inhibitor
Cocktail (MCE, New Jersey, USA) was added to the cell
lysate. One-tenth of the supernatant was saved as an input.
To the remaining supernatant, 40 pL anti-FLAG M2 affin-
ity gels (Sigma-Aldrich, Saint Louis, USA) were added, and
the samples were incubated at 4°C overnight. The beads
were washed five times with TBS buffer, eluted by adding
80 uL SDS loading buffer and boiled. Protein samples were
analyzed by MS (OE Biotech, Shanghai, China). Briefly, the
lyophilized peptide fractions were resuspended in ddH,O
containing 0.1% formic acid, and 2 uL aliquots were loaded
into a nanoViper C18 (Acclaim PepMap 100, 75 um X 2 cm)
trap column. Online Chromatography separation was per-
formed using the Easy nLC 1200 system (ThermoFisher,
Massachusetts, USA). The trapping and desalting proce-
dures were performed with a volume of 20 pL. 100% solvent
A (0.1% formic acid). An elution gradient of 5%-38% sol-
vent B (80% acetonitrile, 0.1% formic acid) for 60 min was
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used on an analytical column (Acclaim PepMap RSLC; 75
um X 25 cm; C18-2 um 100 A). Data-dependent acquisition
mass spectrum techniques were used to acquire tandem
MS data on a Thermo Fisher Q Exactive mass spectrometer
(Thermo Fisher, Massachusetts, USA) fitted with a Nano
Flex ion source. Data were acquired using an ion spray
voltage of 1.9 kV, and an interface heater temperature of
275°C. For a full MS survey scan, the target value was 3 X
10% and the scan ranged from 350 to 2,000 m/z at a resolu-
tion of 70,000 and a maximum injection time of 100 ms. For
the MS2 scan, only spectra with a charge state of 2-5 were
selected for fragmentation by high-energy collision disso-
ciation with a normalized collision energy of 28. The MS2
spectra were acquired in the ion trap in rapid mode with
an AGC target of 8000 and a maximum injection time of
50 ms. Dynamic exclusion was set for 25 s. Data were pro-
cessed using ProteomeDiscover software (version 2.1). The
antibodies used in this study are listed in Supplementary
Table S5.

217 | Co-IP and western blotting
Co-immunoprecipitation and western blotting were used
to examine the ubiquitin levels of STATI. Cells were trans-
fected with STAT1-FLAG, Ub-HA or vector plasmids. After
48 h, cells (1 x 107) were washed in PBS twice (before col-
lection, cells were treated with MG132 (10 umol/L, for ~2
h), then incubated with 500 uL of NP40 lysis buffer con-
taining 1X protease inhibitor cocktail. One-tenth of the
supernatant was saved as an input. To the remaining super-
natant, 40 uL anti-FLAG M2 affinity gels were added to the
cell supernatant, and the samples were incubated at 4°C
overnight. Beads were then washed five times with TBS
before being eluted by adding 80 uL SDS loading buffer and
boiled for western blotting.

Two-way Co-IP and western blotting were used to exam-
ine the binding between STAT1 and TRIM2I1. The cells
were divided into two parts. One part of cells was trans-
fected with the STAT1-FLAG or vector plasmids. After 48h,
cells (1 x 107) were washed in PBS twice and then incu-
bated with 500 uL NP40 lysis buffer containing 1x protease
inhibitor cocktail. One-tenth of the supernatant was saved
as an input. To the remaining supernatant, 40 pL anti-
FLAG M2 affinity gels were added to the cell supernatant,
and the samples were incubated at 4°C overnight. Beads
were then washed five times with TBS before being eluted
by adding 80 uL SDS loading buffer and boiled for western
blotting. The remaining cells were incubated with anti-
TRIM21 antibody or IgG control at 4°C overnight, then
Protein A+G agarose beads (Beyotime, Haimen, China)
was added, and incubated at 4°C for another 2~4h. Beads
were then washed five times with TBS before being eluted

by adding 80 uL SDS loading buffer and boiled for western
blotting. The procedure of western blotting was the same as
above. If needed, the relative protein expression was mea-
sured using ImageJ software. The antibodies used in this
study are listed in Supplementary Table S5.

2.18 | Mouse xenograft model and in vivo
metastasis assay

Four-week-old female BALB/c nude mice were purchased
from the Laboratory Animal Center of Nanjing Medical
University and housed in an SPF facility with a 12/12 h
day/night cycle and free access to chow and water. This
animal study was approved by the Ethics Committee of the
Laboratory Animal Management of Nanjing Medical Uni-
versity. The animals were terminated if the body weight
loss was more than 20%-25% or the tumor weight was over
10% of the body weight. All animals were euthanized.

For in vivo tumor growth study, nude mice were inoc-
ulated subcutaneously into the flanks with 3 x 10° GC
cells suspended in 0.1 mL PBS. Tumor volumes were cal-
culated as 1/2 (length xwidth?) once per week. After 4
weeks, xenograft tumors were harvested after intraperi-
toneal anesthesia with ketamine and promethazine, fixed
in 4% PFA, paraffin-embedded, and analyzed by H&E
staining.

To study the effect of A23187 on in vivo tumor growth,
nude mice were inoculated subcutaneously into flanks
with 3 x 10° stably cells suspended in 0.1 mL PBS. After
1 week, pre-established tumor xenografts were treated
with dimethyl sulfoxide or A23187 (1.0 mg/kg, 2x/week
X 3) (MCE, New Jersey, China). After another 3 weeks,
xenograft tumors were collected after intraperitoneal anes-
thesia with ketamine and promethazine, fixed in 4% PFA,
paraffin-embedded and analyzed by H&E staining.

In the nude mouse lung metastasis model, 2 x 10°
luciferase-labeled GC cells in 0.1 mL PBS were injected
into nude mice through their tail veins. Four weeks later,
nude mice were injected with 100 mg/kg D-luciferin
(Goldbio, USA) intraperitoneally and subjected to biolumi-
nescent scans using an IVIS100 Imaging System (Xenogen,
Alameda, California, USA) after inhalation anesthesia
with isoflurane. The lungs were removed after intraperi-
toneal anesthesia with ketamine and promethazine, fixed
in 4% PFA, embedded in paraffin, and analyzed by H&E
staining.

2.19 | Statistical analysis

Statistical analysis in the current study was performed
using GraphPad Prism (version 6.0) and SPSS software
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(version 22.0). Quantitative data are presented as mean +
standard deviation. Differences in the mean between the
two groups were analyzed using the Student’s t-test. Pear-
son’s y*-test was used to analyze the associations between
TGM2 expression and clinicopathological features. The
Kaplan-Meier test was applied to calculate survival rates,
and log-rank tests were used to examine differences in sur-
vival rates between the two groups. All statistical tests were
two-tailed exact tests with a significance level of P < 0.05.

3 | RESULTS

3.1 | TGM2 was upregulated in GC and
associated with GC progression

We analyzed TGM2 expression and its clinical signifi-
cance in GC based on the TCGA dataset (375 GC tissues
and 32 adjacent normal tissues). Overall, TGM2 mRNA
expression was significantly higher in GC tissues than
in the adjacent normal tissues (P = 0.001) (Figure 1A).
In the subcategory analysis, TGM2 mRNA was signifi-
cantly higher in the diffuse subtype than in the intestinal
subtype (P = 0.038; Figure 1B). Epstein-Barr Virus (EBV)-
positive GC tissues showed the highest TGM2 mRNA
expression, which was higher than any other molecular
subtype, including chromosomal instability (CIN) (P =
0.002), genomically stable (GS; P = 0.001), and microsatel-
lite instability (MSI) (P < 0.001; Figure 1C). TGM2 mRNA
was higher in grade 3 GC tissues than in grade 2 GC tis-
sues (P < 0.001; Figure 1D). Furthermore, TGM2 mRNA
showed the highest expression level in stage III GC tis-
sues, which was higher than that in stage I tissues (P
= 0.004; Figure 1E). We also found that EBV-positive
GC tissues expressed higher levels of TGM2 mRNA than
EBV-negative GC tissues (P < 0.001; Figure 1F), and
H. pylori-positive GC tissues had higher TGM2 mRNA
expression than H. pylori-negative GC tissues (P = 0.048;
Figure 1G). Furthermore, survival analysis indicated that
higher TGM2 expression was associated with poor overall
survival (OS) in patients with GC (P = 0.009; Figure 1H).
To verify the bioinformatics results, we analyzed the
RNA sequencing data of 24 pairs of GC tissues collected
at our hospital, and found that TGM2 mRNA was gener-
ally higher in tumor tissues than in the adjacent normal
tissues (P <0.001) (Figure 11), Then, the subcategory anal-
ysis showed that TGM2 mRNA was higher in the diffuse
GC subtype than in the intestinal GC tissues (P = 0.008)
(Figure 1J), TGM2 mRNA was higher in grade 3 GC tis-
sues than in gradel-2/grade 2-3 GC tissues (P = 0.023)
(Figure 1K), and TGM2 mRNA was higher in stage I1I GC
tissues than in stage I/IT GC tissues (P = 0.015) (Figure
1L). The results were consistent with those from the TCGA

dataset. TGM2 protein expression was confirmed in five
pairs of GC tissues, which were selected based on TGM?2
mRNA level (three pairs with higher TGM2 mRNA in GC
tissues than the adjacent normal tissues, one pair with
lower TGM2 mRNA in GC tissues than the adjacent nor-
mal tissues, and one pair with similar TGM2 mRNA level
in GC tissues as the adjacent normal tissues), and the
results showed that TGM2 protein expression pattern was
in line with TGM2 mRNA pattern (Figure 1M),. Moreover,
TGM2 was detectable in 11 out of 24 plasma samples from
patients with GC, but not in healthy plasma samples (P
= 0.006) (Figure 1N), and further analysis indicated that
there was no correlation between extracellular TGM2 and
clinicopathological characteristics, including sex, patho-
logical grade, lymph node metastasis, clinical stage and
Lauren subtype (Table 1).

For TMA, 81 out of 90 pairs of tissues were enrolled for
analysis because of incomplete information. As indicated
in Figure 10-Q, IHC assays showed that TGM2 expression
was detectable in 36 out of 81 GC tissues, and IRS was
higher in GC tissues than in the adjacent normal tissues (P
< 0.001). To investigate the clinical significance of TGM2
in GC, we classified the patients into TGM2 high/medium
and TGM2 low/negative groups based on their expression
values. TGM2 expression positively correlated with patho-
logical grade (P = 0.043), tumor size (P = 0.047), and lymph
node metastasis (P = 0.034) (Table 2). Kaplan-Meier sur-
vival curves revealed a negative association between TGM2
expression and OS (P = 0.001) (Figure 1R). These find-
ings revealed that higher TGM2 expression indicated more
advanced disease and poor OS in patients with GC.

3.2 | TGM2 promoted GC malignant
progression in vitro and in vivo

To further confirm the oncogenic properties of TGM2
in GC, we observed the biological function of TGM2 by
infecting AGS and HGC27 cells with TGM2 overexpres-
sion lentivirus and transfected MKN28 cells with TGM2
shRNA plasmids after determining the expression levels
of TGM2 in GC cells (Figure 2A). The efficiency of the
gain/loss was assessed using western blotting and qPCR
(Figure 2B-C). And we further confirmed that the overex-
pression or knockdown caused changes in the expression
of TGM2, mainly in cell lysates by ELISA (Figure 2D).
We then observed that TGM2 overexpression promoted
cell proliferation, and the downregulation of TGM2 led to
significant inhibition of cell proliferation by colony for-
mation and CCK8 assays (Figure 2E-F). A flow cytometry
assay indicated that TGM2 overexpression significantly
decreased cell apoptosis rate. In contrast, the opposite
result was observed after the silencing of TGM2 in GC
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TGM2 was upregulated in GC and associated with GC progression. (A) TGM2 mRNA was significantly higher in GC tissues

than the adjacent normal tissues (P = 0.001) based on the TCGA dataset (375 GC tissues and 32 adjacent normal tissues). (B) In the
subcategory analysis, TGM2 mRNA was significantly higher in the diffuse subtype than in the intestinal subtype (P = 0.038). (C) In the
subcategory analysis, EBV-positive GC tissues showed the highest TGM2 mRNA expression, which was higher than any other molecular
subtype, including CIN (P = 0.002), GS (P = 0.001) and MSI (P < 0.001). (D) In the subcategory analysis, TGM2 mRNA was higher in grade 3
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TABLE 1 Association between extracellular TGM2 and clinicopathological characteristics in 24 patients with GC

Extracellular TGM2
Characteristics Positive Negative Pvalue
Total cases 1 13 N/A
Sex (cases [%]) 0.679
Male 8 (72.73) 8 (61.54)
Female 3(27.27) 5(38.46)
Pathological grade (cases [%]) 0.813
G1-G2/G2 3(27.27) 3(23.08)
G2-G3/G3 8(72.73) 10 (76.92)
Lymph node metastasis (cases [%]) 0.239
NO 6 (54.55) 4(30.77)
N1-N3 5 (45.45) 9 (69.23)
Clinical stage (cases [%]) 0.239
I-II 6 (54.55) 4(30.77)
I 5(45.45) 9 (69.23)
Lauren subtype (cases [%]) 0.682
Intestinal 5(45.45) 7 (53.85)
Diffuse 6 (54.55) 6 (46.15)

Abbreviations: GC, gastric cancer; TGM2, transglutaminase 2; N/A, not applicable.

cells (Figure 2G). In vivo, GC cells were inoculated sub-
cutaneously into the flanks of nude mice. After 4 weeks,
xenograft tumors were harvested for pathological evalu-
ation and size and weight evaluation (Figure 2H). H&E
staining confirmed the pathological features of the tumors
(Figure 2I). And we observed that TGM2 overexpression in

AGS and HGC27 cells increased subcutaneous tumor size
and weight (Figure 2J-L), indicating that TGM2 promoted
GC cell proliferation.

To verify whether TGM2 affects the metastatic capabil-
ity of GC cells, we performed wound-healing and transwell
assays. As illustrated in Figure 3A-B, the overexpression

GC tissues than in grade 2 GC tissues (P < 0.001). (E) In the subcategory analysis, TGM2 mRNA showed the highest expression level in stage
IIT GC tissues, which was higher than that in stage I tissues (P = 0.004). (F) In the subcategory analysis, EBV-positive GC tissues expressed
higher levels of TGM2 mRNA than EBV-negative GC tissues (P < 0.001). (G) In the subcategory analysis, H. pylori-positive GC tissues had
higher TGM2 mRNA expression than H. pylori-negative GC tissues (P = 0.048). (H) Survival analysis based on the TCGA dataset indicated
that higher TGM2 expression was associated with poor OS in patients with GC (P = 0.009). (I) RNA sequencing data of 24 pairs of GC tissues
collected from our hospital were analyzed. And the results showed that TGM2 mRNA was generally higher in tumor tissues than in adjacent
normal tissues (P < 0.001). (J) In the subcategory analysis, TGM2 mRNA was higher in the diffuse subtype than in the intestinal subtype (P =
0.008). (K) In the subcategory analysis, TGM2 mRNA was higher in grade 3 GC tissues than in gradel-2/grade 2-3 GC tissues (P = 0.023). (L)
In the subcategory analysis, TGM2 mRNA was higher in stage III GC tissues than in stage I/II tissues (P = 0.015). (M) TGM2 protein
expression was confirmed in five pairs of GC tissues by western blotting, which was selected based on TGM2 mRNA level (three pairs with a
higher TGM2 mRNA in GC tissues than adjacent normal tissues, one pair with lower TGM2 mRNA in GC tissues than adjacent normal
tissues, and one pair with a similar TGM2 mRNA level in GC tissues as adjacent normal tissues), the results showed that TGM2 protein
expression pattern was in line with TGM2 mRNA pattern. Bar chart was the quantitative analysis of TGM2 protein. (N) TGM2 was detected in
plasma samples from 24 patients with GC and 8 healthy participants by ELISA, and the results showed that TGM2 was detectable in 11 of 24
plasma samples from patients with GC but not in healthy plasma samples (P = 0.006) (O) TMA containing 90 pairs of GC tissues was used to
analyze TGM2 protein expression by IHC. Representative micrographs of TGM2 protein expression in GC tissues and adjacent normal tissues
in different pathological grades were displayed. Scale bar: 100 um. (P) IHC assay showed that TGM2 expression was detectable in 36 out of 81
patients with GC, Circle chart summarized the numbers of patients with high/medium-TGM2 expression and low/negative-TGM2 expression.
(Q) IHC assay showed that IRS was higher in GC tissues than in adjacent normal tissues (P < 0.001). (R) Totally, 81 out of 90 pairs of GC
tissues in TMA were enrolled for analysis because of incomplete information, Kaplan-Meier survival analysis indicated that higher TGM2
expression was associated with poor OS in patients with GC (P = 0.001). Abbreviations: GC, gastric cancer; TCGA, The database the Cancer
Genome Atlas; TGM2 transglutaminase 2, ELISA enzyme-linked immunosorbent assay; IHC, immunohistochemistry; IRS, immunoreactive
score; TMA, tissue microarray; EBV, epstein-barr virus; CIN, chromosomal instability; GS, genomically stable; MSI, microsatellite instable;
OS, overall survival.
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FIGURE 2 TGM2 promoted cell proliferation in GC. (A) TGM2 expression in GC cells was assessed using western-blotting, and AGS,
HGC27 and MKN28 cells were chosen for cell models based on TGM2 expression level, cell quality and cell biological features. (B)
TGM2-overexpressing GC cells were constructed using lentivirus infection in AGS and HGC27 cells, and the efficiency was assessed using
western-blotting and qPCR. (C) TGM2-knocked down GC cell was constructed using plasmid transfection, and the efficiency was assessed
using western blotting and qPCR. (D) TGM2 expression was detected in supernatants and lysates of TGM2-overexpressing/ TGM2-knocked
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TABLE 2 Association between TGM2 protein expression and clinicopathological characteristics in 81 patients with GC
TGM2 protein expression
Characteristics high/medium low/negative P value
Total cases 24 57 N/A
Sex (cases [%]) 0.772
Male 18 (75.00) 45 (78.95)
Female 6 (25.00) 12 (21.05)
Age (year, mean+SD) 68.17 £ 11.17 65.84 +11.19 0.346
Pathological grade (cases [%]) 0.043
G1~G2/G2 4(16.67) 19 (33.33)
G2~G3/G3 20 (83.33) 38 (66.67)
Tumor size (cm, mean+SD) 6.55 + 2.83 5224233 0.047
Lymph node metastasis (cases [%]) 0.034
NO 3(12.50) 21 (36.84)
NI1-N3 21 (87.50) 36 (63.16)
Clinical stage (cases [%]) 0.355
I 1(4.17) 9 (15.79)
1I 6 (25.00) 18 (31.58)
111 16 (66.66) 29 (50.88)
v 1(4.17) 1(1.75)

Abbreviations: GC, gsstric cancer; TGM2, transglutaminase 2; SD, standard deviation; N/A, not applicable.

of TGM2 markedly promoted cell migration and invasion,
and more GC cells migrated or invaded the lower side
of the membrane, whereas the knockdown of TGM2 had
the opposite effect. As epithelial-mesenchymal transition
(EMT) is closely related to cell migration and invasion, we
performed western blotting to examine the EMT markers.
As shown in Figure 3C. TGM2 overexpression upregulated
N-cadherin (a mesenchymal marker) in AGS and HGC27
cells and vimentin (a mesenchymal marker) in HGC27
cells. The epithelial marker E-cadherin was expressed at
lower levels in these two cell types. In contrast, when

TGM2 was knocked down in the MKN28 cells, N-cadherin
and vimentin were downregulated, whereas E-cadherin
expression did not change markedly. The above results
demonstrate that TGM2 promotes the metastasis of GC
cells, and EMT is likely to be involved in the positive effects
of TGM2 on GC metastasis. Next, we examined the role
of TGM2 in metastasis in vivo. In the tail vein metasta-
sis model, we observed that the knockdown of TGM2 in
MKN28 cells significantly reduced the luminescence den-
sity of lung-metastatic lesions. However, overexpression
of TGM2 in AGS cells significantly increased the lumi-

down GC cells by ELISA, and the results showed that TGM2 overexpression or knockdown caused changes in the expression of TGM2 mainly

in cell lysates. *: P < 0.05. (E) The effect of TGM2 on cell proliferation was evaluated by colony formation assay. The results showed that
TGM2 overexpression promoted cell proliferation in GC cells, and the downregulation of TGM2 led to significant inhibition of cell
proliferation. Representative images of colony formation assays were displayed, and the bar charts showed the differences of clone number
between TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *: P<0.05. (F) The effect of TGM2 on cell proliferation was
evaluated by CCKS8 assay. The results showed that TGM2 overexpression promoted cell proliferation in GC cells, and the downregulation of

TGM2 led to significant inhibition of cell proliferation. *: P<0.05. (G) The effect of TGM2 on cell apoptosis was evaluated by flow cytometry.

The results showed that TGM2 overexpression significantly decreased the rate of cell apoptosis. In contrast, the opposite result was observed
after the silencing of TGM2 in GC cells. The bar charts showed the differences in apoptosis rates between
TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *: P<0.05. (H) Mouse xenograft model was used to evaluate the effect of
TGM2 on cell proliferation in vivo; images of transplanted subcutaneous tumors from mouse models were displayed. (I) Representative

micrographs of transplanted subcutaneous tumors by H&E staining were displayed. Scale bar: 500 um. (J) Tumor volume curve in mice was

evaluated for 4 weeks since subcutaneous implantation. The results showed that TGM2 overexpression increased subcutaneous tumor growth
in AGS and HGC27 cells. *: P<0.05. (K) Tumor weight in mice was evaluated. The results showed that TGM2 overexpression increased
subcutaneous tumor growth in AGS and HGC27 cells. *: P<0.05. (L) Tumor volume in mice was evaluated. The results showed that TGM2

overexpression increased subcutaneous tumor growth in AGS and HGC27 cells. *: P<0.05. Abbreviations: GC gastric cancer, TGM2

transglutaminase 2, ELISA enzyme-linked immunosorbent assay, H&E hematoxylin and eosin, NC negative control, OE overexpression,

CCKa8 cell counting kit-8, qPCR quantitative polymerase chain reaction
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FIGURE 3 TGM2 promoted cell metastasis in GC. (A) The effect of TGM2 on cell migration was evaluated using wound-healing
assay, and the results showed that TGM2 overexpression markedly promoted cell migration, and more GC cells migrated to the lower side of
the membrane, whereas the knockdown of TGM2 had the opposite effect. Representative micrographs of wound healing assay were displayed,
the bar charts showed the differences of migratory area between TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *:
P<0.05. (B) The effect of TGM2 on cell migration and invasion was evaluated using transwell assay, and the results showed that TGM2
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nescence density of lung-metastatic lesions. (Figure 3D).
Further, H&E staining validated the metastatic lesions
in the lungs (Figure 3E). The in vivo results indicated
that TGM2 promotes the metastatic capacity of GC cells.
Considering all the evidence, we conclude that TGM2
promotes oncogenic behavior in GC.

3.3 | TGM2 promoted GC development by
regulating STAT1

To explore the mechanism underlying TGM2 in GC devel-
opment, we conducted GSEA using a dataset (375 patients
with GC) from TCGA and found that several cytokine and
inflammatory pathways are involved in the role of TGM2
in GC (Figure 4A), including cytokine-cytokine receptor
interaction, toll-like receptor signaling pathway, and nod-
like receptor signaling pathway. The enrichment plot of
cytokine-cytokine receptor interactions is shown in Figure
4B as an example. We then examined several inflammatory
signaling molecules by western blotting and found that
STATI and its activated form (pSTAT1) were both upregu-
lated in TGM2-overexpressing GC cells, and the opposite
results were observed in TGM2-knocked down GC cells
(Figure 4C). We isolated the cytoplasmic and nuclear
components from cell lysates and found that TGM2 over-
expression increased the level of STAT1 and pSTATI in
both the cytoplasm and nuclei of AGS and HGC27 cells.
The opposite results were observed when TGM2 was
knocked down in MKN28 cells. (Figure 4D). Furthermore,
immunofluorescence showed that TGM2 was localized
mainly in the cytoplasm of HGC27 and MKN28 cells and
mainly in the nuclei of AGS cells. TGM2 overexpres-
sion upregulated STAT1 levels in the AGS and HGC27
cells, and the knockdown of TGM2 reduced STAT1 levels
in the MKN28 cells. (Figure 4E). To determine whether

TGM2 promoted GC development by regulating STAT1, we
knocked down STAT1 in TGM2-overexpressing cells using
STAT1 siRNA or transfected TGM2-knocked down cells
with STAT1 plasmids (Figure 4F), and observed that the
downregulation of STATI reversed the promoting effect of
TGM2 on cell proliferation, migration, and invasion, and
the upregulation of STATI rescued the inhibitory effect
of TGM2 knockdown on cell proliferation, migration, and
invasion (Figure 4G-H). Altogether, these results indicate
that TGM2 promotes cell proliferation and metastasis by
regulating STAT1 in GC cells.

3.4 | TGM2 promoted STAT1 stability by
reducing its ubiquitination/degradation in
GC cells

Next, we examined how TGM2 regulates STAT1 expression
in GC cells. The interferon (IFN) family, especially IFN-y,
is a well-known cytokine that can activate the JAK/STAT1
signaling pathway; therefore, we first detected IFN-a, IFN-
B, and IFN-y levels in the supernatants of GC cells by
ELISA, and failed to observe detectable secretion of IFNs
(Figure 5A), which indicated that TGM2-induced STAT1
upregulation may not be associated with IFNs stimula-
tion and that some other mechanisms may be involved
in the activation of the STAT1 pathway. We then exam-
ined the effect of TGM2 on STATI mRNA (Figure 5B),
TGM2 expression had no effect on the mRNA level of
STAT1 in these cells. We speculated that TGM2 might
affect STAT1 expression at the post-transcriptional level.
We examined STAT1 levels after CHX (20 umol/L) treat-
ment in GC cells and found that CHX reduced STAT1 levels
in a time-dependent manner, and TGM?2 prolonged the
half-life of endogenous STAT1 in MKN28 cells and exoge-
nous STATI in AGS and HGC27 cells (Figure 5C-D). Next,

overexpression markedly promoted cell migration and invasion, and more GC cells migrated/invaded to the lower side of the membrane,
whereas the knockdown of TGM2 had the opposite effect. Representative micrographs of transwell assay were displayed. The bar charts

showed the differences of migrated or invaded cell numbers between TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *:
P<0.05. (C) The EMT markers were examined in TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. Using western blotting.
The results showed that TGM2 overexpression upregulated N-cadherin (a mesenchymal marker) in AGS and HGC27 cells and vimentin (a
mesenchymal marker) in HGC27 cells. The epithelial marker E-cadherin was expressed at lower levels in these two cell types. In contrast,
N-cadherin and vimentin were downregulated when TGM2 was knocked down in MKN28 cells, whereas E-cadherin expression did not
change markedly. (D) The effect of TGM2 in metastasis in vivo was evaluated in BALB/c nude mice by injecting 2 x 10 luciferase-labeled
stably transfected GC cells through their tail veins. Four weeks later, nude mice were injected with 100 mg/kg D-luciferin and subjected to
bioluminescent scans using an IVIS 100 Imaging System. The results showed that the knockdown of TGM2 in MKN28 cells significantly
reduced the luminescence density of lung-metastatic lesions. However, TGM2 overexpression in AGS cells significantly increased the
luminescence density of metastatic lung lesions. Representative images of lung-metastatic lesions were displayed, the bar charts showed the
luminescence density of lung-metastatic lesions between TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *: P<0.05. (E)
The lungs were removed, then fixed in 4% PFA and paraffin-embedded for H&E staining. The results of H&E staining confirmed the
histomorphology of the metastatic lesions in the lungs. Representative images of the lung were displayed. Scale bar: 0.5 cm. And the
representative micrographs of cancerous lesions in the lungs detected by H&E staining were displayed. Scale bar: 100 um. Abbreviations: GC,
gastric cancer; TGM2, transglutaminase 2; H&E, hematoxylin and eosin; NC, negative control; OE, overexpression; PFA, paraformaldehyde.
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FIGURE 4 TGM2 promoted GC development by regulating STAT1. (A) GSEA was conducted to explore the mechanism underlying
TGM2 in GC development using a dataset (375 patients with GC) from TCGA, and several cytokine and inflammatory pathways were found

that are involved in the role of TGM2 in GC, including cytokine-cytokine receptor interaction, toll-like receptor signaling pathway, and

nod-like receptor signaling pathway. Bubble chart of GSEA was displayed. (B) The enrichment plot of cytokine-cytokine receptor interaction

was displayed as an example (NES = 2.119, FDR = 0.003, P = 0) (C) Several typical inflammatory signaling molecules were examined by
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we observed that MG132 treatment (10 umol/L) increased
the endogenous and exogenous STATI levels (Figure 5E).
Then, MKN28 was used as a cell model to observe STAT1
levels after MG132 treatment for 2 h by immunofluores-
cence, as shown in Figure 5F, MG132 treatment increased
STATI levels mainly in the cytoplasm. We also found that
CHX treatment reversed the effect of MG132 on STAT1
expression in GC cells (Figure 5G). In addition, we found
that transiently-transfected TGM2 plasmid increased the
endogenous and exogenous STATI levels, and MG132 treat-
ment can increase the endogenous and exogenous STAT1
levels more in the context of TGM2 expression in GC cells
(Figure 5H). Finally, Co-IP results showed that MG132
treatment increased the ubiquitin levels of the endogenous
and exogenous STATI1 in GC cells (Figure 5I), and TGM2
overexpression reduced the ubiquitin level of STATI in
AGS cells, while the opposite results were observed when
TGM2 was knocked down in MKN28 cells (Figure 5J).

3.5 | TRIM21 was the ubiquitin E3 ligase
of STAT1 in GC cells

To identify the ubiquitin E3 ligase of STAT1, we transfected
the STAT1-FLAG plasmid into GC cells. Co-IP and MS
analyses were conducted, and TRIM21 was identified as a
component of the mixture, which was considered to be a
ubiquitin E3 ligase (Figure 6A-B). We further examined the
binding of TRIM21 and STAT1 in GC cells by two-way Co-
IP and confirmed that there was mutual binding between
TRIM21 and STAT1 (Figure 6C). In addition, the MKN28
cell line was used as a cell model to observe the colo-
calization of STAT1 and TRIM21 by immunofluorescence
because of the high expression of both STAT1 and TRIM21.
The results showed that TRIM21 and STAT1 colocalized
mainly in the cytoplasm of GC cells (Figure 6D). Pearson’s

coefficient and overlap coefficient are all >0.7, indicat-
ing a high colocalization ratio of TRIM21 and STAT1. We
then constructed a TRIM21 plasmid with the ZF_RING
domain deleted (TRIM21_/\RING-FLAG, the active site of
TRIM21, which contains the site to combine the substrate
and E2 enzyme), and found that TRIM21_ /A RING failed to
bind to STAT1 (Figure 6E-G). The above results indicated
a direct binding of TRIM21 and STAT1.

We then knocked down TRIM21 in GC cells by transfect-
ing TRIM21 siRNAs and observed that TRIM21 si-1 showed
the highest efficacy by western blotting and qPCR (Figure
7A-B). Furthermore, the knockdown of TRIM21 with
TRIM?21 si-1 increased STATI protein levels (Figure 7A).
Further study showed that TRIM?21 affected STAT1 expres-
sion at the post-translational level (Figure 7C). Then,
Co-IP and western blotting revealed that the knockdown
of TRIM21 reduced the ubiquitin level of the exogenous
and endogenous STAT1 in GC cells (Figure 7D). The above
results indicated that TRIM21 is a ubiquitin E3 ligase of
STATI in GC cells.

Next, qPCR and western blotting further confirmed
that TGM2 had no effects on TRIM21 expression at both
the mRNA and protein levels (Figure 7E). Therefore, we
speculated that TGM2 might regulate the binding capac-
ity of TRIM21 and STAT]I, thus affecting the stability of
STAT1 in GC cells. To verify this, we first examined the
colocalization of TRIM21 and STAT1 using immunoflu-
orescence. As shown in Figure 7F, TGM2 overexpres-
sion/knockdown upregulated/downregulated STAT1 level,
while had no effect on TRIM21 level in GC cells. Further-
more, TGM2 overexpression/knockdown did not affect
the colocalization ratio of TRIM21 and STATI, indicat-
ing that immunofluorescence may not reflect the bind-
ing capacity of TRIM21 and STAT1. We then performed
Co-IP and western blotting and found that TGM2 over-
expression facilitated the dissociation of TRIM21 and

western blotting. The results showed that STAT1 and STAT3 signaling pathways were involved. And STAT1 and its activated form (pSTAT1)
were both upregulated in TGM2-overexpressing GC cells, and the opposite results were observed in TGM2-knocked down GC cells, which
triggered our interest for further study. (D) The cytoplasmic and nuclear components were isolated from cell lysates for western blotting, the
results showed that TGM2 overexpression increased the level of STAT1 and pSTAT1 in both cytoplasm and nuclei of AGS and HGC27 cells and
the opposite results were observed when TGM2 was knocked down in MKN28 cells. (E) Immunofluorescence was conducted to examine the
expression and localization of STAT1 and TGM2. The results showed that TGM2 was localized mainly in the cytoplasm of HGC27 and MKN28
cells and mainly in the nuclei of AGS cells. And TGM2 overexpression upregulated STAT1 levels in the AGS and HGC27 cells, and the
knockdown of TGM2 reduced STAT1 level in the MKN28 cells. Representative micrographs of immunofluorescence were displayed. The bar
charts showed the differences of gray values between TGM2-overexpressing/TGM2-knocked down GC cells and NC cells. *: P<0.05; scale bar:
20 pm. (F) For rescue assay, STAT1 was knocked down in TGM2-overexpressing AGS and HGC27 cells using STAT1 siRNA, and upregulated
in TGM2-knocked down MKN28 cells using STATI plasmids. And western blotting confirmed the efficiency of the gain/loss in these GC cells.
(G) Rescue assay on cell proliferation was evaluated by CCK8 assay. The results showed that the downregulation of STAT1 reversed the
promoting effect of TGM2 on cell proliferation. *: P<0.05. (H) Rescue assay on cell migration and invasion were evaluated by transwell assay.
The results showed that the upregulation of STAT1 rescued the inhibitory effect of TGM2 knockdown on cell migration and invasion. Bar
charts showed the differences of migrated or invaded cell numbers between STAT1-overexpressing/STAT1- knocked down GC cells and NC
cells. *: P<0.05. Abbreviations: GC, gastric cancer; TGM2, transglutaminase 2; CCKS8, cell counting kit-8; NC, negative control; OE,
overexpression; NES, normalized enrichment score; FDR, false discovery rate.
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FIGURE 5 TGM2 promoted STATI stability by reducing its ubiquitination/degradation in GC cells (A) IFN-a, IFN-8 and IFN-y levels in
the supernatants of GC cells were examined by ELISA, and no detectable IFNs were observed. (B) The effect of TGM2 on STAT1 mRNA was
examined by qPCR. And the results showed that TGM2 expression had no effect on the mRNA level of STAT1 in GC cells. The bar chart
showed the differences in STAT1 mRNA between TGM2-overexpressing/ TGM2-knocked down GC cells and NC cells. (C) MKN28 cells were
treated with CHX (20 pmol/L) for 2 h, 4 h and 6 h to examine the changes of endogenous STAT1 levels by western blotting. AGS and HGC27
cells transfected with STAT1-FLAG plasmids were treated with CHX (20 pmol/L) for 2 h, 4 h and 6 h to examine the changes in exogenous
STAT1 levels by western blotting. The results showed that CHX reduced STAT1 levels in a time-dependent manner, and TGM2 prolonged the
half-life of endogenous and exogenous STAT1 in GC cells. (D) The curve charts showed the half-life of STATI in the context of TGM2
expression. (E) MKN28, AGS and HGC27 cells were treated with MG132 (10 umol/L) for 0.5 h, 1 h, 2 h and 3 h to examine the changes of
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FIGURE 5 Continued

endogenous STATI levels by western-blotting. And AGS and HGC27 cells transfected with STAT1-FLAG plasmids were treated with MG132
(10 umol/L) for 0.5 h, 1 h, 2 h and 3 h to examine the changes of exogenous STAT1 levels by western-blotting. The results showed that MG132
treatment increased the endogenous and exogenous STATI levels in GC cells. (F) MKN28 was used as a cell model to observe STATI levels
after MG132 (10 umol/L) treatment for ~2 h by immunofluorescence, and the result showed that MG132 treatment increased STATI levels
mainly in the cytoplasm. Representative micrographs of immunofluorescence were displayed. The bar charts showed the quantitative analysis
of STATI protein levels between MG132-treated cells and DMSO-treated cells. *: P<0.05; scale bar: 20 um. (G) GC cells were treated with CHX
(20 umol/L) combined with MG132 (10 pmol/L) or either one for ~2 h to examine the changes in endogenous and exogenous STAT1 levels by
western blotting. The results showed that CHX treatment reversed the effect of MG132 on the endogenous and exogenous STATI levels in GC
cells. (H) GC cells were transiently transfected with TGM2 plasmid to examine the changes in endogenous and exogenous STATI levels in GC
cells by western blotting. The results showed that transient TGM2 overexpression increased the endogenous and exogenous STATI levels, and
MG132 treatment (10 umol/L, ~2 h) increased the endogenous and exogenous STAT1 levels more in the context of TGM2 expression in GC
cells. The bar charts showed the quantitative analysis of STAT1 and TGM2 protein levels. (I) GC cells were transiently transfected with Ub-HA
plasmid, and Co-IP and western blotting examined the ubiquitin level of endogenous and exogenous STATI in GC cells. The results showed
that MG132 treatment (10 umol/L, ~2 h) increased the ubiquitin level of the endogenous and exogenous STAT1 in GC cells. (J) GC cells were
transiently transfected with Ub-HA plasmid, and the changes in ubiquitin level of STAT1 in GC cells in the context of TGM2 overexpression
were examined by Co-IP and western blotting. The results showed that TGM2 overexpression reduced the ubiquitin level of STAT1 in AGS
cells, while the opposite results were observed when TGM2 was knocked down in MKN28 cells. Abbreviations: GC, gastric cancer; TGM2,
transglutaminase 2; IFN, interferon; NC, negative control; v, vector; Co-IP, co-immunoprecipitation; IP, immunoprecipitation; Ub, ubiquitin.

STAT1 (Figure 7G), which was consistent with our spec-
ulation. We also found that TGM2 was not a com-
ponent in the Co-IP mixture (Figure 7G), indicating
TGM2 was not bound to STATI. In addition, we ana-
lyzed the role of TRIM21 in the prognosis of patients
with GC using an online bioinformatics tool (The Kaplan-
Meier plotter), and found that TRIM21 showed anti-
tumor properties, which prolonged the postoperative OS
and first progression in patients with GC (Figure 7H).
We speculated that TRIM21 might maintain the malig-

nant progression of GC by facilitating STAT1 ubiquitina-
tion/degradation.

3.6 | Cytosolic TGM2 promoted STAT1
stability with guanosine triphosphate
-dependent enzymatic activity

TGM2 is a type of enzyme that exhibits two kinds of
enzymatic activity: Ca?*-dependent activity by binding
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FIGURE 6 Mutual binding between TRIM21 and STAT1 in GC cells (A) STAT1-FLAG plasmid was transfected into GC cells for Co-IP.
The proteins pulled down were analyzed by silver staining. The images of silver staining were displayed, and the locations of target proteins

were marked with black arrows. (B) The secondary structure of STAT1 and TRIM21 in the mass spectrum were displayed. (C) The binding

between TRIM21 and STAT1 was examined by two-way Co-IP and western blotting, and the results confirmed a mutual binding between

TRIM21 and STAT1. (D) The MKN28 cell line was used as a cell model to observe the colocalization of STAT1 and TRIM21 by
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Ca’* and guanosine triphosphate (GTP)-dependent activ-
ity by binding GTP (Figure 8A). Theoretically, the con-
centration of exocytic Ca?t is 100-fold more than that
in cells; therefore, we speculated that cytosolic TGM2
might function in a GTP-dependent manner. To verify
this, we used two small molecular compounds, ZM39923
(which inhibits the Ca’?*-binding ability of TGM2) and
A23187 (also named calcimycin, acting as a Ca®* car-
rier to increase the concentration of cytosolic Ca’") to
treat GC cells. We observed that ZM39923 had no effect
on the mRNA levels of TGM2 and STATI, increased the
expression of STATI protein in a dose-dependent man-
ner, and had no effect on TGM2 protein levels (Figure
8B). Further study showed that ZM39923 relieved the
binding of TRIM21 and STATI and reduced the ubiqui-
tin levels of STAT1 (Figure 8C), indicating that TGM2
maintains STATI stability in a Ca?*-independent man-
ner. It was reported that 171S in TGM2 was the key
site for GTP-binding, and the S171E mutation in TGM2
abolished GTP-binding ability (Figure 8D). We then
constructed TGM2 S171E overexpression cell lines and
found that TGM2 S171E overexpression had no effect on
STAT1 expression at both the mRNA and protein lev-
els (Figure 8E-G). Co-IP and western blotting revealed
that TGM2 S171E overexpression did not affect the bind-
ing of TRIM21 and STATI1 and had no effect on the
ubiquitin level of STATI1 (Figure 8H). We also examined
the effect of A23187 on STATI and found that A23187
caused an upstream fluctuation of TGM2 and STAT1 at
the mRNA level and reduced STAT1 protein levels in a
dose-dependent manner but had no effect on TGM2 pro-
tein levels (Figure 8I). Co-IP and western blotting revealed
that A23187 reversed the dissociation of TRIM21 and STAT1
in the context of TGM2 and increased the ubiquitina-
tion of STAT1 (Figure 8J). The results above indicated
that cytosolic TGM2 promoted the stability of STAT1 in
a GTP-binding-dependent manner. Next, we examined
the roles of ZM39923 and A23187 in tumor progression
in vitro and found that ZM39923 promoted the prolifer-
ation, migration, and invasion of GC cells, while A23187
had an inhibitory role on GC cell proliferation, migration,
and invasion (Figure 8K-N). Finally, we treated xenograft
mice with A23187 and found it inhibited tumor growth
(Figure 80-R). Based on the collective data, we con-
cluded that cytosolic TGM2 was prone to maintaining
STAT1 stability by suppressing TRIM21-mediated ubiquiti-

nation/degradation of STATI1 in a GTP-binding-dependent
manner, thus leading to GC malignant progression
(Figure 9).

4 | DISCUSSION

The oncogenic role and mechanism of TGM2 have been
reported in several types of cancer but have seldom been
reported in GC. In this study, we demonstrated that ele-
vated TGM2 expression in GC promotes the malignant
progression of gastric cancer and is associated with poor
clinical prognosis. Furthermore, we revealed that TGM2
plays an oncogenic role in GC by inhibiting TRIM21-
medicated ubiquitination/degradation of STAT1 in a GTP-
binding-dependent manner. A23187 can abolish the role
of TGM2 in STATI and reverse the pro-tumor role of
TGM2 in GC by indirectly targeting GTP-binding activ-
ity. To the best of our knowledge, this is the first report
to reveal a novel regulatory mechanism of TGM2 on
STAT1 in GC, highlighting its potential as a therapeutic
target.

In this study, TGM2 was found to be involved in anti-
apoptotic and EMT processes, which is consistent with
previous reports on other tumor types [12, 20, 21]. In addi-
tion, secretory TGM2 was only detectable in the plasma
of some patients with GC, and no correlation was found
between secretory TGM2 levels and clinicopathological
characteristics. TGM2 is a predominantly cytosolic pro-
tein that is also present in the nucleus. However, TGM2,
when secreted, can catalyze protein cross-linking of the
extracellular matrix, such as FN1 and SPP1, resulting
in the irreversible formation of scaffolds to stabilize the
integrity of dying cells before their clearance by phagocyto-
sis, thereby preventing the leakage of harmful intracellular
components [22]. We speculated that TGM2 might be
secreted from GC cells under special conditions to recon-
struct the tumor microenvironment, thus promoting GC
development.

GSEA revealed that TGM2 in GC is closely associated
with cytokine-related and inflammatory pathways. STAT1
attracted our interest because TGM2 regulates STAT1 acti-
vation but also its expression. Thus far, most studies have
focused on STAT1 activation and its downstream mecha-
nism [23-27]. In this study, we focused on STATI expres-
sion and upstream regulatory mechanisms to improve our

immunofluorescence because of the high expression of both STAT1 and TRIM21. that TRIM21 and STATI1 colocalized mainly in the cytoplasm
of GC cells. The bar chart showed the quantitative analysis of the colocalization ratio of TRIM21 and STATI. Scale bar: 20 um. (E) The image
of 3D structure of TRIM21 was displayed. (F) Schematic diagram of TRIM21 domains and the construction of TRIM21 plasmid with the
ZF_RING domain deleted (TRIM21_/\RING). (G) Cells were transfected with TRIM21-FLAG and TRIM21_/A\RING-FLAG plasmids, Co-IP
and western blotting confirmed that TRIM21 was bound to STAT1 at the ZF_RING domain, indicating the direct binding of TRIM21 and
STATI. Abbreviations: GC, gastric cancer; TGM2, transglutaminase 2; Co-IP, co-immunoprecipitation; IP, immunoprecipitation.
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FIGURE 7

TRIM21 was the E3 ubiquitin ligase of STAT1 and TGM2 promoted the dissociation of TRIM21 and STAT1 (A)

TRIM21 was knocked down in GC cells by transfecting siRNAs. And western blotting confirmed that TRIM21 si-1 showed the highest
inhibitory efficacy on TRIM21 protein. What’s more, TRIM21 si-1 increased STAT1 protein levels in GC cells. The bar chart showed the
quantitative analysis of TRIM21 and STATI protein levels. (B) TRIM21 was knocked down in GC cells by transfecting siRNAs. The
knockdown efficacy was evaluated by qPCR, and the results showed that TRIM21 si-1 showed the highest inhibitory efficacy on TRIM21
mRNA. (C) The effect of TRIM21 knockdown on STAT1 mRNA levels was examined by qPCR, and the results showed that TRIM21
knockdown had no effect on STAT1 mRNA levels. (D) GC cells were transiently transfected with Ub-HA plasmids to examine the effect of
TRIM21 knockdown on the ubiquitin level of STATI1 by Co-IP and western blotting. The results showed that TRIM21 knockdown reduced the
ubiquitin level of the exogenous and endogenous STATI (E) TRIM21 expression in TGM2-overexpressing/TGM2-knocked down GC cells and
NC cells were evaluated by western blotting and qPCR. The results showed that TGM2 had no effect on TRIM21 expression at both the mRNA
and protein levels. (F) The colocalization of TRIM21 and STAT1 was examined using immunofluorescence. The results showed that TGM2

overexpression/knockdown upregulated/downregulated STAT1 levels, while had no effect on TRIM21 level in GC cells. TGM2 expression
didn’t affect the colocalization capacity of TRIM21 and STATI. The representative images of immunofluorescence were displayed. The upper
bar chart showed the quantitative analysis of STAT1 and TRIM21 protein levels, *: P<0.05. The lower bar chart showed the quantitative
analysis of colocalization ratio of TRIM21 and STAT1. (G) Co-IP and western blotting showed that TGM2 facilitated the dissociation of
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FIGURE 7 Continued

TRIM21 and STAT1. And TGM2 was not a component in the Co-IP mixture. Bar chart showed the quantitative analysis of TRIM21 and STAT1
protein levels. (H) The role of TRIM21 in the prognosis of patients with GC was analyzed with an online bioinformatics tool (The
Kaplan-Meier plotter), and the result indicated that TRIM21 showed anti-tumor properties, which prolonged the postoperative OS (P =
0.0056) and first progression (P = 0.0025) in patients with GC. Abbreviations: GC, gastric cancer; TGM2, transglutaminase 2; v, vector; NC,
negative control; OS, overall survival; FP, first progression; Co-IP, co-immunoprecipitation; IP, immunoprecipitation.

understanding of the role and mechanism of STAT1 in
tumors. STAT1 is widely recognized as an essential com-
ponent of IFN-signaling that mediates several cellular
functions in response to stimulation by cytokines, growth
factors, and hormones. Previous studies have shown that
STAT1 plays both oncogenic and tumor-suppressive roles
in various types of cancer [28-30]. In GC, the opposite
results have also been reported. The IFNy/STAT1 pathway
acts as a suppressor to inhibit tumor invasion and metas-

tasis by regulating EMT in GC [31], while the IFNy/STAT1
signaling pathway was also reported to be associated with
HER-2 and could predict the poor prognosis of patients
with GC [32]. In this study, STAT1 was found to play an
oncogenic role in facilitating the malignant progression in
GC.Itshould be noted that the expression and activation of
STAT1 in this study were not associated with IFN-signaling
but were regulated by TGM2 at the post-translational level,
which may be a key influence on the role of STAT1 in
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Cytosolic TGM2 promoted STATI stability with GTP-dependent enzymatic activity (A) Schematic diagram of TGM2

domains was displayed (blue numbers refer to Ca?*-binding sites, red numbers refer to GTP-binding sites). (B) Cells were treated with
ZM39923 at different concentrations (10 nmol/L, 20 nmol/L, 40 nmol/L) for 24 h to evaluate the effect of ZM39923 on STAT1 protein levels
using western blotting. And the results showed that ZM39923 increased the expression of STAT1 protein in a dose-dependent manner and had
no effect on TGM2 protein levels. The bar charts showed the quantitative analysis of TGM2 and STAT1 protein levels. (C) Cells were treated
with ZM39923 at different concentrations (10 nmol/L, 20 nmol/L, 40 nmol/L) for 24 h to evaluate the effect of ZM39923 on the mRNA levels of
STAT1 mRNA by qPCR. And the results showed that ZM39923 had no effect on the mRNA levels of TGM2 and STATI. (D) Cells were treated
with ZM39923 (20 nmol/L) for 24h, Co-IP and western blotting examined the effect of ZM39923 on the binding ability of TRIM21 and STAT1.
The result showed that ZM39923 relieved the binding of TRIM21 and STAT1, leading to reduced ubiquitination of STAT1. (E) Schematic
diagram of the construction of TGM2 S171E was displayed. (F) Cells were infected with TGM2 S171E lentivirus, and its effect of on STAT1
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FIGURE 8 Continued

expression was examined by western blotting, and the result showed that TGM2 S171E overexpression had no effect on STAT1 protein levels.
The bar chart showed the quantitative analysis of STATI protein levels. (G) Cells were infected with TGM2 S171E lentivirus, and its effect of
on STATI expression was examined by qPCR. The result showed that TGM2 S171E overexpression had no effect on STAT1 mRNA levels. (H)
The effect of S171E mutation in TGM2 on the binding ability of TRIM21 and STATI was examined using Co-IP and western blotting, and the
results showed that TGM2 S171E had no effect on the binding ability of TRIM21 and STAT]I, as well as the ubiquitin level of STAT1. (I) Cells
were treated with A23187 at different concentrations (2 pmol/L, 4 ymol/L, 8 umol/L, 10 umol/L) for 24h to evaluate the effect of A23187 on
STAT1 expression by qPCR and western blotting, and the results showed that A23187 caused an upstream fluctuation of TGM2 and STATI at
the mRNA level and reduced STATI protein levels in a dose-dependent manner, but had no effect on TGM2 protein levels. (J) Cells were
treated with A23187 (4 pmol/L) for 24h to examine the effect of A21187 on the binding ability of TRIM21 and STAT1 by Co-IP and western
blotting, and the result showed that A23187 reversed the dissociation of TRIM21 and STAT1 in the context of TGM2 and increased
ubiquitination of STAT1 (K) The effect of A23187 (4 umol/L) and ZM39923 (20 nmol/L) on GC cell proliferation were evaluated by colony
formation assay. The result showed that ZM39923 promoted cell proliferation while A23187 had an inhibitory role in GC cell proliferation.
Representative micrographs of colony formation assay were displayed. The bar chart showed the difference in clone number between
ZM29923-treated/A23187-treated cells and NC cells. *: P<0.05. (L) The effect of A23187 (4 umol/L) and ZM39923 (20 nmol/L) on GC cell
proliferation was evaluated by CCK8 assay. The result showed that ZM39923 promoted cell proliferation while A23187 had an inhibitory role
in GC cell proliferation. *: P<0.05. (M) The effect of A23187 (4 umol/L) and ZM39923 (20 nmol/L) on cell migration were evaluated by
wounding healing assay. The result showed that ZM39923 promoted cell migration, while A23187 had an inhibitory role on cell migration.
Representative micrographs of wound healing assay were displayed. The bar charts showed the differences in the migratory area between
ZM29923-treated/A23187-treated cells and NC cells. *: P<0.05. (N) Effect of A23187(4 umol/L) and ZM39923 (20 nmol/L) on cell invasion was
evaluated by transwell assay. The result showed that ZM39923 promoted cell invasion while A23187 had an inhibitory role on cell invasion.
Representative micrographs of transwell assay were displayed, the bar charts showed the differences of invaded cell numbers between
ZM29923-treated/A23187-treated cells and NC cells. *: P<0.05. (O) Mouse xenograft model was used to evaluate the effect of A12387 on cell
proliferation in vivo; images of transplanted subcutaneous tumors from mouse models treated with A23187 and DMSO were displayed. (P)
Representative micrographs of transplanted subcutaneous tumors by H&E staining were displayed. Scale bar: 500 um. (Q) Tumor volume in
mice was evaluated. The results showed that A23187 inhibited tumor growth. *: P <0.05 (R) Tumor weight in mice was evaluated. The results
showed that A23187 inhibited tumor growth. *: P <0.05. Abbreviations: GC, gastric cancer; TGM2, transglutaminase 2; GTP, guanosine
triphosphate; v, vector; NC, negative control; CCKS8, cell counting kit-8.
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FIGURE 9 Schematic model on the proposed role of TGM2 in

regulating TRIM21-mediated ubiquitination/degradation of STAT1
in GC malignant progression. Cytosolic TGM2 upregulates STAT1
stability by facilitating the dissociation of TRIM21 and STAT1 in the
GTP-binding manner, thus promoting GC malignant progression.
And A23187 treatment shows anti-tumor efficacy by increasing the
intracellular Ca?*, which favors relieving the binding of TGM2 and
GTP and reverses the role of TGM2 in STAT1
ubiquitination/degradation. Abbreviations: GC, gastric cancer;
TGM2, transglutaminase 2; GTP, guanosine triphosphate; Ub,
ubiquitin.

tumors. The opposite tumoricidal and protumor effects of
STAT1 may be attributed to differences in a tumor-specific
context, stimulator signal, and microenvironmental cues
[33].

Ubiquitination is a common post-translational mod-
ification of proteins that participate in the cell cycle,
differentiation, survival, and death. In this study, we report
for the first time that TGM2 maintains STAT1 stability
by inhibiting its ubiquitination/degradation, revealing a
novel regulatory mechanism of STAT1 in the context of
TGM2. Then, using Co-IP/MS, mutation, and western blot-
ting, (TRIM21 was first identified and confirmed as the
ubiquitin E3 ligase of STAT1 in GC cells. TRIM21 is a RING
finger domain-containing ubiquitin E3 ligase involved in
innate immunity, systemic lupus erythematosus, Sjogren’s
syndrome, and tumors [34]. TRIM21 has been reported
to have cancer-promoting and anticancer effects in vari-
ous tumors. In breast cancer, TRIM21 modulates EMT by
mediating the stability of Snail, and high TRIM21 expres-
sion of TRIM21 is associated with longer OS in breast
cancer [35]. TRIM21 promotes hepatocarcinogenesis by
suppressing the p62-Keapl-Nrf2 antioxidant pathway [36].
To date, few studies have revealed the role of TRIM21 in
GC, and only one recently published study showed that
TRIM21 improved apatinib treatment sensitivity in GC
by suppressing EZH1 stability, and the downregulation of
TRIM21 expression was closely linked to higher recurrence
and lower OS rate among patients with GC [37]. In this
study, we found that TRIM21 functions as a ubiquitin E3

ligase of STAT1 and promotes STAT1 degradation in GC,
explaining the analysis results from the KM plotter that
high TRIM21 expression was associated with an improved
survival prognosis. Our findings are in accordance with a
recent report [37], indicating the anti-tumor role of TRIM21
in GC.

Previous studies[38, 39] have reported that the expres-
sion of TRIM21 is induced by IFNs during viral infection
and in autoimmune diseases. In our study, IFNs were not
involved in the role of TGM2 on GC progression, which
is consistent with that TGM2 had no effect on the expres-
sion of TRIM21. It may be because that TGM2 is not the
inducer of IFNs in GC. We then found that the knock-
down of TRIM21 effectively increased STAT1 levels at the
post-translational level, which triggered our speculation
that TGM2 may facilitate the dissociation of TRIM21 and
STAT1. We then performed Co-IP and proved that TGM2
promoted the dissociation of TRIM21 and STATI. The
enzymatic activity of TGM2 is regulated by binding to Ca®*
or GTP. TGM2 can act as a protein-glutamine gamma-
glutamyltransferase, thus mediating the cross-linking of
proteins by binding Ca?* [8, 40-42]. TGM2 can also act as
protein disulfide isomerase, GTP/adenosine triphosphate
(ATP) hydrolase, and serine/threonine kinase by binding
to GTP [43, 44]. Therefore, the binding form of TGM2 that
is involved in the regulation of STAT1 in GC cells deserves
further elucidation, which will favor the development of
strategies targeting TGM2 in GC.

Under physiological conditions, protein cross-linking
activity is inhibited by binding to GTP, and this inhi-
bition is relieved by binding to Ca’* in response to
various stresses [45-47]. Because the intracellular Ca**
concentration is 100-fold lower than the extracellular Ca®*
concentration, we speculate that TGM2 may function in
a GTP-binding-dependent manner in GC cells. To ver-
ify this, we treated GC cells with ZM39923 (an inhibitor
that destroys the binding of Ca?* to TGM2) or A23187 (a
Ca?* carrier that increases the intracellular Ca** concen-
tration). We observed that ZM39923 treatment promoted
the dissociation of TRIM21 and STAT], leading to reduced
ubiquitination of STATI, and improved STAT1 protein lev-
els. Inhibition of the Ca?*-binding ability of TGM2 has
been reported to increase the sensitivity of TGM2 to GTP
[27]. These results indicate that TGM2 regulates STAT1
ubiquitination/degradation in a GTP-binding-dependent
manner. To further confirm this, we constructed an S171E
mutation in TGM2, which was reported to lose its GTP-
binding ability [48, 49]. We found that TGM2 S171E failed to
upregulate STAT1 protein levels because it cannot facilitate
the dissociation of TRIM21 and STAT1 to reduce the ubiqui-
tination process. Considering that TGM2 was not bound to
STAT1, therefore, it is not possible that TGM2 mediates the
dissociation of STAT1 and TRIM21 by directlybinding to
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STAT1. Here, we speculated that TGM2 might act as a GTP
hydrolase to provide energy to facilitate the dissociation of
TRIM21 and STATI.

The opposite results were observed for A23187. A23187
can increase the intracellular Ca2* concentration, which
further relieves the GTP-binding activity of TGM2, thus
facilitating STAT1 degradation. Although the STATI pro-
tein was decreased upon A23187 treatment, the mRNA of
STAT1 was increased, which may be a rescue response in
GC cells. Furthermore, in vitro and animal model results
proved that A23187 can reduce GC malignant behaviors
and inhibit tumor growth. The findings of this study indi-
cate that the regulation of the GTP-binding enzymatic
activity of TGM2 may be a promising strategy for the
management of TGM2-positive patients with GC.

The present study has some limitations. First, owing
to the heterogeneity in GC cell lines, such as AGS and
HGC27 are prone to subcutaneous tumors, and MKN28
and AGS are prone to metastatic tumors in animal mod-
els, the role and mechanism of TGM2 in GC have not been
investigated in all three GC cell strains selected at first.
Secondly, although A23187 can inhibit GC growth in vitro
and in vivo, it may not be the optimal inhibitor because
it inhibits the GTP-binding ability of TGM2 indirectly.
What’s more, the inhibitory role of A23187 on cell growth
may be general. Therefore, other potential compounds
against GTP-binding directly deserved investigation and
development. Finally, some underlying mechanisms have
not been well verified, including whether TGM2 acts as a
GTP hydrolase to promote the dissociation of TRIM21 and
STATI in GC.

5 | CONCLUSIONS

Our study revealed a novel role and mechanism of TGM2
in the malignant progression of GC, indicating that TGM2
isa potential therapeutic target in GC, and regulators of the
GTP-binding ability of TGM2 may be a promising strategy
in the treatment of GC.
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