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Abstract

Purpose Transglutaminases (TGs) are multifunctional enzymes exhibiting transglutaminase crosslinking, as well as atypical
GTPase/ATPase and kinase activities. Here, we used an integrated comprehensive analysis to assess the genomic, transcrip-
tomic and immunological landscapes of TGs across cancers.

Methods Gene expression and immune cell infiltration patterns across cancers were obtained from The Cancer Genome
Atlas (TCGA) database and Gene Set Enrichment Analysis (GSEA) datasets. Western blotting, immunofluorescence staining,
enzyme-linked immunosorbent assays, and orthotopic xenograft models were used to validate our database-derived results.
Results We found that the overall expression of TGs (designated as the TG score) is significantly upregulated in multiple
cancers and related to a worse patient survival. The expression of TG family members can be regulated through multi-
ple mechanisms at the genetic, epigenetic and transcriptional levels. The expression of transcription factors crucial for
epithelial-to-mesenchymal transition (EMT) is commonly correlated with the TG score in many cancer types. Importantly,
TGM?2 expression displays a close connection with chemoresistance to a wide range of chemotherapeutic drugs. We found
that TGM2 expression, F13A1 expression and the overall TG score were positively correlated with the infiltration of immune
cells in all cancer types tested. Functional and clinical verification revealed that a higher TGM2 expression is linked with
a worse patient survival, an increased IC, value of gemcitabine, and a higher abundance of tumor-infiltrating macrophages
in pancreatic cancer. Mechanistically, we found that increased C—C motif chemokine ligand 2 (CCL2) release mediated by
TGM?2 contributes to macrophage infiltration into the tumor microenvironment.

Conclusions Our results reveal the relevance and molecular networks of TG genes in human cancers and highlight the
importance of TGM2 in pancreatic cancer, which may provide promising directions for immunotherapy and for addressing
chemoresistance.
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1 Introduction

Shan Zhang, Hong-Fei Yao, Hui Li and Tong Su share co-first
authorship. Transglutaminases (TGs) are multifunctional, calcium-

dependent enzymes. In humans, TGs are classified into
nine types: TGM1-7, Factor XIII A (F13A1) and EPB42,
depending on their distribution in organs and tissues [1]. All
TG genes contain four sequential and structurally distinct
domains: a N-terminal 3-sandwich, a catalytic core, and two
COOH-B-terminal barrel domains. F13A1 and TG1 contain
an additional NH2-terminal pro-peptide sequence that can
be cleaved to generate the active forms of these enzymes
[2—7]. The most common function of TGs is to catalyze the
Extended author information available on the last page of the article formation of isopeptide linkages between the carboxamide
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moieties of glutamine residues bound to proteins and the €
amino group of lysine residues bound to proteins [8]. TGM2
has protein disulfide isomerase (PDI) [9], atypical GTPase/
ATPase [10], and protein kinase [11] activity. In addition,
FXIII-A, TGM1 and TGM2 have been reported to play roles
in cell signaling and cell-matrix interactions [10].

TG family members perform various physiological func-
tions, well-known examples of which are blood clotting
[12—14], skin barrier formation [14—16] and bone formation
[17, 18]. Genetic defects in these enzymes are known to cause
severe bleeding [14, 19], skin disorders [20, 21] and several
autoimmune diseases [14, 22-24]. Recently, increasing evi-
dence has emphasized the contribution of TGs to tumor initia-
tion and development. For instance, TGM1 has been found to
promote stemness and chemoresistance in gastric cancer cells
by regulating Wnt/p-catenin signaling [25]. TGM2 has been
found to be implicated in several biological functions, including
but not limited to apoptosis, extracellular matrix formation, cell
adhesion and migration. Overexpression of TGM2 has been
found to be associated with advanced tumor stages, distant
metastases and chemoresistance in cancer [25]. TGM3 has been
reported to be dysregulated in various cancers and to functions
as a tumor suppressor [26-31]. TGM4 has been shown to pro-
mote cell-matrix adhesion, invasion and epithelial-mesenchy-
mal transition in prostate cancer [32] and TGM6 may serve as
a prognostic biomarker for colon cancer [33]. EPB42 has been
shown to predict improved survival outcomes in patients with
pancreatic cancer [34]. F13A1 has been found to serve as an
effective serological biomarker as part of a screening program
for CRC detection [35]. Although the implications of several
TGs have been well documented in human cancers, a pancancer
landscape of TG family members is lacking.

In this study, we comprehensively analyzed the molecular
features of all members of the TG family using a large dataset
covering 20 different types of human cancers. For this purpose,
we analyzed the potential biological and clinical relevance of TG
proteins in cancer progression from the perspectives of their gene
expression, underlying cellular pathways, as well as associations
with the immune microenvironment and chemoresistance. A high
TGM?2 expression was found to be a critical cause of chemore-
sistance to gemcitabine and to increase macrophage infiltration
by upregulating CCL2 expression in pancreatic cancer.

2 Materials and methods

2.1 Expression and clinical analyses

Median expression values, corresponding clinicopathological
parameters and survival data of TG family members in 20
different tumors and normal tissues were extracted from The

Cancer Genome Atlas (TCGA) database and the Genotype
Tissue Expression (GTEx) database. The most relevant cancer
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types including were: bladder urothelial carcinoma (BLCA),
breast invasive carcinoma (BRCA), cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC), colon
adenocarcinoma (COAD), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), head and neck squamous
cell carcinoma (HNSC), kidney chromophobe (KICH), kidney
renal clear cell carcinoma (KIRC), kidney renal papillary cell
carcinoma (KIRP), liver hepatocellular carcinoma (LIHC),
lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), pancreatic adenocarcinoma (PAAD), pheochromo-
cytoma and paraganglioma (PCPG), prostate adenocarcinoma
(PRAD), rectum adenocarcinoma (READ), stomach adeno-
carcinoma (STAD), thyroid carcinoma (THCA) and uterine
corpus endometrial carcinoma (UCEC). Survival analysis
based on TG expression was performed using the Kaplan—
Meier Plotter and the log-rank test. A Cox proportional haz-
ards model was used to determine hazard ratios (HRs).

2.2 Single-sample gene set enrichment analysis
(ssGSEA)

ssSGSEA was applied to identify TG genes with different
enrichment scores between tumor and normal tissues. The
sSGSEA score (TG score) of each sample was determined
using the R Bioconductor package Gene Set Variation Anal-
ysis (GSVA, version 1.22.4) with default parameters. Cor-
relations between TG scores and pathological stages were
determined by performing Spearman correlation analysis.
Receiver operating characteristic (ROC) curve analysis was
used to examine the sensitivity and specificity of risk predic-
tion according to the TG score.

2.3 Mutation and copy number variation analysis

Missense variants, in-frame deletions and in-frame inser-
tions were classified as point mutations. Frameshift muta-
tions, stop-gain mutations, splice acceptor variants and
splice donor variants were classified as loss-of-function
mutations. Point mutations and loss-of-function mutations
were identified using MuTect. Copy number variations
(CNVs) were assessed via the Affymetrix genome-wide
human SNP array 6.0 platform using GISTIC2.0 (Version
2.0.22).

2.4 DNA methylation analysis

DNA methylation values are presented as beta values for
each CpG probe [36]. The methylation value method is
considered to be more statistically valid than the beta value
method. We converted the beta values to methylation val-
ues. An independent samples t test was used to compare the
methylation levels of tumor and normal tissues. A two-tailed
p value < 0.05 was considered statistically significant.
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2.5 Transcription factor and pathway enrichment
analyses

Transcription factor data were downloaded from the JAS-
PAR database. We assessed co-expression of TG genes
with each transcription factor in 20 different tumors. IRI
> 0.3 and p <0.05 were considered to indicate a statisti-
cally significant difference. Pathway enrichment analyses
were conducted using GSEA software, and hallmark gene
sets were used for analysis.

2.6 Immune cell infiltration and drug sensitivity
analyses

The estimated fraction of individual immune cell types
in 20 different tumors was calculated using ssSGSEA in
the R package GSVA. The analysis included 16 adaptive
immune cells and 12 innate immune cells, as reported
previously [37]. All data for TG family-related drugs
were obtained from the Cancer Cell Line Encyclope-
dia and Genomics of Drug Sensitivity in Cancer data-
base, and an absolute correlation coefficient > 0.3
and a p value < 0.05 were used as the thresholds for
significance.

2.7 Immunohistochemistry

Immunohistochemical (IHC) analysis was performed
as previously reported [38, 39]. Prepared slides were
routinely deparaffinized in xylene and rehydrated
in an alcohol gradient, followed by antigen retrieval
with citrate buffer (G1202, Servicebio, China). Then,
endogenous peroxidase activity was blocked with
0.3% hydrogen peroxide in methanol, and nonspecific
binding was blocked with 10% bovine serum albumin
(BSA, GC305010, Servicebio, China) for one hour at
room temperature. Next, the slides were incubated with
primary antibodies at 4°C overnight. The next day,
the slides were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:300, Service-
bio, GB23303) for one hour at room temperature. The
proteins were visualized with diaminobenzidine (DAB,
G1212, Servicebio, China), followed by counterstaining
with hematoxylin. Scoring was conducted based on the
percentage of positively stained cells and the staining
intensity. These scores were evaluated in a blinded man-
ner. The antibodies used for immunohistochemistry were
specific for TGM2 (1:100, Proteintech, 15100-1-AP) and
CD68 (1:100, Servicebio, GB113109).

2.8 Cell culture

Human pancreatic cancer cell lines Pancl and Patu-8988
were retrived from the Shanghai Cancer Institute, Ren Ji
Hospital, School of Medicine, Shanghai Jiao Tong Univer-
sity. The cells were cultured in DMEM medium (Gibco,
Thermo Fisher Scientifific) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% antibiotic mixture.
Human monocyte leukemia cell line THP-1 was purchased
from the Chinese Academy of Sciences (China) and cultured
in RPMI-1640 medium (Gibco, Thermo Fisher Scientifific)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Gibco) and 1% antibiotic mixture. All cells were incu-
bated at 37°C in a humidified atmosphere with 5% CO.,.

2.9 Knockdown assay

A small interfering RNA (siRNA) duplex oligonucleotides tar-
geting TGM?2 and lentiviral vectors for knockdown of Tgm2 were
purchased from Gene Pharma (Shanghai, China). The siRNA
duplex oligonucleotide sequences were si-TGM2-1, 5°-GCC
UGAUCCUUCUAGAUGUTT-3’; si-TGM2-2, 5’-GUCGUG
ACCAACUACAACUTT-3’; and si-TGM2-3, 5’-GGCUGA
AGAUCAGCACUAATT-3’. The scrambled negative control
siRNA used (designated as siNC) did not have any target site
within the human genome. JetPRIME siRNA transfection rea-
gent (Polyplus transfection) was used to transfect siRNA accord-
ing to the manufacturer’s instructions. Lentiviral particles were
transfected into cells in the presence of Lipofectamine 2000 (Inv-
itrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions when the cells were 50% confluent. Then, the lentivi-
rally infected cells were treated with 2 pg/ml puromycin (Gibco,
A1113802, USA) for 7 days to select stable knockdown cells.
The sequences targeting Tgm?2 for knockdown were: sh-Tgm2-1,
5’-CGGCTGTCAGCAAGTGAAGTA-3’; sh-Tgm2-2, 5’-GAG
TGGTGACCAACTACAACT-3".

2.10 Quantitative real-time polymerase chain
reaction (qQRT—PCR)

Total RNA was isolated using Trizol reagent (MRC, TR118)
and a PrimeScript™ RT Master Mix (Takara, RR0O36A) was
applied for cDNA synthesis according to the manufacturer’s
instructions. QRT-PCR was performed using SYBR Premix
Ex Taq (Takara, Japan) on a 7500 Real-time PCR system
(Applied Biosystems, USA). The primer sequences used
for PCR were as follows: TGM?2 forward primer 5'-GAG
GAGCTGGTCTTAGAGAGG-3'" and reverse 5'-CGGTCA
CGACACTGAAGGTG- 3'; CCL2 forward 5’-CAGCCA
GATGCAATCAATGCC-3’ and reverse 5’-TGGAATCCT
GAACCCACTTCT-3’; 18 s forward 5"TGCGAGTACTCA
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«Fig. 1 TG expression levels in different cancers in the TCGA. (A-I)
Differential expression of TG family genes between TCGA cancer tis-
sues and GTEx normal tissues. (J) TG scores of TCGA cancer tis-
sues and GTEx normal tissues. The green rectangle indicates gene
expression levels in normal tissues, and the purple rectangle indi-
cates gene expression levels in cancer tissues. Normalized mRNA
expression data are presented as means+standard deviation (SD).
Two-tailed Student’s t test. Ns: nonsignificant; *p <0.05; **p <0.01;
*#%p <(0.001; ****p <0.0001. Abbreviations: BLCA, bladder urothe-
lial carcinoma; BRCA, breast invasive carcinoma; CESC, cervi-
cal squamous cell carcinoma and endocervical adenocarcinoma;
COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM,
glioblastoma multiforme; HNSC, heck and neck squamous cell car-
cinoma; KICH, kidney chromophore; KIRC, kidney clear cell car-
cinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PRAD, prostate adenocar-
cinoma; READ, rectal cancer; STAD, stomach adenocarcinoma;
THCA, thyroid carcinoma and UCEC, uterine corpus endometrial
carcinoma

ACACCAACA-3' and reverse 5'- GCATATCTTCGGCCC
ACA-3'. Relative mRNA expression was calculated by the
2(= 24CY method and normalized to 18 s mRNA levels.

2.11 Western blotting

Cell lysates were prepared using lysis buffer (Beyotime,
Shanghai, China), separated by sodium dodecyl sulfate—pol-
yacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to nitrocellulose membranes (Millipore, Danvers,
MA). Subsequently, the membranes were washed using Tris-
buffered saline with Tween 20 (TBST) and blocked with 5%
nonfat milk solution at least 1 h at room temperature. Next,
the membranes were incubated with an anti-TGM2 antibody
(1:1000, Proteintech, 15100—1-AP) or an anti-p-actin anti-
body (1:5000, Proteintech, 81115-1-RR) at 4°C overnight,
washed with TBST three times and incubated with a HRP-
conjugated goat anti-rabbit antibody (1:10,000, Proteintech,
15015). Finally, the bands were detected using an Odyssey
imaging system (LI-COR Biosciences, Lincoln, NE, USA).

2.12 Cell viability assay

To investigate the effect of TGM2 knockdown on the
response of pancreatic cancer cells to gemcitabine (Sell-
eck, S1149, Texas, USA), cells were inoculated in a 96-well
plate (5 % 103 cells/well) and transfected with either TGM2
siRNA or scrambled siRNA for 24 h. Next, the cells were
treated with different concentrations of gemcitabine or vehi-
cle control for 48 h. After that, CCK-8 reagent (10 pl/well,
CCK-8, Dojindo, Japan) mixed with the serum-free medium
(90 pl/well) was added to each well and incubated at 37°C
for 1 h. The absorbance was measured using a Power Wave

XS microplate reader (BIO-TEK) at a wavelength of 450 nm
with a reference at 600 nm. The survival rate (SR) was cal-
culated using the following equation: SR =(0OD4501,.,iment
/OD450vehicle control) x100%.

2.13 THP-1 migration assay

Transwell 24-well plates with filters with an 8 pm diameter
pore size (Corning, NY, USA) were used in the migration
assay. THP-1 cells (2 x 10* in 200 ul RPMI-1640 medium)
were seeded in the upper chamber, and 700 pl of serum-free
pancreatic cancer cell supernatant treated with or without
an anti-CCL2 antibody (5 pg/ml; R&D Systems) for 30
min was added to the lower chamber before the addition of
THP-1 cells. After incubation for 12 h at 37°C in a humidi-
fied atmosphere with 5% CO,, THP-1 cells were stained with
2 pM Calcein-AM for 15 minutes, after which the cells on
the upper side of the filters were removed. The invaded cells
were counted under a microscope at 200X magnification.

2.14 Orthotopic xenograft model

C57BL/6 J adult male mice aged 6 to 8 weeks were used
in this study.1 X 10° short hairpin-Control (sh-Ctrl), short
hairpin-Tgm2 (sh-Tgm?2), overexpression-vector (ov-vector)
and ov-Tgm?2 (overexpression-7gm2) KPC1199 cells in 25 pl
of DMEM were injected into the body of the pancreas. Next,
the mice were randomly divided into groups and treated with
PBS, gemcitabine (50 mg/kg), PBS liposomes or clodronate
liposomes (70 mg/kg) for three weeks beginning 5 days post-
surgery. After 3 weeks of administration, bioluminescence
imaging analysis was used to determine the tumor burden,
and quantitative analysis was performed using Living Image
software, version 4.5.3. The formula for calculating the
tumor volume was: volume = 1/2 X (length X widthz).

2.15 Statistical analysis

All statistical analyses were conducted using R software (ver-
sion 3.6.1). The relationships between the expression of TG
family members and immune cell fractions were tested by
Spearman correlation analysis. One-way ANOVA or Student’s
t test was performed to confirm the differences between groups.
Values of p <0.05 were considered statistically significant.

3 Results

3.1 Expression patterns and clinical relevance
of TGs in the pancancer landscape

To evaluate the expression patterns of all nine TGs in can-
cer, we performed a pancancer analysis using the TCGA

@ Springer
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and GTEx databases. To achieve this, 20 cancer types with
available normal counterparts, clinicopathological param-
eters and survival data were included. Expression hetero-
geneity across cancers was observed for all 9 TGs. A high
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expression of EPB42 was found in STAD (Fig. 1A) and of
F13A1 in GBM, LIHC and PAAD (Fig. 1B). TGM1 was
highly expressed in BLCA, CESC and THCA, and TGM7
was found to be upregulated in UCEC (Fig. 1C and I).
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«Fig. 2 Associations between TG expression levels and clinical fea-
tures. (A) Comparison of Kaplan—Meier survival curves based on
high and low TG scores in the overall cohort of cancer patients in
TCGA (n=7744) (optimal cutoff). Hazard ratio (HR)=0.91 (95%
confidence interval (CI): 0.84-0.99, p=0.0353). (B) In different
cancers, the number of TG family genes whose prognostic value in
overall survival achieved statistical significance (p <0.05). BLCA
(n=0); BRCA (n=0); CESC (n=0); COAD (n=0); ESCA (n=0);
GBM (n=0); HNSC (n=0); KICH (n=0); KIRC (n=5); KIRP
(n=1); LIHC (n=0); LUAD (n=1); LUSC (n=2); PAAD (n=2);
PCPG (n=0); PRAD (n=0); READ (n=1); STAD (n=2); THCA
(n=0); UCEC (n=1). (C) TG family gene expression related to over-
all survival in different cancers in TCGA. The color in the heatmap
indicates the hazard ratio (HR). The number indicates the -logl0
(p value). Red represents a high risk of death (HR>1), whereas
blue represents a low risk of death (HR <1). (D) Correlation analy-
sis between the TG score and pathological tumor—-node—metastasis
(TNM) stage in KIRC, LUSC, PAAD and STAD. (E-G) The asso-
ciations between the TG score and pathological tumor stage (E),
pathological node stage (F), and pathological metastasis stage (G)
in KIRC, LUSC, PAAD and STAD. Ns: nonsignificant; *p<0.05;
*#p<0.01

Upregulation of TGM2-5 was observed in more than five
individual cancer types, together covering 14 cancer types
(Fig. 1C-G). GBM, KIRC, LIHC, LUSC, PAAD and UCEC
were characterized by coordinated upregulation of more
than 3 TGMs. Due to the low detection rates of TGM6 and
TGM7 in some cancer types and control tissues, this study
did not consider their differential expression between the
respective cancer types (Fig. 1H and I). In addition, we
found that the TG scores were higher in GBM, PAAD and
UCEC (Fig. 1J). These results indicate that TGM2 to TGM5
are vital TGs upregulated in different cancer types and that
GBM, KIRC, LIHC, LUSC, PAAD and UCEC are cancers
with a frequent upregulation of TGs.

Next, we pooled all patients in the 20 TCGA cancer types
and divided them into high and low score groups accord-
ing to the median value of the TG score. Then, we ana-
lyzed the association of the TG score with overall patient
survival, which was determined using Kaplan—Meier Plot-
ter (Fig. 2A). We found that a high TG score correlated
with a worse survival [HR=0.91 (95% CI: 0.84-0.99),
p=0.0353]. We also summarized the number of TG genes
with statistically significant effects on OS (Fig. 2B) and
found that one or more of the TG genes were associated with
survival in KIRC, KIRP, LUAD, LUSC, PAAD, READ,
STAD and UCEC. Subsequent heatmap analysis revealed
associations between the expression level of each individ-
ual TG gene and OS in the 20 cancer types in TCGA in
detail (Fig. 2C). TGs predicted OS differentially among dif-
ferent cancer types. We also found that increased expression
of TGM2 and TGM4 was associated with increased survival
disadvantages, i.e, TGM2 expression predicted a poor prog-
nosis in patients with KIRC, LUSC and PAAD, and TGM4
expression predicted a poor prognosis in patients with KIRC,
PAAD and READ (Fig. 2C). Allow expression of EPB42 in

LUAD, but a high expression of EPB42 in STAD predicted
a worse patient survival. Notably, high expression of each
individual TG family member predicted a poor prognosis of
patients with KIRC, suggesting that TG upregulation gener-
ally contributes to KIRC malignancy.

In KIRC, LUSC, PAAD and STAD, we found that more
than two TG genes exhibited statistically significant effects
on OS. Therefore, we carried out a comprehensive analysis
of the relevance of TG scores to clinicopathological param-
eters in these four cancers through the Wilcoxon test. We
found that in KIRC and STAD the TG score was related
to the pathologic TNM stage. In KIRC, the TG score was
related to the pathological T stage and M stage. In LUSC, the
TG score was related to pathological N stage (Fig. 2D-G).

To explore the application of the TG genes in cancer
prognosis, ROC analysis was performed to predict the 1-,
3- and 5-year OS of patients stratified by TG gene expres-
sion levels in KIRC, LUSC, PAAD and STAD (Fig. S1). We
found that the area under the curve (AUC) values for 1-, 3-,
and 5-year survival were 0.7, 0.711 and 0.914, respectively,
in PAAD (Fig. S1G-I). These results indicate that TG gene
expression has a good predictive power for OS in PAAD,
which may facilitate efficacy evaluation.

3.2 Mutation, CNV and DNA methylation analyses
of TG family members

TG mutations have been found to be related to various
diseases [20, 40-42]. Here, mutations in TG family genes
were also identified in the TCGA cohort (Fig. S2 A). In
UCEC, TGs exhibited the highest overall number of muta-
tions. F13A1 had the highest number of mutations in LUAD
samples. Next, we summarized the counts of missense vari-
ants and loss-of-function mutations of all TG genes in each
cancer type (Fig. S2B). We found that UCEC exhibited the
highest number of missense variants in TG genes, followed
by LUAD, STAD, LUSC and COAD, respectively. UCEC
also showed the most loss-of-function mutations in TG
genes, followed by LUSC, LUAD, COAD and STAD.
Gene copy number variations are considered critical for
modulating cancer occurrence and progression. We analyzed
the correlation of TG gene expression and the frequency
of CNVs in the corresponding gene in each cancer type
(Fig. S2C). We found that a low expression of EPB42 was
correlated with copy number deletions in BRCA, UCEC,
LUAD and BLCA. A low expression of F13A1 and TGM1
was found to be associated with copy number deletions in
KICH and KIRC, respectively. A significant correlation was
found between decreased TGM4 expression and copy number
deletions in BRCA, LUAD and KIRC. In addition, we found
that increased TGM2 expression was associated with its copy
number amplification in BRCA and READ, but not in KIRC
or THCA. A high TGM3 expression was related to its copy
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number amplification in BRCA and LUSC, but not in LIHC,
PRAD, UCEC or THCA. Upregulation of TGM4 or TGMS5
was not associated with CNV in the various cancers tested.
These results indicate that CNV constitutes an important way
to regulate the expression of TGs in a number of cancers,
whereas other regulatory mechanisms remain to be uncovered.

Hypermethylation of the promoters of specific genes may
contribute to their downregulation. Therefore, we next ana-
lyzed promoter methylation levels of the respective TG genes.
We found that the methylation levels of the TG genes were
commonly altered in cancer tissues compared to their normal
counterparts and that hypomethylation was the most common
alteration (Fig. 3A—G). Next, we analyzed correlations between
the methylation status and expression levels of TG genes in dif-
ferent cancers. We found that these levels correlated with their
methylation levels in most cancers. Specifically, high TGM1
expression was found to be correlated with decreased meth-
ylation in THCA and ESCA and high TGM2 expression was
correlated with decreased methylation in READ (Fig. 3H).
Increased TGMS5 expression was found to be associated with
decreased methylation in KIRP and UCEC, while a low expres-
sion of TGM1 was related to increased methylation in PRAD.

3.3 Transcription, pathway and immune cell
infiltration analyses based on TG family
members

To further explore the regulatory mechanism of the TG
family in cancer, we validated the transcription factors
most relevant to the TG family (IRl > 0.3, p <0.05). We
found that KICH exhibited the highest number of tran-
scription factors related to TG family genes, followed
by THCA, ESCA and BLCA (Fig. 4B). Twist Family
BHLH Transcription Factor 2 (TWIST2), Snail Family
Transcriptional Repressor 2 (SNAI2), ETS Transcription
Factor ELK3 (ELK3), FOS Like 1, AP-1 Transcription
Factor Subunit (FOSL1), Basonuclin 1 (BNC1), Paired
Related Homeobox 1 (PRRX1) and Paired Related Home-
obox 2 (PRRX2) are master transcription factors of epi-
thelial-mesenchymal transition (EMT) and were found to
be positively associated with TG family members in more
than 10 cancer types (Fig. 4C). To explore the underly-
ing mechanisms mediated by TGs, we first identified the
pathways enriched with proteins that interact with TGs
based on the InWeb-IM database. We found that these
genes were mainly enriched in the pathways Mitophagy
—animal, Shigellosis, Viral carcinogenesis, Proteoglycans
in cancer and Cell cycle (Fig. 4A). Next, we analyzed the
pathways associated with TG gene expression by GSEA.
Four cancer-related pathways, namely, enabling replica-
tive immortality, genome instability and mutation, induc-
ing angiogenesis and reprogramming energy metabolism,
were found to be significantly associated with TG genes

@ Springer

in nearly all 20 cancer types (Fig. 4D). Furthermore, we
found that the TGs were positively associated with more
than two cancer-related pathways in most cancers. Spe-
cifically, in HNSC, STAD, GBM, LUAD and THCA, TG
expression was positively correlated with all four cancer-
related pathways. In GBM, HNSC and STAD, TG genes
exhibited the strongest association with the angiogenesis-
inducing pathway. In BRCA, HNSC and PRAD, TG genes
showed the strongest association with energy metabolism
reprogramming.

We further evaluated correlations between immune cell
infiltration and TG gene expression (Fig. SA-H). The scores
of a total of 28 subpopulations of tumor-infiltrating leuko-
cytes, i.e, 16 adaptive immune cells and 12 innate immune
cells, were calculated based on the TCGA database. We
found that F13A1 and TGM2 were related to the infiltration
of almost all immune cells, such as natural killer T cells,
macrophages, central memory CD4 + T cells, CD8+ T cells
and myeloid-derived suppressor cells (MDSCs), across dif-
ferent cancers (Fig. 5B and D). The correlation of TGM1,
TGM3, TGM4 and TGMS5 expression with immune cell
infiltration differed among cancers, except in THCA, where
all of these TGs were well correlated with the infiltration of
immune cells (Fig. 5C, E-G). Furthermore, we found that
the TG score was associated with the infiltration of nearly all
immune cell types in most cancers, including THCA, PCPG,
BRCA and PRAD (Fig. 5H). These results indicate that TG
upregulation may affect the formation of the immune micro-
environment in cancer.

3.4 TG genes are associated with chemoresistance

Next, we analyzed the correlations between TG gene
expression and chemotherapy drug usage based on the Can-
cer Cell Line Encyclopedia (CCLE) and the Genomics of
Drug Sensitivity in Cancer (GDSC) database (Fig. S3 and
S4). We found that only TGM?2 was related to sensitivity
to most chemotherapeutics (IRl > 0.3, p <0.05). i.e, higher
TGM2 expression was commonly correlated with reduced
sensitivity to numerous drugs, including the AKT inhibi-
tor GSK690693, the FLT3 inhibitor quizartinib and other
drug candidates (Fig. 6A). These results suggest that TGM2
upregulation may be a common inducer of clinical chemore-
sistance. However, a few exceptions exist, whereby TGM2
is likely to exhibit an opposite association with chemore-
sistance to a few particular drugs. We found, for instance,
that cancer cells with a high TGM2 expression were more
sensitive to refametinib and trametinib, two oral MEK
inhibitors (Fig. 6A). Interestingly, a common association
of high F13A1 expression with increased chemosensitivity
was observed, in contrast to the relationships observed for
TGM2. These results indicate that TGM?2 and F13A1 predict
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Fig.4 TGs in the pathways and TG transcription factors in cancers
in TCGA. (A) Network diagram demonstrating the pathways enriched
with proteins interacting with TGs identified based on the InWeb-
IM database. The gradient of colors represents the statistical signifi-
cance; the redder the color, the greater the significance. The size of
the nodes represents the correlation strength; the larger the size, the
greater the correlation. (B) Histogram showing the counts of tran-
scription factors (p value <0.05, IRl >0.3) related to TG family genes
in different cancer types. KICH exhibits the most transcription factors
related to TG family genes (n=758), followed by THCA (n=419),
ESCA (n=345), and BLCA (n=332). (C) Transcription factors (p
value < 0.05, IRl > 0.3) related to TGs in more than ten types of can-
cer. The relationships between the expression of TG family genes and
transcription factors were analyzed by Spearman correlation analy-
sis. (D) Four pathways were most likely to be activated by TG family
genes based on the GSEA database. The size of the nodes represents
the statistical significance; the larger the size, the greater the signifi-
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cance. The gradient of the colors represents the NES. The red nodes
indicate positively correlated pathways, whereas the green nodes
indicate negatively correlated pathways. Abbreviations: TWIST2:
Twist Family BHLH Transcription Factor 2; SNAI2: Snail Family
Transcriptional Repressor 2; PRDM1: PR/SET Domain 1; MAFB:
MAF BZIP Transcription Factor B; ELK3: ETS Transcription Factor
ELK3; SOX7: SRY-Box Transcription Factor 7; FOSL1: FOS Like
1, AP-1 Transcription Factor Subunit; BNC1: Basonuclin 1; AEBP1:
AE Binding Protein 1; ZNF365: Zinc Finger Protein 365; ZNF19:
Zinc Finger Protein 19; ZBED2: Zinc Finger BED-Type Containing
2; TSHZ3: Teashirt Zinc Finger Homeobox 3; TFEC: Transcription
Factor EC; PRRX2: Paired Related Homeobox 2; PRRX1: Paired
Related Homeobox 1; MAF: MAF BZIP Transcription Factor;
IKZF1: IKAROS Family Zinc Finger 1; HES2: Hes Family BHLH
Transcription Factor 2; FLI1: Fli-1 Proto-Oncogene, ETS Transcrip-
tion Factor; BNC2: Basonuclin 2
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Fig.5 Relationships between immune cell infiltration and TGs across
cancers. Heatmap showing the correlations between mRNA expres-
sion of EPB42 (A), F13A1 (B), TGM1 (C), TGM2 (D), TGM3 (E),
TGM4 (F), TGMS (G) and the TG score (H) with immune cell infil-
tration scores in cancer types in TCGA. After calculating the single-
sample gene set enrichment analysis (sSGSEA) score representing
immune cells in the TCGA cancer cohort, the correlations between

opposite correlations with chemoresistance and suggest that
they function differently in the transduction of cancer-related
signaling pathways and, as such, may be used in combina-
tion for optimal prediction of drug sensitivity.

3.5 Higher TGM2 expression contributes
to gemcitabine chemoresistance in pancreatic
cancer

Considering the striking association of TGM2 expres-
sion with chemotherapeutic sensitivity and patient
survival with PAAD, we further validated these rel-
evancies in PAAD using in vitro and in vivo assays.
First, we assessed the expression of TGM2 in mouse
pancreatic cancer tissues. Using IHC in a genetically
engineered LSL-KrasG12D/+; LSL-Trp53R172H/ +;
Pdx1-Cre (KPC) mouse model, we found that TGM?2
protein expression was elevated in pancreatic intra-
epithelial neoplasia (PanIN) and pancreatic cancer tis-
sues compared with normal acinar tissues (Fig. 6B).
Next, we performed IHC staining on a tissue microarray
containing 188 paired pancreatic cancer and adjacent
normal tissues. We found that TGM?2 expression was
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the infiltration of each type of immune cell and the expression of each
TG family gene were determined via Spearman correlation analysis.
The gradient of colors in the heatmap represents the statistical sig-
nificance. Red indicates a positive correlation, while blue indicates a
negative correlation. “X” means not significant (p >0.05). Abbrevia-
tion: MDSC: myeloid-derived suppressor cell

significantly higher in pancreatic cancer tissues than in
adjacent tissues (Fig. 6C). To determine whether TGM2
affects the sensitivity of pancreatic cancer cells to gem-
citabine, we silenced TGM2 expression using siRNAs
in pancreatic cancer cells. Western blotting was used to
evaluate the knockdown efficiency of TGM2 in Pancl
and Patu-8988 cells and revealed that TGM2 expres-
sion was greatly decreased by both specific siRNAs
(Fig. S5A). Using a cell viability assay, we found that
TGM?2 knockdown improved pancreatic cancer cell sen-
sitivity to gemcitabine (Fig. 6D). TGM2 siRNA-1 and
siRNA-2 markedly reduced the ICs, value of gemcit-
abine in Pancl and Patu-8988 cells after 48 h (Fig. 6D).

Next, mouse pancreatic cancer KPC1199 cells sta-
bly expressing a lentiviral shRNA targeting TGM?2 (sh-
Tgm2-1) were generated. The knockdown efficiency was
validated by Western blotting (Fig. S5B). sh-Tgm2-1
and control KPC1199 cells were subsequently used to
establish an orthotopic tumor model by injection into the
pancreas. After tumor cell injection, the mice received
treatment with gemcitabine (50 mg/kg) or vehicle every
5 days for three weeks. We found that TGM2 knock-
down promoted gemcitabine efficacy and resulted in a
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marked reduction in the tumor burden (Fig. 6E). IHC
staining of the proliferation marker Ki67 in the tumor
tissues confirmed that Tgm?2 knockdown boosted the anti-
tumor effect of gemcitabine (Fig. 6F). Collectively, these
results indicate that TGM2 is upregulated in pancreatic
cancer and that TGM2 knockdown enhances the sensitiv-
ity of pancreatic cancer cells to gemcitabine.

@ Springer

3.6 TGM2 is associated with macrophage
infiltration via upregulated CCL2 production
in pancreatic cancer

To explore correlation between TGM2 expression and mac-
rophage infiltration, we performed IHC staining of the mac-
rophage markers CD68 and TGM?2 in a cohort of samples
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«Fig. 6 Higher TGM2 expression contributes to gemcitabine chemore-
sistance in pancreatic cancer. (A) Scatter plots showing associations
between TGM2 expression and drug sensitivity. TGM2 expression
positively correlates with sensitivity to GSK690693 (AKT Serine/
Threonine Kinase inhibitor), quizartinib (Fms Related Receptor
Tyrosine Kinase 3 inhibitor), WZ3105 (neurotrophin receptor kinase
inhibitor) and other drug candidates (NPK76-11-72-1, TL-2-105 and
XMD13-2). In addition, TGM2 expression negatively correlates with
the sensitivity to refametinib and trametinib, two oral MEK inhibi-
tors. (B) Representative H&E staining (upper) and TGM2 immuno-
histochemical (IHC) staining (lower) patterns showing changes in
organizational structure and TGM2 expression from normal pancreas
tissue to pancreatic intra-epithelial neoplasia (PanIN) to pancreatic
cancer tissue in KrasG12D/+; TrpS3R172H/+; Pdx1-Cre (KPC)
mice. Scale bar, 100 pm. (C) IHC analysis of TGM2 expression in
a human pancreatic cancer tissue microarray (n=188). Representa-
tive IHC images are shown in the left panel. The percentage of the
tissue core displaying low and high staining in pancreatic tumor and
normal tissues is shown in the right panel. (D) Survival curves of si-
Ctrl and si-TGM2 Panc] and Patu-8988 cells exposed to gemcitabine
or vehicle (n=6 replicates per group, means+standard deviation,
one of three biological replicates). (E) Orthotopically transplanted
xenografts generated with sh-Ctrl or sh7gm2 KPC1199 cells treated
with gemcitabine or vehicle. Blue dotted circles indicate the tumors
(n=35 replicates per group, means=+standard deviation, 2 biologi-
cal replicates). (F) Representative images of Ki67 +cells from pan-
creatic tumor tissues of C57BL/6 J mice treated with gemcitabine
or vehicle. Scale bar: 50 pm. *p <0.05; **p<0.01; ***p<0.001;
**¥%p <0.0001

from 55 pancreatic cancer patients. We found that a high
expression of TGM2 was significantly associated with mac-
rophage infiltration (p =0.0312) (Fig. 7A and B). To further
determine the link between TGM2 and macrophage infiltra-
tion, we examined the migratory ability of phorbol myristate
acetate (PMA, 100 ng/ml)-primed THP-1 (human myeloid
leukemia mononuclear) cells upon treatment with condi-
tioned medium (CM) from si-Ctrl and si-TGM?2 Pancl and
Patu-8988 cells. Transwell assays revealed that the migration
of PMA-primed THP1 cells induced by si-TGM2 CM was
significantly reduced compared with that induced by si-Ctrl
CM (Fig. 7C).

Next, we established orthotopic pancreatic cancer mod-
els using Tgm2-overexpressing and control KPC1199 cells
in C57BL/6 J mice. Clodronate liposomes or PBS liposomes
were administered to these mice two weeks before and three
weeks after tumor cell implantation. We found that the num-
ber of F4/80+ macrophages infiltrating pancreatic tumors was
decreased in mice treated with clodronate liposomes, suggest-
ing the effective elimination of macrophages. In addition, we
found that tumor tissues with Tgm2 overexpression exhibited
more macrophage infiltration than control tissues (Fig. 7F),
suggesting a chemotactic effect of Tgm2 overexpression on
macrophages. The results indicated that liposomal clodronate
treatment largely reversed the increase in tumor growth pro-
moted by Tgm?2 overexpression (Fig. 7D and E).

It has been reported that CCL2 plays a significant role in
macrophage recruitment into the tumor microenvironment

[43]. We, therefore, measured its expression by gqRT—PCR
and found that the mRNA level of CCL2 was significantly
reduced in si-TGM?2 Pancl and Patu-8988 cells compared
to control cells (Fig. 7G). Consistently, we found that CCL2
was upregulated by TGM2 overexpressing in Pancl and
Patu-8988 cells (Sup Fig. 5C). Subsequent ELISA revealed
that the CCL2 level was reduced in the conditioned medium
(CM) of sh-Tgm2 KPC1199 cells (Fig. 7H). To investigate
whether CCL2 is responsible for the macrophage infiltration
induced by TGM2 overexpression, an anti-CCL2 antibody
(5 pg/ml) was applied in the migration assay. We found
that the migration of THP-1 cells induced by ov-TGM2 cell
conditioned medium was largely attenuated by the anti-
CCL2 antibody (Fig. 7T). Collectively, these findings indi-
cate that TGM2 may facilitate macrophage infiltration by
upregulating CCL2 production in pancreatic cancer.

4 Discussion

Our current data indicate that (1) members of the TG family
are tightly regulated by multiple mechanisms at the genetic,
epigenetic and transcriptional levels, (2) TGs are likely to be
involved in the EMT process and regulation of the immune
microenvironment in most cancers, (3) TGM2 is a potential
sensitive marker for various chemotherapy drugs and (4)
TGM2 is upregulated in pancreatic cancer, reduces sensitiv-
ity to gemcitabine and enhances macrophage infiltration by
upregulating CCL2 expression.

It has been reported that TGs are differentially expressed
in numerous cancers and have considerable impacts on pro-
liferation, apoptosis, stem cell phenotypes, epithelial-mes-
enchymal transition and chemoresistance [24]. Previously,
it has been reported that TGM1 is upregulated in gastric
cancer and promotes its proliferation, stemness and chem-
oresistance via the Wnt signaling pathway [25]. TGM1 was
also found to be upregulated in tumor cell aggregates (sphe-
roids) exhibiting a low chemosensitivity in ovarian cancer
peritoneal fluid [44]. F13A1 has been identified as a bio-
marker for a dismal prognosis in various types of cancer [35,
45, 46] and promotes the metastasis of melanoma as well
as lung squamous cell carcinoma cells [47, 48]. As a well-
characterized transamidase, TGM2 can not only promote
protein crosslinking by catalyzing posttranslational modifi-
cations, but also function as a G protein-coupled membrane
receptor (GTPase), deamidase, adapter/scaffold, protein
disulfide isomerase, isopeptidase and kinase [24, 49-53]. It
is also responsible for serotonylation, a type of posttransla-
tional modification that plays a role in numerous biological
processes, by catalyzing the transamidation reaction and
transferring serotonin to substrates [54]. Due to its multiple
enzymatic activities, it is involved in diverse physiologi-
cal processes and the pathophysiology of various diseases,
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«Fig.7 TGM2 is associated with macrophage infiltration via upregu-
lated CCL2 production in pancreatic cancer. (A) Representative
immunohistochemical images of TGM2 (upper) and CD68 (lower)
in a pancreatic cancer microarray, n=55. Scale bar: 100 pm. (B)
Heatmap displaying the consistency of TGM2 and CD68 expression
in the pancreatic cancer microarray. N=55, p=0.0312 (Chi-square
test). (C) Effects of conditioned medium from si-Ctrl or si-TGM2
Pancl and Patu-8988 cells on the migration capacity of PMA-primed
THP-1 cells (n=3 replicates per group, means =+ standard deviation,
one of three biological replicates). (D) Orthotopic xenografts gener-
ated with ov-vector or ov-Tgm2 KPC1199 cells treated with PBS
liposomes or clodronate liposomes. The blue dotted circles indicate
the tumors (n=>5 replicates per group, means +standard deviation, 2
biological replicates). (E) Bioluminescence images of ov-vector and
ov-Tgm?2 tumors treated with PBS liposomes or clodronate liposomes
(n=5 replicates per group, means +standard deviation, 2 biological
replicates). (F) Representative images of F4/80+ cells from pancre-
atic tumor, liver and lung tissues of C57BL/6 J mice treated with
PBS liposomes or clodronate liposomes. Scale bar: 50 pm. Statisti-
cal analyses of infiltrated F4/80+cells are shown in the right panel.
(G) Relative mRNA levels of TGM2 and CCL2 in pancreatic can-
cer cells treated with si-TGM2 or si-Ctrl (n=3 replicates per group,
means + standard deviation, one of three biological replicates). (H)
The concentration of secreted CCL2 in the conditioned medium
(CM) from sh-Ctrl and sh-Tgm2 KPC1199 cells (n=3 replicates per
group, means + standard deviation, one of three biological replicates).
(I) Transwell assay of the migration capacity of PMA-primed THP-1
cells stimulated with pancreatic cancer CM in which CCL2 was
neutralized by treatment with an anti-antibody, (n=3 replicates per
group, means + standard deviation, one of three biological replicates).
*p<0.05; **p <0.01; ***p <0.001; ****p <0.0001

including cell survival, apoptosis, inflammation and fibrosis
[55, 56]. Interestingly, it has been found that the diverse
subcellular localizations and various biological activities of
TGM2 provide it with dual roles in different contexts, lead-
ing to either protection from apoptosis or death via apoptosis
[57, 58]. We found that the TG score was high in multiple
types of cancer and was closely related to a dismal prog-
nosis. Furthermore, we found that the TG score showed a
significant relationship to pathological TNM stage and indi-
vidually to pathological M stage and T stage in KIRC. TG
gene expression also exhibited exceptional predictive power
for OS, among which TGM2 showed a particularly strong
predictive ability. Since the various TGs showed tight cor-
relations with the prognosis of PAAD, these TGs, especially
TGM2, may be used as novel markers for the prediction of
PAAD patient survival.

CNVs are genetic variations in which the structure of
chromosomes is rearranged, resulting in effects such as
duplication and deletion of DNA segments. By driving
genetic diversity, CNVs can alter the expression of multi-
ple genes and lead to cancer [59]. We found that the occur-
rence of CNVs was widely and highly consistent with TG
expression. DNA methylation is a fundamental epigenetic
modification involving the transfer of a methyl group (-CH)
to the 5-carbon on a cytosine ring (SmC) in a CpG dinucleo-
tide via a reaction catalyzed by DNA methyltransferases. It

regulates gene transcription and preserves genome stabil-
ity, thus altering the cell phenotype. DNA methylation also
presented a widespread change in the pancancer atlas and
was found to be involved in the regulation of TGM1 and
TGMS expression.

Transcription factor binding is another classical mecha-
nism to alter gene expression. We found that several master
TFs of EMT, such as TWIST2, SNAI2, BNC2, PRRX1,
FOSL1 and ELK3, positively regulate the transcription of
TGs, which indicates that TGs may play a role in the EMT
process. Consistent with this hypothesis, it has been reported
that EMT may be brought about by dysregulation of TGs. In
mammary epithelial cells, it has been reported that TGM?2
may promote the upregulation of fibronectin, N-cadherin
and vimentin, and the downregulation of E-cadherin by
altering the expression of Snaill, Zebl, Zeb2 and Twistl
[60]. TGM2 was also found to be upregulated in hepatocel-
lular carcinoma cells activated by hepatic stellate cells via
inflammatory signaling, which further induced the deple-
tion of von Hippel—Lindau protein and caused a pseudo-
hypoxic state that activated EMT [61]. Stable expression of
TGM?2 was also found to induce a mesenchymal phenotype
in ovarian cancer cells, which was mediated by alterations in
the level and function of several transcriptional repressors,
including Zebl, via nuclear factor-xB complex activation
[62]. TGM3 has been indicated to promote EMT in colorec-
tal cancer cells and hepatocellular carcinoma cells via the
AKT signaling pathway [26, 63]. Akt stabilizes the function
of Snail and Slug, two classical transcription factors that
induce EMT, and thus represses the transcription of E-cad-
herin [64]. ELK3, a member of the ETS transcription factor
family, and FOSL1 are two other basic factors involved in
the complex network of EMT [65, 66] and play key roles in
positively regulating the expression of TGs. These results
indicate that TGs are critical in EMT and the malignant
behavior of cancer cells.

Some immune-related transcription factors have also
been found to be involved in the regulatory network of TG
genes in many types of cancer. MAFB, a member of the
Maf family, has been found to regulate the differentiation
of macrophages and to promote tumorigenesis [67, 68].
Moreover, as a regulator of the differentiation of B cells as
well as T cells, PR domain zinc finger protein 1 (PRDM1)
has been found to play a pivotal role in immunosuppres-
sion in the tumor environment and to lead to a dismal prog-
nosis [69, 70]. We observed a close relationship between
the expression of TGM2 and Friend leukemia virus inte-
gration 1 (FLI1), a member of the ETS family. FLI1 has
been widely identified as a critical factor that regulates the
development and differentiation of lymphocytes. It can
regulate the expression of cytokines and chemokines and,
thus, manipulate the function of immune cells. Dysregula-
tion of FLI1 is implicated in several autoimmune diseases
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[71-75]. Furthermore, it has been reported that FLI1 inhib-
its chromatin accessibility at ETS: RUNX motifs and sup-
presses effector CD8 + T-cell lineage differentiation, which
provides protective immunity in cancer [76]. ZBED2 is a
marker of exhausted CD8 + T cells. ZNF365 has been found
to be related to inflammatory bowel disease and ankylosing
spondylitis [77-79]. By binding to LPS, ZNF365 also helps
defend against infections with gram-negative bacteria [80].
Thus, TGs may be strongly involved in immune responses
in the tumor microenvironment.

According to our findings of antitumor drug resist-
ance, the expression of TGM2 was found to be positively
related to the ICs, values of 6 drugs, namely, GSK690693,
NPK76-11-72—1, quizartinib, TL-2-105, WZ3105 and
XMD13-2, which indicates potential resistance to these
drugs. Two drugs, refametinib and trametinib, that were
negatively related to the TGM2 level, indicating a good
response of patients to these drugs. Refametinib is a selec-
tive MEK inhibitor that exhibits a high selectivity for MEK
1/2. Through CCKS assays and orthotopic mouse models,
we found that TGM2 reduces the sensitivity to gemcit-
abine in pancreatic cancer. Potent activity of refametinib
in inhibiting cell proliferation in various cancer cell lines
has been shown in vitro, as well as in retarding xenograft
growth in models of melanoma, colon and epidermal carci-
noma in vivo. Several clinical trials have been conducted to
explore its potential clinical application, and clinical benefits
have been demonstrated in several advanced solid tumors
[81, 82]. The combination of refametinib and sorafenib has
shown synergistic antitumor activity in multiple types of
cancer, among which patients with RAS mutations derived
the best benefit [83—85]. Trametinib is also a selective,
oral MEK1/MEK?2 inhibitor that has been widely tested in
several types of cancer and exhibits great benefits [86—89]
Here, we found that both refametinib and trametinib, two
selective MEK1/MEK?2 inhibitors, may be more effective in
patients with high expression of TGM2. Additional studies
and related clinical trials are still needed to determine the
underlying mechanism.

In addition, we explored relationships between the
expression of TGs and immune cell infiltration. We found
that a subgroup of TGs is related to the immune cell
infiltration landscape, among which F13A1 and TGM2
exhibited an extremely strong relationship. F13A1 is an
active transglutaminase that crosslinks fibrin strands and
plays a role in stabilizing fibrin clots and blood coagu-
lation [14]. Recent studies have also shown its involve-
ment in basic immunoreactions [90]. In human adipose
tissue, differential expression of F13A1 has been found
to be related to multiple functions, such as the immune
responses, leucocyte and neutrophil activation and the
cytokine responses [91]. It has also been identified as a
co-expression factor of M2 macrophages and to correlate
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with clinical outcomes of renal clear cell carcinoma [92].
Consistent with this observation, F13A1-positive mac-
rophages in Hodgkin lymphoma have been found to func-
tion in malignant cell proliferation [93]. Consistent with
these reports, we found that F13A1 was related to the
infiltration of many types of immune cells across can-
cers, as was TGM2. TGM2 has been widely found to par-
ticipate in inflammatory signaling in pathological con-
ditions such as celiac disease, cystic fibrosis and sepsis
[94-96]. TGM2 not only directly influences the malig-
nant behavior of cancer cells [97, 98] but also regulates
the immune microenvironment. TGM2 has been reported
to regulate the production of interleukin-6 (IL-6) [99],
an important cytokine in the immune microenvironment.
We found that TGM2 upregulates CCL2 expression and
is responsible for the enhancement of macrophage infil-
tration in pancreatic cancer.

In conclusion, we first assessed the expression and
prognostic value of members of the TG family in 20 can-
cer types and comprehensively characterized genomic
alterations, epigenetic modifications, transcriptional reg-
ulation, interactive proteins and pathways, the immune
tumor microenvironment and chemotherapy responses in
human cancers. Moreover, we found that TGM2 enhances
resistance to gemcitabine and correlates with macrophage
infiltration in pancreatic cancer. Our data provide new
insight into the potential value of TG family members
as novel biomarkers and therapeutic targets for cancer.
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