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Abstract

Epigenetic abnormalities contribute significantly to the development and progression of gastric cancer. However, the
underlying regulatory networks from oncogenic signaling pathway to epigenetic dysregulation remain largely unclear.
Here we showed that STAT3 signaling, one of the critical links between inflammation and cancer, acted as a control
pathway in gastric carcinogenesis. STAT3 aberrantly transactivates the epigenetic kinase mitogen- and stress-activated
protein kinase 1 (MSKT1), thereby phosphorylating histone H3 serine10 (H3510) and STAT3 itself during carcinogen-
induced gastric tumorigenesis. We further identified the calcium pathway transcription factor NFATc2 as a novel
downstream target of the STAT3-MSK1 positive-regulating loop. STAT3 forms a functional complex with MSK1 at the
promoter of NFATc2 to promote its transcription in a H3510 phosphorylation-dependent way, thus affecting NFATc2-
related inflammatory pathways in gastric carcinogenesis. Inhibiting the STAT3/MSK1/NFATc2 signaling axis
significantly suppressed gastric cancer cell proliferation and xenograft tumor growth, which provides a potential novel
approach for gastric carcinogenesis intervention by regulating aberrant epigenetic and transcriptional mechanisms.
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Introduction

Gastric cancer (GC) is currently the third leading cause
of cancer death worldwide with high prevalence in many
Eastern Asia countries, particularly in China, Japan, and
South Korea'?. Helicobacter pylori (H. pylori) infection is
the main risk factor for GC. However, other environ-
mental factors, including diet, smoking, and alcohol
consumption are also likely of major importance.
Although genetic abnormalities function importantly in
GC development (for example, germline mutation of the
E-cadherin gene in familial patient), epigenetic alterations
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are now widely recognized to be involved in gastric
tumorigenesis®>*, Accumulating evidence suggests that
epigenetic abnormalities, especially DNA methylation and
histone modifications, promote carcinogenesis through
active mechanisms in both gastric tumors and pre-
malignant lesions. For instance, H. pylori-induced
chronic inflammation leads to aberrant DNA methylation,
which results in the inactivation of key cancer-related
genes in gastric mucosa®. Alterations of multiple histone
modifications (methylation of histone H3 at K36, K4, and
K27) also have been found at distinct regulatory elements
controlling the transcription of oncogenes and tumor
suppressors in GC>°. However, despite plenty of research
findings, it is still largely unclear when and how the initial
aberrant changes of epigenetic modifications take place in
gastric epithelial cells.

Among multiple gastric carcinogens, N-nitroso com-
pounds (NOCs), either produced endogenously and
increased upon H. pylori infection or exposed exogenously
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from diet, have shown strong carcinogenic effects in ani-
mal studies. Individuals with a high-level exposure to
NOCs are also hypothesized to be at increased risk of
developing gastrointestinal cancer”®. We and other groups
have reported that various cellular signaling pathways such
as proliferation, DNA repair, oxidative stress and inflam-
matory pathways® >, as well as epigenetic remodeling
regulations act as crucial players in H. pylori and NOC-
induced carcinogenesis®'®. We also revealed that, upon
NOC treatment, the dysregulation of histone modifica-
tions occurred as part of DNA damage responses and
contributed to numerous cancer-related gene expression
changes'’. These findings prompted us to speculate that
critical signaling pathways activated by carcinogens may
interplay with epigenetic changes, thereby contributing to
gastric carcinogen-induced carcinogenesis.

Hitherto, few pathways have been reported to directly
cooperate with epigenetic aberrations, and the underlying
mechanisms remain elusive. Among them, signal trans-
ducer and activator of transcription 3 (STAT3) signaling
pathway is a prominent one. As a well-known player
linking inflammation and cancer, STAT3 is frequently
overexpressed in tumor cells or tissues, including GC'*°.
By regulating the expression of numerous oncogenic
genes, STAT3 promotes the development of different
types of cancer. Through epigenetic mechanisms, activated
STATS3 has been reported to modulate the expression of
DNA methyltransferases and histone methylases or
demethylases in hematological malignancies and solid
tumors® %, A regulatory complex was also identified
between STAT3 and those chromatin-associated enzymes
in epigenetic silencing or activation of vital tumor-
promoting genes** .

To explore the possible interplay between STAT3 signaling
and epigenetic alterations in gastric cancer development, in
the current study, we investigated the epigenetic changes of
aberrant histone modifications and the involvement of
STAT3 pathways in gastric carcinogenesis. We demon-
strated that STATS3 signaling was highly activated during H.
pylori plus NOC-induced murine gastric tumorigenesis and
human gastric cell malignant transformation, in parallel with
an augment of histone H3 Serl0 phosphorylation. Further
studies revealed that STAT3 activated the transcription and
function of mitogen- and stress-activated protein kinase 1
(MSK1), which phosphorylated H3 and promoted
the downstream inflammatory signaling during gastric
carcinogenesis.

Results
STAT3 contributes to enhanced H3S10 phosphorylation in
gastric carcinogenesis

To explore the epigenetic alterations during gastric
carcinogenesis, we first analyzed the well-established H.
pylori plus NOC (N-methyl-N-nitroso-urea, MNU)-
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induced mouse model of GC®®. Fifty-two weeks after
carcinogen treatment, mice were sacrificed and stomach
tissues were subject to histologic assessment (Fig. 1a, b).
As expected, all the mice in the control group (n = 6) had
normal histology, whereas 5 of 9 (55.6%) and 9 of 12 (75%)
mice developed preneoplastic or neoplastic lesions in
MNU alone and H. pylori plus MNU group, respectively
(Supplementary Fig. 1a). Then we attempt to determine
the possible epigenetic changes during the progression of
gastric carcinogenesis in the mouse model. Notably, our
results revealed that H. pylori infection in MNU-treated
mice strongly induced histone H3 phosphorylation at
Ser10 (p-H3S10) as early as 28 weeks after carcinogen
exposure (Fig. 1c). MNU treatment, although weaker than
H. pylori plus MNU group, also showed a significant p-
H3S10 increase compared with the control group.
Meanwhile, we detected an accompanying significant
activation of STAT3 in carcinogen-treated murine gastric
tissues in both MNU only and H. pylori plus MNU
groups.

To determine the relationship and underlying
mechanisms between aberrant H3 phosphorylation and
STAT3 pathway, we further established a cell malignant
transformation model with the chronic exposures of
human gastric epithelial GES-1 cells to the NOC carci-
nogens, MNU and N-methyl-N'-nitro-N-nitrosoguani-
dine (MNNG). NOC-treated cells showed an increase of
colony formation rate and an ability of tumor formation
in nude mice (Supplementary Fig. 1b, c¢). We demon-
strated that NOC exposure strongly induced histone H3
phosphorylation at Ser10 (p-H3S10) and Ser28 (p-H3S28)
without altering the cell cycle distribution (Fig. 1d and
Supplementary Fig. 1d, e). However, only the augment of
p-H3S510 expression correlated with the increased colony-
forming ability of malignant transformed cell subclones
(Fig. 1e). Then we analyzed the activation of STAT3 and
other cancer-related pathways. The results showed that
STAT3 and p38-MAPK pathways were highly activated,
whereas no significant changes were found for other
pathways such as ERK and AKT signaling (Fig. 1d). Fur-
ther studies using specific inhibitors revealed that inhi-
bition of STAT3 signaling triggered a remarkable
reduction of p-H3S10, while p38-MAPK inhibition only
caused a slight decline in this modification (Fig. 1f).
STATS3 siRNA knockdown or applying anti-interleukin-6
receptor antibody (Tocilizumab) also confirmed the reg-
ulatory effect of STAT3 pathway on p-H3S10 enhance-
ment (Fig. 1g, Supplementary Fig. 1f). Moreover, STAT3
pathway was found highly activated in both NOC-
transformed cell subclones and clinical gastric cancer
tissues, coordinating with the elevation of H3S10 phos-
phorylation (Supplementary Fig. 1g, Fig. 1h, i). Collec-
tively, these results determine an aberrantly enhanced
H3S10 phosphorylation in gastric carcinogenesis and
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Fig. 1 STAT3 contributes to enhanced H3S10 phosphorylation in gastric carcinogenesis. a Representative image of NOC (N-methyl-N-nitroso-
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(siCtr) or STAT3 siRNA were used to treat the MNU-transformed cells, respectively. The level of p-H3S10 was determined by WB. h STAT3 expression
score by IHC in 52 paired gastric cancer tissues. i The representative images of STAT3 and p-H3510 levels in human gastric cancer tissues by IHC. Scale
bar: 200um. The analyses were repeated three times, and the results were expressed as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001. GES-1-MNNG
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support a notion that STAT3 signaling acts as an
upstream regulator of this modification.

MSK1 phosphorylates H3510 during carcinogen-induced
transformation and promotes gastric cancer cell
proliferation

To study the kinase(s) responsible for enhanced p-
H3S10 during carcinogen exposure, we investigated the
expression profile of kinases for H3S10 in NOC-
transformed cells. Among them, the mitogen- and
stress-activated protein kinase-1 (MSK1) was observed
dramatically upregulated and activated in the transformed
cells, whereas the close homolog MSK2 and mitotic
kinase Aurora B remained unaffected (Fig. 2a—c, Supple-
mentary Fig. 2a). Dynamic expression studies revealed
that MSK1 increased as early as 1 week post treatment
(Supplementary Fig. 2b). Inhibition of MSK1 with inhi-
bitor H89 or specific siRNA substantially abrogated the
upregulation of p-H3S10 level (Fig. 2d and Supplementary
Fig. 2¢). For functional studies, MSK1 was stably silenced
by shRNA sequences. MSK1 knockdown significantly
decreased colony formation of transformed cells and
reduced tumor sizes in subcutaneous xenograft models
with a remarkably attenuated level of p-H3S10 (Fig. 2e—g,
and Supplementary Fig. 2d—f). Similar results were
obtained in H89-mediated MSK1 inhibition experiments,
supporting that MSK1 kinase is predominantly respon-
sible for NOC-induced phosphorylation of H3S10.

Then we sought to assess the role of MSK1/p-H3S10
pathway in GC cells. The observed increase of p-H3510
after MSK1 overexpression in AGS cells, and the decrease
of p-H3S510 after H89-mediated MSK1 inhibition in AGS
and MKN45 cell lines confirmed MSK1-controlled
phosphorylation of H3S10 in GC cells (Fig. 2h and Sup-
plementary Fig. 2g). H89 treatment also robustly inhibited
the anchorage-independent growth of GC cells (Supple-
mentary Fig. 2h). Furthermore, IHC analysis of clinical
gastric cancer tissues showed a significant increase of
MSK1 level in tumors compared to normal tissues (Fig. 2i
and Supplementary Fig. 2i). Interestingly, in another
publicly available dataset (GSE60427)%°, we found that
MSK1 was upregulated in gastritis/intestinal metaplasia
(IM) group which was H. pylori positive (Fig. 2j), sup-
porting the involvement of MSK1 activation in the early
stage of gastric tumor development.

STAT3 induces transcriptional activation of MSK1 and
forms a positive feedback loop with MSK1

The significance of STAT3 pathway in p-H3S10 mod-
ulation and further explored activation of MSK1/p-H3S10
axis prompted us to investigate whether STAT3 exert its
functions on histone phosphorylation by directly reg-
ulating MSK1. To address this notion, we ectopicly
expressed STAT3 in normal GES-1 cells or knocking
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down STAT3 in NOC-transformed cells. The results
showed that overexpression of STAT3 significantly ele-
vated MSKI1 expression, whereas silencing STAT3
remarkably decreased the level of MSK1 (Fig. 3a, b and
Supplementary Fig. 3a). Moreover, application of JAK/
STAT3 pathway inhibitors efficiently blocked MSK1
upregulation after NOC exposure (Supplementary Fig.
3b). Bioinformatic analysis further revealed two potential
STAT3-binding sites (positions —923 to —912 and —327
to —316, respectively) located in the MSK1 promoter
region. Using chromatin immunoprecipitation (ChIP), we
detected a significant increase in STAT3 recruitment to
the distal rather than the proximal STAT3 site, which
could be further abolished by the STAT3 pathway inhi-
bitor AG490 (Fig. 3c). In addition, luciferase reporter
assay confirmed that mutation or deletion of the distal site
almost abrogated MSK1 promoter-driven transcription
(Fig. 3d). These data illustrate that STAT3 is a direct
transcription regulator of MSK1 upon NOC treatment.

It has been reported that MSK1 regulates downstream
gene transcription both through modulating histone
phosphorylation and transcription factor activation®*—?,
STATS3 serine 727 (Ser727) was also reported as a direct
substrate of MSK1 in response to UV stress>*. In accor-
dance, besides the canonical Tyr705 site, we found that
STAT3 was phosphorylated at Ser727 in NOC-
transformed cells (Fig. 3e). STAT3 mutants Y705F and
S727A remarkably reduced MSK1 reporter activity, sup-
porting the critical role of both residues in MSK1 trans-
activation (Fig. 3d). Intriguingly, blocking MSK1
activation by inhibitor H89 or MSK1 knockdown sig-
nificantly decreased the phosphorylated Ser727 level of
STAT3 (Fig. 3f and Supplementary Fig. 3c). Further
analysis of the cancer genome atlas (TCGA) database
identified a significant upregulation of STAT3 in gastric
cancer tissues, and a positive correlation between the
expression of STAT3 and MSK1 (Fig. 3g, h).

Taken together, these results support that STAT3
directly transactivates MSK1 during carcinogen-
induced malignant transformation, and vice versa,
MSK1 modulates the activation of STAT3 by phos-
phorylating its Ser727 residue, thus forming a positive
feedback loop between STAT3 and MSK1 in gastric
carcinogenesis.

NFATc2 is a downstream target of MSK1-mediated H3S10
phosphorylation

Histone H3 phosphorylation has been linked to tran-
scriptional activation of genes in response to multiple
extracellular signals®*>*>*°, To determine the relationship
between carcinogen-induced p-H3S10 enrichment and
gene regulation, RNA-seq analysis of NOC-transformed
cells were firstly investigated. As expected, Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis
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indicated that “pathways in cancer” is one of the most
significantly altered gene set concepts in NOC-
transformed cells, and gene set enrichment analysis
(GSEA) revealed a large fraction of IL6/STAT3 down-
stream genes that displayed significant alterations (Sup-
plementary Fig. 4a, b). We further analyzed the ChIP-seq
profiles of H3S10 phosphorylation, and identified 3475
genes associated with the increased p-H3S10 mark in the
transformed cells. Although the H3 phosphorylation sig-
nal preferentially enriched in intragenic regions on a
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genome-wide scale, the differential peaks were more
obvious within the promoter and throughout gene bodies
(Supplementary Fig. 4c, d). After combined the ChIP-seq
profiles with the RNA-seq data, we found that 306 genes
might be directly regulated by p-H3S10, as they showed
an increase in both p-H3S10 modification and expression
level in the transformed cells (Fig. 4a). Out of them, 30
genes involved in pathways, such as metabolic, tight
junction and mRNA surveillance pathways, got highly
increased ChIP-seq signals (binding regions >2, change
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fold > 2) and peaks mapping to exon or transcription start
site (TSS) + 2 kb regions (Supplementary Table 1).
Among them, calcineurin/nuclear factor of activated
T cells (NFAT) family member NFATc2 is one of the
genes enriched abundant p-H3S10 signals (Supplemen-
tary Table 1 and Fig. 4a), and ChIP-qPCR examination
further confirmed the increased p-H3S10 in the promoter
and intron regions of NFATc2 (Fig. 4b). Consistently, the
total and nuclear protein level of NFATc2 was also found
substantially upregulated in transformed cells and GC
cells (Fig. 4c, d and Supplementary Fig. 4e). Ectopic
expression of MSK1 in GES-1 cells was sufficient to
induce the production of NFATc2, whereas inhibition or
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knockdown of MSK1 in transformed cells or GC cells
resulted in a significant reduction of NFATc2, which can
be reversed by MSK1 rescue (Fig. 4e and Supplementary
Fig. 4f). These results support that NFATc2 is a direct
downstream target of MSK1-mediated H3S10 phosphor-
ylation following NOC carcinogen treatment.

NFATc2 contributes to gastric carcinogenesis by affecting
the inflammatory pathways

NFAT transcription factors can be induced by inflam-
matory conditions, thereby contributing to malignant
properties including cell invasion, migration, survival,
proliferation, and tumor stemness®”**, To further clarify
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the functional importance of NFATc2 in gastric carcino-
genesis, we depleted NFATc2 expression and found a
reduced anchorage-independent growth in NOC-
transformed cells (Fig. 5a). GSEA analysis also revealed
a significant enrichment of NFATC downstream genes in
transformed cells (Fig. 5b). It has been reported that
NFATc2 plays a critical role in inflammation-associated
colorectal tumorigenesis by modulating the production of
proinflammatory cytokine IL-6*. Interestingly, besides
the activation of STAT3 protein, we also observed a
remarkable induction of cytokines IL-6 and IL-11 in
NOC-transformed cells (Fig. 5¢). Further analysis revealed
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that IL-6 and IL-11 were induced rapidly after exposing to
NOC, and reached a peak at 5 days post treatments
(Fig. 5d, e and Supplementary Fig. 5a). Inhibiting
NFATc2, however, substantially decreased the cytokine
expression, followed by the STAT3 pathway suppression
(Fig. 5f, g), indicating that NFATc2 affected carcinogen-
induced transformation at least partially by contributing
to the control of proinflammatory cytokine production.
Then we examined clinical gastric specimens for
NFATc2 and IL-6 expression. IHC staining results
showed that NFATc2 significantly upregulated in tumors
compared with the adjacent normal counterparts, which
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was in line with the data from TCGA database analysis
(Fig. 5h, i). High level activated NFATc2 expression with
widespread nuclear and/or cytoplasmic staining were
detected in isolated or small clusters of tumor cells,
accompanied by an elevated IL-6 cytoplasmic staining in
the corresponding areas (Supplementary Fig. 5b). Overall,
these results suggest that NFATc2 represents as an
important functional target gene of MSKI-mediated
H3S10 phosphorylation by connecting with the inflam-
matory pathways in gastric carcinogenesis.

MSK1 and STAT3 can be recruited to the promoter of
NFATC2, and activate its expression by coupling histone
phosphorylation

Since MSK1 phosphorylated both histone H3 and the
transcription factor STAT3 in carcinogen-induced trans-
formation, we reasoned that MSK1 and STAT3 might
cooperate with each other to regulate chromatin status,
thereby altering gene transcription. Using immunopreci-
pitation analysis, we demonstrated that ectopically coex-
pressed Myc-tagged MSK1 and Flag-tagged STAT3
associated with each other (Fig. 6a, b). We also detected
an increased interaction between endogenous MSK1 and
STATS3 in NOC-transformed cells (Fig. 6¢). By using the
different core fragments of STAT3, we further demon-
strated that the DNA-binding domain (amino acids
320-465) of STAT3 was crucial for the MSK1-STAT3
interaction (Fig. 6d). Accordingly, ectopic expression of
STATS3 in GES-1 cells triggered a significant upregulation
of NFATc2, whereas knockdown of STAT3 in NFATc2-
elevated transformed cells or GC cells resulted in a robust
reduction of this gene (Fig. 6e and Supplementary Fig. 4f).

Then we attempted to determine whether MSK1 and
STAT3 can be co-recruited and directly regulate NFATc2
transcription. As expected, ChIP analysis revealed that
MSK1 enriched at the same regions as H3S10 phos-
phorylation, especially the promoter of NFATC2 (Fig. 6f).
Interestingly, when we performed in silico prediction of
putative STAT3-binding sites in the promoter of NFATc2,
two potential sites were successfully identified not at but
surrounding the MSK1/p-H3S10 enriched region, which
was further confirmed by ChIP-qPCR analysis (Fig. 6f).
Notably, the inhibitor of STAT3 pathway dramatically
reduced the enrichment of both STAT3 and MSKI,
indicating that MSK1 regulates the phosphorylation of
H3S510 in a STAT3-dependent manner (Fig. 6f). Likewise,
the direct regulation of NFATc2 expression by STAT3
and MSK1 was strengthened in patients; NFATc2
expression positively correlated with both STAT3 and
MSK1 transcripts in patient specimens according to the
TCGA database (Fig. 6g). Altogether, these data suggest
that STAT3 signaling and MSK1/p-H3S10 pathway col-
laborate to modulate the production of NFATc2 in gastric
carcinogenesis.
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STAT3/MSK1/NFATc2 axis is activated in carcinogen-
induced gastric tumorigenesis and correlates with poor
prognosis in patients with gastric cancer

We further analyzed the role of STAT3/MSK1/NFATc2
axis in H. pylori plus NOC-induced mouse model of GC.
RNA-seq analysis revealed that the expression level of
STAT3, MSKs, and NFATc2 substantially increased in
carcinogen-treated mice compared with control mice, in
parallel with a dramatic upregulation of proinflammatory
cytokines IL-6 and IL-11 (Fig. 7a). IHC staining results
confirmed that the STAT3/MSK1/NFATc2 axis was
highly activated in mouse gastric adenocarcinoma sam-
ples (Fig. 7b). Treatment with the inhibitors of STAT3
and NFAT pathway, however, significantly reduced
xenograft tumor sizes and retarded growth rates of NOC-
transformed cells and gastric cancer cells (Fig. 7c and
Supplementary Fig. 6a). We then assessed the expression
level of the STAT3/MSK1/NFATc2 axis across 31 cancer
cohorts available through the TCGA and the Genotype-
Tissue Expression (GTEx) dataset. Interestingly, besides
gastric cancer, pancreatic adenocarcinoma and brain
lower grade glioma also show elevated level for all three
genes, and majority cancer types (20/31, 64.5%) present at
least one gene significantly upregulated (Supplementary
Fig. 6b).

To determine whether the STAT3/MSK1/NFATc2 axis
is associated with survival in patients with GC, we ana-
lyzed the TCGA data. High NFATc2 expression levels
positively correlated with the overall survival (OS) of the
patients (Fig. 7d). For MSK1, although the correlation
between its expression and adverse OS based on all his-
tologic types did not reach statistical significance, a
positive association was revealed in the intestinal-subtype.
Collectively, these results support a notion that STAT3/
MSK1/NFATc2 form a functional axis in carcinogen-
induced gastric tumor development, and provide potential
therapeutic targets for human gastric cancer.

Discussion

It has been reported that epigenetic alterations had a
greater impact on cancer risk than genetic alterations in
GC*. However, the underlying interwoven networks,
including upstream signaling pathways, epigenetic
modifications, and downstream effector genes remain
largely unknown*>*!. In the current study, we identified
STATS3 signaling as the controlling pathway that acts on
the transcriptional activation of epigenetic kinase MSKI1,
thereby contributing to the prominent augment of histone
H3S10 phosphorylation during carcinogen-induced gas-
tric tumorigenesis. We also explored that STAT3 forms a
functional complex with MSK1 at the promoter of
downstream target NFATc2, promoting its transcription
by coupling histone phosphorylation, thus affecting the
inflammatory pathways in gastric carcinogenesis (Fig. 7e).
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Fig. 7 STAT3/MSK1/NFATc2 axis is activated in carcinogen-induced gastric tumorigenesis and correlates with poor prognosis in patients
with gastric cancer. a Heatmap of the mRNA levels of NFATc2, STAT3, MSK1, IL-6 and IL-11 in stomach tissues from mice treated with or without
carcinogens. b The representative images of HE staining, p-STAT3 Y705, MSK1, p-H3S10, NFATc2 expression of stomach tissues from the mice treated
with carcinogens by IHC. Scale bar: 200 um. ¢ The tumor volume of xenograft assay (n =8, for each group) in NOC-transformed cell and gastric
cancer cell MKN45 following the inhibition of STAT3 or NFATc2 by AZD1480 or CSA, respectively. The results were expressed as mean + SD. *p < 0.05.
d Kaplan—-Meier survival curves by log-rank tests on gastric cancer patients stratified by MSK1 and NFATc2 expression levels for overall survival.

e Schematic map of Stat3/MSK1/NFATc2 activation model after carcinogens exposure.

As the most important oncogenic downstream mediator
of the JAK-STAT pathway, deregulated STAT3 has been
demonstrated to promote cancer progression mainly
through its role as transcription factor. Recent studies
illustrated that STAT3 can also affect gene expression via
chromatin remodelling, especially epigenetic modifica-
tions*>. STAT3 associates with critical epigenetic modi-
fiers, such as DNA methyltransferase DNMT1 and histone
modifiers (EZH2, HAT]1, etc.), to facilitate gene silencing
or activation*>. With interaction, histone-modifying
enzymes also modify STAT3, including acetylation and
methylation changes, which has important consequences
for target gene transcription®”. Interestingly, it was recently
reported that STAT3 can directly regulate the transcrip-
tion of some crucial epigenetic enzymes (DNMT1, EZH2,
JMJD3), adding another functional level of STAT3 as an
important regulator of global epigenetic modifications and
chromatin accessibilities’! 22, In the present study, we
uncovered a novel interplay between STAT3 and the
chromatin-associated kinase MSK1 in gastric carcinogen-
esis: STAT3 drives MSK1 transcriptional activation and
affects numerous gene alterations through histone H3
phosphorylation; MSK1 modulates the activation of
STAT?3 by phosphorylating its Ser727 residue, thus form-
ing a positive feedback mechanism between these two
molecules. Since STAT3-mediated MSK1 upregulation
occurred early after carcinogen exposure, our findings
suggest that STAT3 incorporates the MSK1 chromatin
kinase pathway to promote epigenetic gene reprogram-
ming which may have an important role in carcinogen-
induced gastric oncogenesis. Further studies need to
determine whether other epigenetic modifiers such as
previously reported STAT3-associated DNA methyl-
transferases and histone modifiers are also incorporated by
STATS3 in the initial stage of gastric carcinogenesis.

Moreover, previous studies mainly underline MSK
family proteins as the integrator of p38-MAPK and ERK
signaling-mediated histone phosphorylation in response
to various stimulus®>****, In the present study, we also
found an activation of p38-MAPK but not ERK or AKT
signaling after NOC exposure, and inhibiting p38-MAPK
pathway resulted in a moderate reduction of p-H3S10.
This raise the possibility that p38-MAPK pathway may
collaborate with STAT3 signaling to promote the full
activation of MSK1 in NOC-induced oncogenesis.
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It has been reported that epigenetic remodelling, such as
DNA methylation and histone modification changes,
contribute to tumorigenesis mainly through affecting the
transcriptional output of the genome™**. The presence of
p-H3S10 and/or H3S28ph in the promoter regions facil-
itates histone acetylation and H3K9me2 redistribution,
modulates the recruitment of 14-3-3 protein, transcription
factors, and chromatin-remodelling complexes, thereby
promoting gene transcription®”. After integrating the
ChIP-seq data of p-H3S10 with transcripsome data, we
determined that NFATc2, a member belongs to the
proinflammatory transcription factor NFAT family, is a
major and crucial target gene of MSK1-mediated H3S10
phosphorylation. NFATc2 is initially identified as a critical
player in T cell development and function®, Recent stu-
dies demonstrated that NFATc2 can also be activated and
execute oncogenic activity in multiple malignancies,
including melanoma, pancreatic and breast cancers>>477%,
Besides driving the transcription of tumor-promoting
genes such as c-Myc and cyclin-dependent kinase-6
(CDK®6), a previous study explored a critical oncogenic
role of NFATc2 in colitis-induced colon cancer by control
of proinflammatory cytokine IL-6 production®. Interest-
ingly, we also found that proinflammatory cytokines (IL-6,
IL-11) were rapidly induced after carcinogen exposure
and maintained a high level in NOC-transformed and
gastric cancer cells. Inhibition of NFATc2 substantially
decreased the expression of proinflammatory cytokines,
followed by impaired STAT3 activation and suppressed
xenograft tumor growth. Thus, our results support
NFATc2 signaling as an important link between inflam-
mation and tumorigenesis in gastrointestinal cancers.

Heretofore, excessive activation of proinflammatory
cytokines (IL-6, IL-11, TNF-a, etc.) and inflammation-
associated signaling pathways, such as STAT3, NF-«B,
and p38MAPK, has been linked to gastrointestinal cancer
development®™>%, The aberrantly activated STAT3/
MSK1/NFATc2 axis we identified in this study further
supports the critical role of the inflammatory response in
gastric carcinogenesis. Interestingly, we also revealed the
activation of this axis in pancreatic adenocarcinoma and
brain lower grade glioma, indicating a similar mechanism
may exist in other types of tumor. For the source of
proinflammatory cytokines, although the activated mye-
loid cells are thought to be the main one in the clinical
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tumor microenvironment, autocrine cytokine signaling in
neoplastic epithelial cells are also well-documented®*>**,
Accordingly, in MNU-induced mice gastric tumors and
human clinical gastric cancer tissues, we observed
increased expression of NFATc2 and IL-6 in tumor cells,
indicating an autocrine pathway was activated in tumor-
igenesis. Further investigations will be required to eluci-
date the underlying mechanisms of tissue inflammation in
early gastric carcinogenesis using animal models, as well
as clinical samples.

Collectively, in the present study, we provide evidence
that STAT3 represents as a nexus that links signaling
pathways triggered by carcinogen damage to epigenetic
regulation of gene expression via MSK1-mediated H3510
phosphorylation. The downstream-coupled NFAT sig-
naling further drives the production of proinflammatory
cytokines thus contributes to the neoplastic transforma-
tion of gastric epithelial cells. Inhibiting STAT3 and
NFAT pathway significantly suppressed gastric xenograft
tumor growth. These findings shed new light on the
STAT3/MSK1/NFATc2 axis as a potential therapeutic
target for gastric carcinogenesis intervention by regulating
aberrant epigenetic and transcriptional mechanisms.

Materials and methods
Cell culture and reagents

Human gastric epithelial GES-1 cell was a gift from
China Center for Type Culture Collection, and cultured in
DMEM (Invitrogen, CA, USA) with 10% fetal calf serum.
Human gastric cancer cell MKN45 and AGS were pur-
chased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in RPMI 1640
(Invitrogen) and Ham’s F-12K (Kaighn’s) (Invitrogen)
with 10% fetal calf serum, respectively. All cell lines were
mycoplasma-free and have been authenticated using short
tandem repeat profiling within the last three years.

Cells were exposed to 0.5 mmol/L. MNU (TRC, Tor-
onto, Canada) or 2 pmol/L MNNG (Sigma, St. Louis, MO,
USA) for 2h in serum free medium. Then the treated
medium was removed and cells were recovered in fresh
medium at 37 °C. MNU and MNNG exposure was repe-
ated once a week for 4 weeks. After 4 weeks of treatment
and 4 weeks of restoration, characteristics related with
malignant phenotype were measured. The stimuli con-
centrations were as follows: H89 (MSKI1 inhibitor),
10 umol/L; AZD1480 (JAK1/2 inhibitor), 2 umol/L;
AG490 (JAK2 inhibitor), 50 umol/L; SB203680 (p38
MAPK inhibitor), 10 pmol/L. All the compounds were
obtained from Selleck (Shanghai, China).

Immunoblot analysis and immunoprecipitation

Immunoblotting and immunoprecipitation were per-
formed as previously described®®. Anti-MSK1, anti-
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Aurora B, anti-B-actin, anti-NFATc2, anti-GADPH, anti-
a-tubulin, anti-laminA/C were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-p-H3S10 and
anti-H3 were from Active Motif (Carlsbad, CA, USA).
Anti-STAT3, anti-AKT, anti-p42/44, anti-p-STAT3 Y705,
anti-p-STAT3 S727, anti-p-AKT S483, anti-p-p42/44
were from Cell Signaling Technology (Danvers,
MA, USA).

RNA analysis and ChIP assay

RNA analysis was performed as previously described?
Primers were shown in Supplementary Table 2. For ChIP
assays, malignant transformed cells were treated with
50 pumol/L AG490 or mock for 24 h. Sheared chromatin
was prepared and incubated with anti-MSK1 and anti-
STAT3 antibodys (CST) for collecting the associated
DNA. The DNA was quantified by quantitative PCR.
Primers for detecting the binding sites in MSK1 promter
or NFATc2 promoter/intron were showed in Supple-
mentary Table 2.

RNA interference (RNAi) and gene knockdown by shRNA

The siRNAs targeting human STAT3 and NFATc2
(GenePharma, Shanghai, China) were transfected into
cells using Lipofectamine™ RNAIMAX (Invitrogen)
according to the manufacturer’s instruction. A siRNA
targeting luciferase was used as negative control. SIRNA
sequences were shown in Supplementary table 2.

Knockdown of MSK1 was performed using the lentiviral
expression system. The lentiviruses were produced by co-
transfecting HEK293T with pLVX-shRNA1l or pLVX-
shRNA1-MSK1 shRNA and two packaging plasmids
(psPAX2 and pMD2.G). The specific sequences were
shown in Supplementary Table 3.

Anchorage-independent growth assay

The cells (1000 cells) were suspended in culture med-
ium containing 0.4% agarose (Sigma) and seeded onto a
base layer of 0.7% agar bed in 6-well plates. After 2 weeks,
colonies were stained with crystal violet and photo-
graphed. Colonies 20.05 mm in diameter were counted.

Xenograft model

BALB/C male nude mice (4-weeks-old) were sub-
cutaneously injected with 10° transformed cells. Three
days after injection, the mice was treated with H89 20 mg/
kg by intraperitoneal injection 3 days a week for 2 weeks,
or treated with AZD 50 mg/kg by gavage administration
5 days a week for 2 weeks. The long diameter (a) and short
diameter (b) of the tumors were measured, and then the
volume (V) was calculated using the formula V'=1/2 x
axb® Mice were sacrificed and the tumors were
obtained, weighted, and histologically examined.
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RNA-seq analysis

Total RNA was isolated from cells either NOC treated
or not using TRIzol reagent (Invitrogen). The RNA of
each sample was used for RNA-seq and performed by
Novogene Corporation. For gene expression analysis, HT
Seq v0.6.1 was used to count the read numbers mapped of
each gene. Then, RPKM (Reads Per Kilo bases per Million
reads) was calculated based on the length of the gene and
reads count mapped to this gene. Corrected g-value of
0.05 and log2 (fold change) of one were set as the
threshold for significant differential expression.

IHC

The study was based on a cohort of 52 GC patients at
the Second Affiliated Hospital of Zhejiang University
School of Medicine and was approved by the ethics
committee of the Zhejiang University School of Medi-
cine (2017026). Samples from patients who received
preoperative radiation or chemotherapy were excluded.
The primary cancer tissues were formalin-fixed and
paraffin-embedded for immunohistochemistry. The
immunohistochemistry was performed using an Envi-
sion Detection System (DAKO, Carpinteria, CA)
according to the manufacturer’s instructions. Anti-Ki67
and anti-MSK1 were from Abcam (Cambridge, UK).
Anti-NFATc2 was from Santa Cruz Biotechnology.
Anti-p-STAT3 Y705 was from CST. The staining results
were assessed and confirmed by two independent
investigators blinded to the clinical data.

Dual-luciferase reporter assay

Promoter sequence were synthesized and subcloned
into pGL3-Basic vector (Promega, Madison, WI, USA).
The mutation (GG-AA) was introduced into pGL3-MSK1
promoter wild-type by site-directed mutagenesis. pGL3-
MSK1 promoter constructs were cotransfected with
either wild-type or mutants of STAT3 into cells with X-
treme GENE HP DNA Transfection Reagent (Roche,
Basel, Switzerland). Relative luciferase activity was tested
using Dual-Luciferase Reporter Assay System (Promega).

ChIP-seq

Approximately 5x 107 cells were collected for each
ChIP-seq assay. Chromatin DNAs were precipitated by
anti-p-H3S10 (Active Motif) and purified with the Qiagen
PCR purification kit. The library construction and
sequencing procedures were performed by BGI (Shenz-
hen, China), following the manufacturer’s instructions
(lumina, San Diego, CA, USA). Clean reads were map-
ped to the human reference genome hgl9 using the
SOAP2.21 alignment package, and further analyzed by
MACS (Model-based Analysis for ChIP-Seq). Enriched
islands for p-H3S10 were identified using SICER with
200 bp window size, 600 bp gap size, and an effective
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genome size of 80% of the human genome. Peak regions
were rendered and visualized using Integrated Genome
Viewer (IGV 2.4).

Animal studies

C57BL/6 female mice (4-weeks-old) were randomly
divided into three groups, control, MNU-treated and H.
pylori plus MNU-treatment. The mice were inoculated
with the H. pylori (SSI strain) three times a week for
4 weeks. The infected or no-infected mice were admi-
nistered with MNU-containing drinking water repeated
weekly for 8 weeks. The control group was administered
with distilled water that did not contain MNU or SSI
Mice were sacrificed 8 months after MNU treatment, and
the stomachs were obtained and histologically examined.
H. pylori colonization in the mouse stomach was con-
firmed by rapid urease test.

Statistical analysis

Sample size was predetermined based on the variability
observed in preliminary and similar experiments. All mice
were randomly assigned to experimental groups. Data
were excluded from the analysis if an animal died during
experiments. Investigators were not blinded to group
allocation or outcome assessment. For all groups that
were statistically compared, the variance between the
groups was very similar. Statistical data analysis was
performed using the two-tailed Student’s ¢ test and one-
way analysis of variance and data was expressed as mean
+ standard deviation (SD) of three separate experiments. P
values of <0.05 were considered statistically significant.
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