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Abstract: Bile reflux is one of the main causes of gastric intestinal metaplasia (IM) which is an important precan-
cerous lesion. Our previous study has shown that ectopic expression of Histone deacetylase 6 (HDACG) promotes
the activation of intestinal markers in bile acids (BA) induced gastric IM cells; however, the mechanism underlying
how HDAC6-mediated epigenetic modifications regulate intestinal markers is not clear. In this study, we aimed to
investigate the downstream targets of HDAC6 and the underlying mechanism in the process of BA induced gastric
IM. We demonstrated that deoxycholic acid (DCA) upregulated HDACG in gastric cells, which further inhibited the
transcription of Forkhead box protein 3 (FOXP3). Then, FOXP3 transcriptionally inhibited Hepatocyte nuclear factor
4a (HNF4a), which further inhibits the expression of downstream intestinal markers. These molecules have been
shown to be clinically relevant, as FOXP3 levels were negatively correlated with HDAC6 and HNF4« in IM tissues.
Transgenic mice experiments confirmed that HNF4« overexpression combined with DCA treatment induced gastric
mucosa to secrete intestinal mucus and caused an abnormal mucosal structure. Our findings suggest that HDAC6
reduces FOXP3 through epigenetic modification, thus forming a closed loop HDAC6/FOXP3/HNF4« to promote gas-

tric IM. Inhibition of HDAC6 may be a potential approach to prevent gastric IM in patients with bile reflux.
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Introduction

Gastric cancer (GC) is the third most common
cause of cancer-related death in the worldwide
[1]. According to the Lauren classification, GC
mainly includes the intestinal type and the
diffused type. Intestinal-type GC follows the
Correa development model, namely, chronic
superficial gastritis, atrophic gastritis, intesti-
nal metaplasia (IM), dysplasia, and finally to GC
[2].

Gastric IM refers to the replacement of gastric
mucosa cells by intestinal-type cells. This pro-
cess is thought to be caused by chronic envi-
ronmental stimulation, among which Helico-
bacter pylori (Hp) is considered to be the main
cause of IM [3-5]; however, it is worth noting
that some studies have shown that eradication
of Hp cannot completely stop the progression

of IM to GC [6, 7]. This fact suggests that in
addition to Hp, other factors, such as bile reflux,
may play an important role in promoting the
occurrence and malignant progression of IM
[8-10Q]. In recent years, many in vivo and in vitro
studies on Barrett’'s esophagus (BE) have con-
firmed that BA promotes esophageal mucosa
IM [11-13].

In a previous study, we successfully construct-
ed a BA-induced IM cell model, in which Caudal-
related homeobox transcription factor 2 (CDX2)
and other intestinal markers were significantly
increased [14]. In addition, we found that
Hepatocyte nuclear factor 4o (HNF4x), an
important transcription factor (TF) involved in
the differentiation and development of the liver
and intestine [15-17], forms a closed loop by
interacting with Histone deacetylase 6 (HDAC6),
and promotes the continuous progression of IM
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under the regulation of miR-1 [18]. In this loop,
HNF4a can activate HDAC6 promoter, but how
HDAC6 regulates HNF4a remains unclear.
Epigenetic modification is considered to be an
important mechanism driving the development
of GC [19-21]. In particularly, histone acetyl-
transferase (HATs) and histone deacetylase
(HDACs) can modify the lysine residues of his-
tone or nonhistone after translation, and their
balance promotes the maintenance of cell
homeostasis [22-24]. The abnormal expression
of HDACG is reportedly involved in the occur-
rence and development of various human can-
cers [25-27]; however, the role of epigenetic
modification mediated by HDACs in the pro-
gression of GC or IM remains unclear. To iden-
tify the downstream target of HDACG6, we con-
ducted RNA-sequencing (RNA-seq) and bioin-
formatics analyses. The results showed that
Forkhead box protein 3 (FOXP3), which has
potential binding sites for the HNF4a promoter,
might be the modified target of HDACG.
Therefore, we hypothesize that HDAC6 may
regulate HNF4« transcription through histone
deacetylation of FOXP3, and eventually form a
complete HDAC6/FOXP3/HNF4a loop.

FOXP3 is an essential TF that maintain the
immunosuppressive function of regulatory T
cells (Tregs) and plays an important role in
maintaining immune homeostasis [28-30].
FOXP3 can also be expressed in tissue cells
[31, 32]. For example, in breast cancer cells,
FOXP3 promotes the expression of SKP2 and
stimulates the cell proliferation [33]; in non-
small cell lung cancer (NSCLC), FOXP3 en-
hances tumor growth by activating the WNT/
B-Catenin pathway via Glil activation [34];
FOXP3-c-MYC signaling regulates tumor pro-
gression in prostate cancer [35]. However, no
consensus has been reaching regarding the
role of FOXP3 in GC. Some studies have shown
that FOXP3 can promote tumor occurrence in
gastric cells, while other studies have revealed
that it may inhibit the progression of GC [36,
37]. Furthermore, the role of FOXP3 in IM has
not yet been reported.

In this study, we found that HDACG6 triggered
the deacetylation of the FOXP3 locus to inhibit
its transcription during BA-induced gastric IM.
Decrease of FOXP3 stimulated the transcrip-
tion of HNF4a. Finally, HDAC6, FOXP3 and
HNF4«x formed a closed loop to promote the
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progression of gastric IM under BA stimulation.
Blocking of this circuit may prevent BA-induced
IM and even GC.

Materials and methods
Cell lines

The cell model of BA-induced gastric IM was
constructed as previously reported [14]. To
imitate the situation of bile reflux in gastric
mucosa as much as possible, we used the
immortalized gastric mucosa cell line GES-1
cells and primary mouse gastric mucosa cells
to carry out the BA stimulation experiment.
GES-1 and AGS cells (originally purchased
from ATCC) were cultured in 1640 medium
(Gibco, USA) with 10% fetal bovine serum
(Biological Industries, Israel). Deoxycholic acid
(DCA), a kind of bile acid with strong cytotoxici-
ty, was purchased from BiocytoSci (USA).

Animals

We previously constructed transgenic mice
with Lgrb+ gastric mucosal stem cells specifi-
cally expressing Hnf4o [18]. In this study, six-
teen WT mice and sixteen tamoxifen activated
transgenic mice Rosa26""™* aged 3 months
were randomly divided into two groups: one
group was treated with (DCA) while the control
group was treated with PBS. The mice in the
DCA group were given BA (0.3% DCA, pH 7.0)
in the drinking water for 12 months, and PBS
was added to the control group. The dose was
determined according to the article of Quante
et al [11]. Tamoxifen was given 6 weeks be-
fore BA treatment. All animal experiments were
approved by Animal Research Committee of
Xijing Hospital.

Tissue

Ten pairs of matched IM and para metaplasia
tissues were taken from the Endoscopy Center
of Xijing Hospital of Digestive Diseases and
diagnosed as gastric IM by the Department of
Pathology. The collected tissues were immedi-
ately frozen into liquid nitrogen for preserva-
tion. To exclude the influence of Hp, the select-
ed tissues were all negative for Hp. Before the
specimens were obtained, all patients signed
the informed consent. This study was approved
by the Human Subjects Committee of Xijing
Hospital.
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Table 1. Sequence of primers used in the study

siRNA name  Forward sequence Reverse sequence

HDAC6 AGTCCATCGCAGATACTGGC TTAGTCTGGCCTGGAGTGGA
HNF4x ACATGGACATGGCCGACTACA AGCTCGCAGAAAGCTGGGAT
FOXP3 GUCUGCACAAGUGCUUUGUTT  ACAAAGCACUUGUGCAGACTT

Table 2. Sequence of primers used in the study

Primer

Forward sequence Reverse sequence
name
HDAC6 AGTCCATCGCAGATACTGGC TTAGTCTGGCCTGGAGTGGA
HNF4a ACATGGACATGGCCGACTACA AGCTCGCAGAAAGCTGGGAT
FOXP3 CCTACCCACTGCTGGCAAAT CCTGGCAGTGCTTGAGGAA

HNF4a  (ChlP NC) GAGCCAAGATCGCACCATTGC GTCATGAGCCACTGTGCCCAAC
ChIP 1) AGCTAATTTTTGTATTTTTAG GCCAAGATCGTGCCACTGCAC
ChlIP 2) CATATCACTCACCAGTTTGT CAGGAAGTAGTGGGAAAACCG

GCCCACCCAGCCGGAGAGCTG

(China). Three pairs of
primer sequences were
designed for each gene,
and the one with the high-
est knockdown efficiency
was used in this study.
The sequences are shown
in Table 1. The transfec-
tion regent was used fol-
lowing the manufacturer’s
protocol (Thermo Fisher
Scientific, USA).

Quantitative real-time
PCR

Cellular RNA was extract-
ed using TRIzol® reagent

(
(
(
(ChlP 3) ATGGAGACAGCAACAGTCCC
(
(
(

(Invitrogen, USA) accord-
ing to the standard proto-
col. Then RNA reverse

FOXP3 (ChIP NC) GGCTGACATTACCTGCGCCT  TTTCTGGGCCAACAACCACG
promoter) AGCACTGTATCTGACCCATGG CCTGACCCAGCCACTGTCCCAC
CNS) CCCGTGATTATCAGCGCACA GAGCAGGGACACTCACCTTG
RNA-sequencing

GES-1 cells were infected with HDAC6 overex-
pression virus vector or negative control virus
vector, and then treated with puromycin to
establish stable cell line. Total RNA was ex-
tracted using RNeasy Micro Kit (Cat# 74004,
Qiagen, Germany) following the manufacturer’s
instructions and checked for a RIN number to
inspect RNA integrity by an Agilent Bioanalyzer
2100 (Agilent technologies, Santa Clara, USA).
Qualified total RNA was further purified by
RNAClean XP Kit (Cat A63987, Beckman
Coulter, Inc. Kraemer Boulevard Brea, USA) and
RNase-Free DNase Set (Cat#79254, Qiagen,
Germany). Edger was used to analyze the dif-
ferentially expressed genes among samples.
After obtaining the P-value, multiple hypothesis
tests were conducted. The threshold value of
P-value was determined by controlling FDR
(false discovery rate). The corrected P-value is
g-value. At the same time, we calculated the
differential expression multiple (fold change)
according to the FPKM value.

Transfection and infection

HDACG6, FOXP3, HNF4ax and EP300 overexpres-
sion lentiviral vectors were purchased from
Genechem Co. Ltd. (China). The small interfer-
ence RNAs (siRNAs) to HDAC6, FOXP3 and
HNF4x were purchased from Genepharma
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transcribed into cDNA
using the Evo M-MLV RT
Kit, and gPCR was performed using the SYBR
Green Premix Pro Taq HS gPCR Kit (Accurate
Biotechnology (Hunan) Co., Ltd, China) on a
CFX96™ Real-Time PCR Detection system (Bio-
Rad Laboratories, USA). The 2449 method was
used to calculate the relative mRNA expression
of each gene with B-actin as the internal con-
trol. The primer sequences of each gene are
provided in Table 2.

Immunoblot analysis

Immunoblot analysis was conducted using
standard procedures. The following antibodies
were used in this study: anti-HDAC6 (1:1000,
Cell Signaling Technology, #7558), anti-FOXP3
(1:2000, abcam, #ab10901), anti-HNF4o (1:
2000, abcam, #ab72378), anti-CDX2 (1:1000,
Cell Signaling Technology, #12306), anti-KLF4
(1:12000, Cell Signaling Technology, #12173),
anti-MUC2 (1:4000, abcam, ab134119) and
anti-B-actin  (1:5000, Bioworld, #AP0OO0GO).
Target molecule expression was detected by
the chemiluminescence method.

Immunohistochemistry and AB-PAS staining

Paraffin-embedded sections were deparaf-
finized and antigens were repaired. Slides were
preblocked and then incubated with primary
antibodies at 4°C overnight. The slides were
incubated with anti-rabbit antibodies for 40
minutes and stained with DAB substrate. Nuclei
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were stained using hematoxylin. The following
primary antibodies were used: anti-FOXP3 (1:
1000, abcam, #ab10901), anti-HDAC6 (1:400,
Cell Signaling Technology, #7558) and anti-
HNF4a (1:300, abcam, #ab72378). CDX2 stain-
ing in IM tissues was used as positive control
and PBS as negative control. The assay
was performed following the manufacturer’s
instructions. Alcian blue staining-periodic acid-
schiff (AB-PAS) staining was performed accord-
ing to the manufacturer’s protocol (Solarbio,
China).

Immunofluorescence

Immunofluorescence (IF) staining for FOXP3
was conducted in GES-1 cells. The cells were
plated in 4-well chamber slides (Millipore, USA),
washed with PBS and fixed with 4% paraformal-
dehyde for 30 minutes. Next, the cells were
permeabilized with Triton X-100 for 10 minutes
and blocked with sheep serum for 30 minutes.
The cells were then incubated with FOXP3
primary antibody (1:200, abcam, #ab10901)
overnight at 4°C in a humidified chamber fol-
lowed by incubation with a FITC secondary
antibody (1:200, EMD Millipore, #3051741) for
2 hours at room temperature in the dark. The
nuclei were stained with DAPI (1:800, Solarbio,
#c0060). The slides were examined using a
Fluoview FV1200 Laser Scanning Confocal
Microscope (Olympus Corp.).

Luciferase reporter assays

The luciferase reporter assay was conducted
as previously described [18]. The promoter
sequence of HNF4x was as follow: 5’-cgacgcg-
tAAAATATTAATACTTTTTTTTTTTCTGAGATG-3'.
PGL3 basic was used as the negative control.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay
was also conducted as previously described
[18]. HDAC6 (ActiveMotif, #40971), H3Ac (Acti-
veMotif, #39040), H4Ac (ActiveMotif, #39026),
H3K9 (abcam, #ab32129), H3K27 (abcam,
#abl177178) and FOXP3 antibodies (abcam,
#ab10901) were used to precipitate DNA that
used for PCR amplification of their binding sites
in FOXP3 or HNF4« genes. The sequences were
shown in Table 2.
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Statistical analysis

SPSS software (v.19.0, SPSS, Chicago, lllinois,
USA) was used for statistical analysis. The con-
tinuous data between two groups were com-
pared by Student’s unpaired t-test, and the
results are presented as the mean +* SEM.
Frequencies of categorical variables were com-
pared using the x? test. P < 0.05 was consid-
ered statistically significant (*P < 0.05, **P <
0.01).

Results

Predicted downstream targets of HDAC6

To explore the role of HDAC6 mediated epigen-
etic modification in BA-induced gastric IM, we
transfected GES-1 cells with HDAC6 overex-
pression or negative control viruses and then
performed RNA-seq. From the heat map, we
could see that the overexpression of HDAC6
can reduce the expression of various genes in
GES-1 cells (Figure 1A). KEGG data showed
that abnormally expressed genes induced by
HDAC6 were mainly involved in the signaling
pathways related to tumor or signal transduc-
tion (Figure 1B). Considering that the deacety-
lation of HDACs on the histone of the target
gene can inhibit its transcription, we crossed
the downregulated genes after HDAC6 overex-
pression with the genes after DCA treatment
in GES-1 cells (Figure 1C). STOX1, BLOC1S5-
TXNDC5 and FOXP3 were identified (Figure 1D).
Through bioinformatics analysis, we found that
FOXP3 has potential binding sites in the pro-
moter region of HNF4«. Therefore, we hypothe-
sized that FOXP3 may be an HDACG target that
connects to HNF4a.

HDAC6 and DCA decreased FOXP3 in gastric
cells

We first assessed the effect of DCA on FOXP3
expression. The results showed that compar-
ed with the control group, DCA significantly
reduced FOXP3 expression at both mRNA level
and protein level in GES-1 cells and mouse pri-
mary gastric mucosa cells (Figure 2A, 2B). The
immunofluorescence results showed that DCA
inhibited FOXP3 in GES-1 cells (Figure 2C). We
also found that, after HDAC6 overexpression in
GES-1 cells, the FOXP3 protein and mRNA lev-
els decreased significantly (Figure 2D, 2E). In
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Figure 1. Screening of HDAC6 downstream target genes. A. Heatmap of differential messenger RNA (mRNA) expres-
sion between negative control (NC) and HDAC6 overexpressed gastric epithelial cell line (GES)-1 cells. Expression
values shown are mean values (Fold change >2.0; P < 0.05). Red: increased expression, blue: decreased expres-
sion. B. KEGG enrichment analysis of differentially expressed genes. C. Workflow to examine the change of genes
in GES-1 cells after DCA treatment or HDAC6 overexpression. D. The decreased messenger RNA (mRNAs) in mRNA
profile of HDACG6 overexpressed cells were overlapped with that of DCA treated GES-1 cells to obtain the predicted

potential targets of HDAC6.

contrast, FOXP3 was significantly increased in
AGS cells after HDAC6 knockdown compared
with control cells (Figure 2F, 2G). Together,
these results suggest that DCA and HDACG6 can
induce decreased FOXP3 levels in gastric cells.

FOXP3 is decreased in IM tissues and nega-
tively correlated with HDAC6 and HNF4«

To investigate the relevance of FOXP3 with gas-
tric IM clinically, we examined its expression
in IM and surrounding tissues. The results
showed that FOXP3 expression in IM tissues
was significantly lower than in gastritis tissues
(1.54+0.21; 0.39+0.18, Figure 3A). Then, we
compared the expression of Foxp3 with HDAC6
or HNF4A in IM tissues (Figure 3B). These
results indicate that FOXP3 is decreased in IM
tissues and negatively correlated with HDAC6
and HNF4a.
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FOXP3 mediates the regulation of HDAC6 on
intestinal markers

To further explore the regulatory effect of
FOXP3 on intestinal markers, we assessed the
expression changes of downstream molecules
after altering the expression levels of HDAC6
and FOXP3 in gastric cells. The results showed
that, after transfection with siFOXP3 in GES-1
cells, decrease of FOXP3 was accompanied by
a significant increase of these markers (Figure
4A); however, upon FOXP3 overexpression in
AGS cells, the intestinal markers decreased
significantly compared with the control group
(Figure 4B). We then infected GES-1 cells with
an HDACG6 overexpression vector and FOXP3
overexpression vector simultaneously. The pro-
motion effect of HDAC6 on HNF4a and
downstream intestinal markers was partially
reversed by FOXP3 (Figure 4C). Conversely, in
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Figure 3. FOXP3 was decreased in gastric intestinal metaplasia (IM). A. gRT-PCR results of expression of FOXP3 in
10 paired IM and surrounding tissues. B. Comparison of FOXP3, HDAC6 and HNF4a mRNA expression in the biop-
sies. **P < 0.01.

AGS cells treated with siHDACG, the decrease stream intestinal markers and mediates their
in the downstream markers was increased by regulation by HDACG.
siFOXP3 (Figure 4D). In addition, overexpres-

sion of FOXP3 also inhibited the activation of HDAC6 promotes histone deacetylation at the

intestinal markers by DCA (Supplementary FOXP3 loci
Figure 1A, 1B). Collectively, these results indi- It is well known that HATs can open gene locus
cate that FOXP3 can negatively regulate down- and promote its transcription. On the contrary,
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HDACs induces gene locus closure and inhibits
its transcription (Figure 5A). To clarify how
HDAC6 regulates FOXP3, we examined the
epigenetic changes at the FOXP3 loci. The
sequences of the FOXP3 promoter and CNS
region were shown in Figure 5B. First, the
acetylation level of histone H3Ac, H3K9Ac,
H3K27Ac and H4Ac in the FOXP3 locus was
detected after DCA treatment or HDAC6 over-
expression in GES-1 cells. The acetylation level
of them in the DCA groups was significantly

lower compared to their control groups respec-

tively (Figure 5C). Then, the ChIP assays were
performed to verify that HDAC6 could directly
bind to the FOXP3 promoter (Figure 5D). More-
over, we could see that histone acetyltransfer-
ase EP300 overexpression promoted FOXP3
expression and inhibited HNF4o (Figure 5E),
which further indicated that the FOXP3 expres-
sion level in gastric cells was regulated by his-
modification.
these results indicate the importance of epi-
genetic regulation in DCA or HDACG6 induced

tone acetylation

suppression of FOXP3.
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Collectively,

FOXP3 inhibits HNF4« tran-
scription

Then, to clarify the relationship
between FOXP3 and HNF4q,
we examined the effect of FOX-
P3 on HNF4« expression. First,
FOXP3 was overexpressed or
knocked down in AGS and GES-
1 cells respectively. The immu-
noblot and qRT-PCR results
showed that FOXP3 negative-
ly regulated HNF4o in gastric
cells (Figure 6A). Next, the lucif-
erase reporter assays showed
that DCA or siFOXP3 treatment
promoted the HNF4a promoter
activity (Figure 6B). ChIP assay
further indicated that FOXP3
could bind to the ChIP 2 and
ChlIP 3 sequences of the HNF4x
promoter, and DCA promoted
the combination (Figure 6C).
In addition, we examined the
regulatory effect of FOXP3 on
downstream intestinal markers
mediated by HNF4a. Decreas-
ed levels of MUC2, KLF4 and
CDX2 induced by FOXP3 over-

expression in AGS cells was reversed by HNF-
4o overexpression (Figure 6D); however, the
simultaneous transfection of GES-1 cells with
siFOXP3 and siHNF4« resulted in decreased
activation of downstream intestinal markers
(Figure 6E). Together, these results suggest
that FOXP3 can inhibit the transcription of
HNF4«, and HNF4a can mediate the regulation
of FOXP3 on intestinal markers.

DCA promotes intestinal mucus secretion in
Hnf4o transgenic mice

To verify the effect of DCA on gastric mucosa
and the expression level of Foxp3 in gastric
mucosa in vivo, we treated the Hnf4a trans-
genic mouse model with DCA (Figure 7A). As
shown in Supplemental Figure 2A, after 12
months of DCA treatment, compared with the
Ctrl/WT and DCA/WT mice, we observed sig-
nificantly enlarged abnormal glands near the
squamous epithelium at the squamocolumnar
junction (SCJ) of Ctrl/Rosa26"™* mice and
DCA/Rosa26"™ mice, which were more seri-

ous in the DCA treated transgenic mice. Further,
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diagram depicting FOXP3 locus structure and the sequences in the FOXP3 promoter and CNS regions. C. ChIP as-
says for H3Ac, H3K9Ac, H3K27Ac, H4Ac modifications in FOXP3 locus. I1gG serves as immunoprecipitation control.
Student’s t-test. D. ChIP assays for HDAC6 in FOXP3 promoter and CNS regions in GES-1 cells. Student’s t-test. E.
FOXP3 and HNF4« protein levels was examined by western blot analysis in AGS cells treated with EP300-expressing
vectors or control. *P < 0.05, **P < 0.01. N.S., not significant.

gastric mucosal atrophy was observed in the the same staining as goblet cells in the intesti-
Ctrl/Rosa26""™* mice and DCA/Rosa26™« nal tissue, indicating that intestinal mucus
mice. The number of mice with different gastric secretion may occur (Supplementary Figure 2B)
mucosal lesions in each group was shown in (data of other two groups not shown). The
Table 3. Then, we collected the small intestine AB-PAS staining results also showed obvious
and large intestine tissues of the Ctrl/WT mice blue staining in the Ctrl/Rosa26"™* mice and
for AB-PAS staining. The gastric mucosa of the DCA/Rosa26"™= mice, with the strongest
other three groups showed light purple stain- staining was found in the latter group
ing, while the DCA/Rosa26""™* mice showed (Supplementary Figure 2C). The expression lev-
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Figure 6. FOXP3 negatively regulated HNF4a transcription. A. FOXP3 inversely regulated HNF4a at both mRNA and
protein levels. Student’s t-test. B. The promoter activity of HNF4a was enhanced by DCA and siFOXP3 treatment in
GES-1 cells. Student’s t-test. C. A ChIP assay demonstrated the direct binding of FOXP3 to the HNF4a promoter in
GES-1 cells. Student’s t-test. D. AGS cells were co-infected with FOXP3-expressing vectors and HNF4o-expressing
vectors. The expression of intestinal markers was detected by immunoblot. E. Upregulated intestinal markers ex-
pression induced by siFOXP3 was attenuated by siHNF4a in GES-1 cells. F. A schematic model of miR-1/HDAC6/
FOXP3/HNF4«a pathway in gastric cells. In response to BA, miR-1 inhibition promotes HNF4a and HDAC6, which
increase the transcription of intestinal markers including MUC2, KLF4 and CDX2. **P < 0.01. N.S., not significant.

els of Hdac6, Foxp3 and Hnf4a in these tissues
were also detected. The Foxp3 levels in the
Ctrl/WT and DCA/WT mice were significantly
higher compared to the Ctrl/Rosa26""™* mice,
and DCA treatment further reduced Foxp3
expression. In contrast, the expression of
Hnf4a was enhanced in the Ctrl/Rosa26™
mice coinciding with increased Hdac6. DCA
treatment further induced the expression of
Hnf4oand Hdac6 in the transgenic mice (Figure
7B, 7C). Collectively, these findings indicate
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that Hnf4o transgenic mice undergo gastric
mucosal changes in the SCJ region similar to
BE and atrophy in gastric antrum. Moreover,
Hnf4x promotes Hdac6 but inhibits Foxp3,
which is consistent with the results of the in
vitro experiments.

Discussion

In this study, we confirmed the important role of
HDAC6 mediated epigenetic modification in
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Figure 7. HDAC6/FOXP3/HNF4« loop in mice. A. Experimental strategy of establishing gastric intestinal metaplasia
model in mice. Active Hnf4a expression was induced after tamoxifen treatment. B. Representative pictures of IHC
staining for FOXP3, HDAC6 and HNF4« at the SCJ of WT and Rosa26"™* mice with or without DCA treatment. Scale
bars: 20 ym (bottom). C. Expression of these molecules in the gastric antrum of four groups of mice. Scale bars:

20 pym (bottom).

Table 3. Histopathological changes of gastric mucosa in mice (x? test)

Ctrl/Rosa26""™  DCA/Rosa26"n« p-value

Histopathological changes (n) Ctrl/WT DCA/WT
N 8
NAG 0
AG 0
IM-like lesions 0

2 0
1 3 <0.01
4 2
1 3

Note: N, Normal stomach; NAG, None-atrophic gastritis; AG, Atrophic gastritis; IM, Intestinal metaplasia.

BA-induced gastric IM. HDAC6 causes chroma-
tin remodeling at the FOXP3 locus under DCA
treatment which induces downregulation of
FOXP3 in gastric cells. Reduced levels of
FOXP3 enhances the transcription of HNF4a.
Therefore, HDAC6/FOXP3/HNF4a loop pro-
motes BA-induced gastric IM and may be
involved in the development of GC.

HDACG6, which is classified in class Il HDACs,
could close DNA to inhibit transcription. HDAC6
is reportedly involved in tumor progression,
such as oral cancer and leukemia [38, 39].
Similarly, HDAC6 was overexpressed in GC
cells, and inhibition of HDACG6 could significant-
ly reduce cell proliferation [27]. Activation of
the Akt/TYMS signaling pathway mediated by
HDACG also participates in apoptosis and che-
moresistance of GC cells [40]. In a previous
study, we found that HDAC6 and HNF4«a formed
a closed loop to promote gastric IM under the
regulation of miR-1 [18]. HNF4q, as a transcrip-
tion factor, stimulates HDACG6 transcription;
however, how HDAC6 activates HNF4«x or pro-
motes IM remains unclear. HDACG6 inhibitors
can promote FOXP3 expression by regulating
acetylation of the gene, thus promoting the
immunosuppressive effect of Treg cells [41]. At
the same time, bioinformatics analysis found
that FOXP3 has putative binding sites for the
HNF4x promoter, so we hypothesized that
FOXP3 might be the downstream modification
target of HDAC6. We first provided evidence
that HDAC6 overexpression and BA could
decrease the mRNA and protein levels of
FOXP3. In addition, FOXP3 negatively regulated
MUC2, KLF4 and CDX2 which suggested that
this molecule may be involved in BA-induced
IM.
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Recently, the role of FOXP3 in tumor develop-
ment, in a Treg independent manner, has
attracted increasing attention. Most studies
have shown that this molecule is associated
with poor prognosis of patients [42, 43]. Both in
vivo and in vitro studies have confirmed that
FOXP3 plays an anti-cancer role in breast can-
cer and prostate cancer. In this study, we found
that the expression of FOXP3 in gastritis tis-
sues was significantly higher than in IM tissues.
In vitro experiments further confirmed that
FOXP3 could be involved in the regulation of
HDAC6 on downstream HNF4a and intestinal
markers. To determine whether HDAC6 regu-
lated FOXP3 by epigenetic modification, we
analyzed the histone acetylation level at FOXP3
locus after DCA treatment, and H3Ac, H3K9Ac,
H3K27Ac and H4Ac showed significant sup-
pression. Furthermore, ChlP assays confirmed
that HDACG6 could directly bind to the FOXP3
promoter. The results also showed that FOXP3
can inhibit the transcription of HNF4«, which
subsequently affects the downstream intesti-
nal markers. The above results of this study
combined with previous studies showed that
miR-1 decreased under the stimulation of BA,
leading to increased expression of downstream
target molecules HNF4a and HDAC6, and
HNF4a further increased HDAC6 promoter
activity. Additionally, HDAC6 reduced FOXP3
through epigenetic modification which could
further increase HNF4o through transcriptional
suppression, thus forming a closed loop that
promotes the activation of intestinal markers
and IM occurrence.

Another important finding of this study is that
DCA treatment of Hnf4a transgenic mice for 12
months caused gastric mucosa atrophy at the
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antrum and abnormal columnar glands at the
SCJ of gastric mucosa which is similar to the
histopathologic changes in L2-IL-13 mice
reported by Quante et al [11]. Compared with
Ctrl/Rosa26""™* mice, gastric mucosa inflam-
mation and intestinal mucus secretion were
more obvious in the DCA/Rosa26""™* mice.
Furthermore, the Hdac6, Hnf4a and Foxp3
expression levels in the gastric mucosal cells
before and after BA stimulation was examined,
and the results were consistent with the in vitro
results and further indicated the existence of
HDAC6/FOXP3/HNF4a regulatory loop. Unfor-
tunately, we did not detect the expression of
intestinal markers TFF3 and MUC2 in mouse
gastric mucosa containing goblet like cells
(data not shown). We will continue to review the
literature to find more suitable molecules and
examine them in these tissues. In addition, it is
noteworthy that the establishment of a bile
reflux mouse model in the future may better
verify our hypothesis.

In conclusion, this study demonstrated that
HDACG6 stimulated by BA could epigenetically
regulate FOXP3, which promoted gastric IM by
inhibiting HNF4 o transcription. Therefore, we
propose a model of BA-induced gastric IM
(Figure 6F). The activation of the HDAC6/
FOXP3/HNF4x loop regulated by miR-1 pro-
motes BA-induced gastric IM. The inhibition of
HDAC6 may break this loop and prevent the
occurrence of gastric IM or even GC in patients
with bile reflux.
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Supplementary Figure 1. Overexpression of FOXP3 rescues the effect of DCA on intestinal markers. A. GES-1 cells
were infected with FOXP3-expressing vectors, along with DCA (100 puM, 24 hours). FOXP3, CDX2, KLF4 and MUC2
expression were detected by immunoblot. B. The levels of CDX2, KLF4 and MUC2 mRNA were analysed by qRT-PCR.
B-actin levels were used as internal control. Means + SEM of a representative experiment (n=3) performed in tripli-
cates are shown. **P < 0.01 (compared with DCA group).
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Supplementary Figure 2. HNF4a overexpression combined with DCA caused changes of gastric mucosal morphol-
ogy in mice. A. Representative picture of HE staining for Ctrl/WT, DCA/WT, Ctrl/Rosa26"™* and DCA/Rosa26"™e,
top panels show an overview and magnifications of the SCJ, where the esophageal epithelium meets the columnar
epithelium, second panels show mucosal epithelium of antrum. Scale bars: 100 um (top); 20 um (bottom). B. Rep-
resentative pictures of staining for Alcian blue staining-Periodic acid-Schiff (AB-PAS) of small intestine and large
intestine histology in 15 months old WT mice, as well as gastric mucosa in Ctrl/WT and DCA/Rosa26""™~ mice.
Scale bars: 100 ym (top); 20 uym (bottom). C. Sections from SCJ and antrum of stomachs in four groups of mice were
examined by AB-PAS staining. Scale bars: 100 pm (top); 20 um (bottom).



