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Hepatitis B virus X protein plays a crucial role in the pathogenesis of hepatocellu-
lar carcinoma. We previously showed that the tumor suppressor ARID2 inhibits
hepatoma cell cycle progression and tumor growth. Here, we evaluated whether
hepatitis B virus X protein was involved in the modulation of ARID2 expression
and hepatocarcinogenesis associated with hepatitis B virus infection. ARID2
expression was downregulated in HBV-replicative hepatoma cells, HBV transgenic
mice, and HBV-related clinical HCC tissues. The expression levels of HBx were
negatively associated with those of ARID2 in hepatocellular carcinoma tissues.
Furthermore, HBx suppressed ARID2 at transcriptional level. Mechanistically, the
promoter region of ARID2 gene inhibited by HBx was located at nt-1040/nt-601
and contained potential ATOH1 binding elements. In addition, ectopic expression
of ATOH1 or mutation of ATOH1 binding sites within ARID2 promoter partially
abolished HBx-triggered ARID2 transcriptional repression. Functionally, ARID2
abrogated HBx-enhanced migration and proliferation of hepatoma cells, whereas
depletion of ATOH1 enhanced tumorigenecity of HCC cells. Therefore, our find-
ings suggested that deregulation of ARID2 by HBx through ATOH1 may be
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hronic infection by hepatitis B virus (HBV) is a major

cause of hepatocellular carcinoma (HCC), a highly preva-
lent malignant disease worldwide.""" The X protein of HBV
(HBx) plays a crucial role in hepatocellular carcinogenesis.'®
As a multifunctional regulator, HBx modulates cellular pro-
cesses, such as cell cycle progression, apoptosis, cell prolifera-
tion, and migration."® HBx acts as a transactivator by
interacting with transcriptional factors, thus regulating host gene
expression.(7’8) Several studies have reported that a wide variety
of cellular genes, promoters/enhancers, and transcriptional fac-
tors, such as nuclear factor kappaB (NF-xB), activator protein
(AP)-1, activating transcription factor (ATF)/cAMP, and cAMP
response element binding protein (CREB), are involved in HBx-
induced hepatocarcinogenesis.(9 However, the underlying
mechanisms through which HBx regulates gene transcription to
induce hepatocarcinogenesis remain largely unknown.

AT-rich DNA interaction (ARID) 2, a chromatin remodeling
gene, belongs to the switch/sucrose nonfermenting (SWI/SNF)
chromatin-remodeling complex.'” ARID2 contains a conser-
vative N-terminal ARID region, followed by three LLxxLL
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involved in HBV-related hepatocellular carcinoma development.

motifs and two conservative C-terminal C2H2 Zn-finger
motifs, which can bind directly to DNA or interact with pro-
teins.' " Recently, ARID2 was identified as a tumor suppressor
and found to be frequentlﬁy mutated in various cancers, such as
HCC,“HS) melanoma,“) nonsmall lung carcinoma,m) and
gastric adenomas."® Recent studies have revealed that loss of
ARID2 expression owing to inactivating mutations promotes
hepatoma cell proliferation’®?” and may be associated with
tumor recurrence.?"”’ Adenomatous polyposis coli (APC) and
ARID? inactivating mutations have recently been reported to
be involved in the early stages of gastric carcinogenesis.'®
Similarly, somatic mutations in components of the SWI/SNF
complex, such as ARIDIA, ARID2, alpha thalassemia/mental
retardation syndrome X-linked (A7RX), and polybromo-1
(PBRM]1), are found in esophageal squamous cell carcinoma,
and these genetic alterations are induced at an early stage in
patients with esophageal squamous cell carcinogenesis.(22)
Despite the prevalence of genetic mutations in ARID2, func-
tional role of ARID2 in HCC, particularly HBV-related HCC,
remains largely undefined.
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In this study, we explored the possible role of HBx protein
in the modulation of ARID2 expression and in hepatoma cell
proliferation and motility. Interestingly, we found that HBx
decreased ARID2 protein expression and enhanced hepatoma
tumorigenesis through modulation of the transcription factor
atonal BHLH transcription factor 1 (ATOH1). Our results sug-
gested that HBx induced the suppression of the tumor suppres-
sor ARID2 and may contribute to HCC tumorigenesis.

Materials and Methods

Patient samples. Hepatitis B virus-related HCC tissues and
paired adjacent nontumorous tissues were obtained from
patients who underwent surgery for HCC at the Second Affili-
ated Hospital of Chongqing Medical University. This study
was approved by the Institutional Ethical Review Board of
Chongqing Medical University, and informed consent was
obtained from participating patients. Each specimen was frozen
immediately after surgery and stored in liquid nitrogen for
later use.

HBV-transgenic mice. Hepatitis B virus-transgenic (HBV-Tg)
mice were kindly provided by Professor Ning-shao Xia from
the School of Public Health, Xiamen University.*> All mice
were maintained under specific pathogen-free conditions in
the laboratory animal center of Chongqing University. The
experiments were carried out with approval of the Chongq-
ing Medical University Animal Care and Use Committee.

Cell culture. The human hepatoma cell line HepG2 was
obtained from the American Type Culture Collection (ATCC,
VA, USA). SK-Hepl, Huh7, SMMC-7721, and normal human
liver cells (LO2) were obtained from the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China). Hepatoma cells
stably expressing HBx (LO2-HBx, SK-Hepl-HBx, and Huh7-
HBx cells) were preserved in our laboratory.*” Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,;
Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, Rockville, MD, USA), 100 U/mL
penicillin, and 100 mg/mL streptomycin at 37°C in an atmo-
sphere containing 5% CO,.

Adenoviruses and reporter plasmids. Recombinant aden-
oviruses AdHBx and AdARID2 were constructed as previously
described.®>** The full-length ¢cDNA of ATOHI (coding
sequence of NM_005172) was subcloned from the pPCR-
Script-ATOH1 plasmid (GeneCopoeia #FL.30148) and inserted
into the shuttle vector pAdTrack-TO4 or His-tagged vector
pSEB-3His vector. HBx (genotype C) was cloned into the
Flag-tagged pSEB-3Flag vector (from Dr. T-C He, University
of Chicago, IL, USA). The adenoviral recombinant pAdA-
TOHI1 was generated using the AdEasy system, and an analo-
gous adenovirus expressing only green fluorescent protein
(GFP; AdGFP) was used as control.

The wild-type (WT) human ARID2 promoter reporter and
sequential deletion constructs were generated by cloning of
the polymerase chain reaction (PCR) fragments of the
ARID2 promoter into the pGL3-Basic vector (Promega,
Madison, WI, USA; #E1751). Primer sequences are listed in
Table S1.

RNAi lentivirus production. The small double-strand hairpin
shRNA for ATOH1 were designed and inserted into the Hpal/
Xhol sites of pLL3.7 lentivirus vector (kindly provided by
Prof. Bing Sun from the Institute Pasteur of Shanghai, Chinese
Academy of Sciences). Lentivirus were prepared as reported
previously® and was used to infect SK-Hepl cells in the
presence of 5 pg/mL polybrene. Inhibition of ATOHI was
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verified by western blot analysis. Oligonucleotides targeting
ATOH1 were listed in Table S1.

Dual-luciferase assay. Huh7 cells were plated into 25-cm?
cell culture flasks and transfected with 3 pg ARID2 promoter
reporter constructs along with 300 ng pRL-TK (an internal
control; Promega) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions.
At 24 h after transfection, cells were seeded into 24-well
plates (Life Sciences, Tewksbury, MA, USA). At 8 h after
replating, cells were infected with AdGFP or AdHBx. Cells
were harvested 36 h postinfection and subjected to Dual-Luci-
ferase Reporter Assays (Promega). All experiments were per-
formed at least three times, and results are expressed as
means =+ standard deviations (SDs).

RNA extraction, reverse transcription (RT)-PCR, and real-time
PCR. Total RNA was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. RNA was
reverse transcribed using Moloney murine leukemia virus
reverse transcriptase (Promega). Quantification of target genes
was performed by SYBR Green qPCR on a CFX Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). All pri-
mer sequences are listed in the Table S1. Relative expression
was calculated as a ratio of the expression of the specific tran-
script to that of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH,).

Western blot analysis. Whole protein lysates of cells or liver
tissues were extracted using cell lysis buffer (Beyotime
Biotechnology, Jiangsu, China) containing 1 mM phenyl-
methylsulfonyl fluoride (Beyotime). Protein concentrations
were measured using a BCA protein assay kit (Beyotime). Pro-
tein samples were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) on 10% gels and
electrotransferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA). The immunoblots
were probed with the indicated antibodies targeting ARID2
(Abcam, Cambridge, UK; Abl113283), ATOHI1 (Thermo
Fisher, Waltham, MA, USA; PA5-29392), E-cadherin (Bio-
world, St. Louis Park, MN 55416, USA; BS1098), and HBx
(kindly provided by Pro. Ning-shao Xia of Xiamen Univer-
sity). Secondary antibodies coupled to horseradish peroxidase
were purchased from Abcam. Proteins bands were visualized
with a Super Signal West Pico Chemiluminescent Substrate
Kit (Millipore). GAPDH expression was used as the normal-
ization control. The immunoblots were quantified by densito-
metric analysis using ImagelJ software.

Immunohistochemistry. Liver tissue samples were fixed in
4% paraformaldehyde and embedded in paraffin according to
standard procedures. Serial tissue sections were incubated with
anti-ARID2 (Abcam), anti-HBx (kindly provided by Professor
Ning-shao Xia of Xiamen University) or anti-ATOH1 (Thermo
Fisher) separately. Subsequently, the slides were incubated
with secondary anti-rabbit or anti-mouse IgG (ZSGB-BIO, Bei-
jing, China) and visualized using 3,3’-diaminobenzidine
(ZSGB-BIO).

Cell migration assay. Cell migration was measured using
transwell-24 units with polycarbonate filters (BD, San Jose,
CA, USA). Cells were infected with AAGFP or AdARID2. For
knockdown assay, cells were infected with lentiviruses carry-
ing ATOHI1 shRNA or control shRNA. At 24 h after infection,
cells were suspended in 200 pL serum-free medium and added
at 6 x 107 cells/well to the upper chamber. DMEM (800 pL)
containing 10% FBS was added to the lower chamber. Cells
were incubated at 37°C in an atmosphere containing 5% CO,
for 12 h, fixed with 4% formaldehyde, and stained with crystal
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violet for 3 min. The number of migrated cells was counted in ~ to PVDF membranes, and then subjected to immunoblot analy-
five fields (200x) on each membrane, and the average number  sis using the indicated antibodies.
per field was calculated. Chromatin IP (ChIP). SK-Hepl cells were infected with
Cell proliferation assay. Cells were transfected with pAd- ~AdHBx or AAGFP for 36 h. The chromatin was crosslinked by
Track-ARID2 plasmid or vector control for 48 h in 6-well treating the cells with 4% formaldehyde for 10 min at 37°C.
plates. To examine the cell proliferation in ATOHI1-depleted  Sonicated cell lysates were subjected to immunoprecipitation
hepatoma cells, SK-Hepl cells were infected with lentiviruses  using 5 pg anti-HBx or anti-ATOHI antibodies (normal IgG
carrying ATOH1 shRNA or control shRNA. Cell proliferation  served as a control). Following elution, DNA was extracted
was assayed by detecting the incorporation of 5-ethynyl-2’-  and subjected to PCR analysis. Isolated chromatin immunopre-
deoxyuridine (EdU) into DNA during DNA synthesis with an  cipitated by E2F1 antibody was amplified with ARID2 primers
EdU Cell Proliferation Assay Kit (Ribobio, Guangzhou, and CCNDI (cyclin D1) primers used us positive control.*”
China). According to the manufacturer’s protocol, cells were  For ChIP-qPCR, the immunoprecipitated DNA was quantified
incubated with 50 uM EdU for 2 h, followed by fixation, per- by real-time PCR. Enrichment of ATOHI at the examined
meabilization, and EdU staining. The cell nuclei were stained regions of the ARID2 promoter was quantified relative to the
with DAPI (Sigma, St. Louis, MO, USA) at a concentration of  input control.
1 pg/mL for 2 min. The proportion of cells containing EdU Statistical analysis. All values are presented as means =+ s-
was determined using fluorescence microscopy. The percentage  tandard deviations (SDs). Statistical significance was deter-
of EdU-positive cells was quantified from five random fields mined using analysis of variance (anova) followed by the least
(200x) in three wells. significant differences (LSD) test for multiple comparisons,
Co-immunoprecipitation (IP) assay. Sk-Hepl cells were and Student’s t-tests were used to compare two groups. Differ-
cotransfected with pSEB-3Flag-HBx or vector control along ences with P-values of less than 0.05 were considered statisti-
with pSEB-3His-ATOH1. At 48 h post-transfection, cells were  cally significant.
resuspended in 600 pL IP lysis buffer (Beyotime) and pre-
cleared with protein G agarose beads (Millipore) for 1 h.
Supernatants were incubated with anti-His (ABM-0008;
Zhongding Biotechnology Company, Nanjing, China) or anti- HBx downregulated ARID2 expression in human hepatoma
Flag antibodies (F1804; Sigma) overnight at 4°C, followed by  cells. Previously, we and others reported that ARID2 defi-
a 2 h incubation with protein G agarose beads. Immune com- ciency is prevalent in human HCC, suggesting that ARID2
plexes were resolved by SDS-PAGE on 12% gels, transferred  deletion may play an important role in the pathogenesis of

Results
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Fig. 1. HBx downregulated ARID2 expression in hepatoma cells. (a) ARID2 and HBx protein was detected by western blot analysis in HepG2.2.15
cells and HepG2 cells infected with adenoviruses expressing HBx or GFP control (n = 3, **P < 0.01). (b) ARID2 and HBx protein expression in HBV-
transgenic mice and WT littermates (WT mice; **P < 0.01). (c) HepG2 cells were transfected with pCH-9(HBV1.1), pCDNA-HBs, pCDNA-HBc,
pCDNA-HBX, or vector plasmid. ARID2 and HBx protein was detected using western blotting (n = 3, *P < 0.05; **P < 0.01). (d) HepG2 cells were
transiently transfected with full-length HBV (WT-HBV), stop-mutant HBx (HBx-stop), or stop-mutant HBx plasmids plus adenovirus encoding HBx.
ARID2 and HBx expression was determined by western blot analysis (n = 3, * P < 0.05; **P < 0.01). (e,f) Western blot analysis of ARID2 and HBx
expression in Sk-Hep1/Sk-Hep1-HBx, Huh7/Huh7-HBx, LO2/LO2-HBx, and HBx-transduced hepatoma cells. All data were acquired from three inde-
pendent experiments, and representative results are shown. Integrated density was quantitatively analyzed using ImageJ software. *P < 0.05;
*#*P < 0.01, Student’s t-test.
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Fig. 2. HBx was negatively correlated with ARID2
expression in HCC tissues. (a) Representative
immunohistochemical staining of HBx and ARID2 in
serial tissue slices from 24 paired HBV-related HCC
tissues and adjacent nontumorous tissues.
Immunostaining intensity was assessed using Image-
Pro Plus 6.0 software. *P < 0.05; magnification:
400x. (b) Correlation analysis of ARID2 and HBx
mRNA expression in 24 paired HCC tissues
(*P < 0.05, r = —0.42, Pearson'’s correlation).

HCC. (1329 However, the relationship between HBV infection
and ARID2 expression in hepatoma cell lines is unclear. We
first examined the levels of ARID2 in an HBV-expressing hep-
atoma cell line. We found that ARID2 expression levels were
significantly decreased in HepG2.2.15 cells stably expressing
HBV DNA (Fig. la). Next, we examined ARID2 expression in
liver tissues of HBV transgenic mice. The data revealed that
ARID2 was markedly downregulated when compared with that
in WT littermate mice (Fig. 1b). To determine whether viral-
encoded protein was responsible for ARID2 repression in hep-
atoma cells, HepG2 cells were transiently transfected with the
HBYV replicative plasmid pCH-9 (HBV) or plasmid encoding
different HBV viral proteins, including pCDNA-HBs, pCDNA-
HBc, and pCDNA-HBx. Compared with the vector control,
both HBV and HBx protein markedly downregulated ARID2
expression, whereas HBc protein and HBs protein had little
effect on modulation of ARID2 expression (Fig. 1c). Further-
more, when cells were transduced with the HBV replicative
plasmid containing the stop mutation of HBx (HBx-Stop),
ARID2 expression was enhanced compared with that of WT
HBV-transfected cells. We further confirmed that X-Stop-
induced ARID2 restoration was partially abolished by overex-
pression of HBx in HepG2 cells (Fig. 1d), indicating that HBx
played a vital role in HBV-induced ARID2 repression. More-
over, HBx-induced inhibition of ARID2 expression was further
confirmed in both HBx-transient and stable-transduced hep-
atoma cells (Fig. 1a,e,f). Collectively, these data indicated that
HBYV replication, particularly HBx protein, suppressed ARID2
expression in hepatoma cells.

HBx was negatively correlated with ARID2 expression in HCC
tissues. To further investigate the potential effects of HBx on
ARID2 expression in HCC tissues, we evaluated HBx and
ARID2 expression in paired tissues obtained from 24 patients
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with HBV-HCC. Immunohistochemical staining showed that
positive rate of ARID2 was significantly lower (7/24, 30%) in
tumor tissues when compared to paired adjacent non-tumor tis-
sues (P < 0.05, Fig. S3c), whereas there was no significant dif-
ference in HBx staining intensity between HCC and
pericarcinous tissue (Fig. S3c). Moreover, weak staining of
ARID2 was coincident with higher expression of HBx in the
same tissues, and vice versa (P < 0.05, Fig. 2a,b).

The correlations of the expression levels of ARID2 with
HBx were further analyzed in patients with HCC. Strikingly,
the expression levels of HBx were negatively correlated with
those of ARID2 in HCC tissues (P < 0.05; Fig. 2b). Therefore,
these data indicated that ARID2 was downregulated in HCC
tissues and was negatively associated with HBx expression.

HBx inhibited ARID2 expression at the transcriptional level. To
determine whether ARID2 expression was repressed by HBx
at the transcriptional level, we constructed the human ARID2
promoter reporter pGL3-ARID2 (position -1040 to +101) and
serial 5’-end deletion mutations of ARID2, including pGL3-
ARID2-P1(position -780 to +101), pGL3-ARID2-P2 (position -
601 to +101), pGL3-ARID2-P3 (position -365 to +101), and
pGL3-ARID2-P4 (position -154 to +101; Fig. 3a,b). The repor-
ter activity of pGL3-ARID2 increased approximately 15-fold
when compared with that of the vector plasmid (P < 0.05).
Ectopic expression of HBx significantly inhibited ARID2 luci-
ferase signaling in Huh7 cells, as compared with that of the
vector control (P < 0.05; Fig. 3a). Moreover, HBx was found
to inhibit ARID2 promoter activity in a concentration-depen-
dent manner (Fig. 3a). Next, we sought to further clarify the
ARID?2 promoter region that was targeted by HBx. Our data
showed that HBx repressed the luciferase activities of pGL3-
ARID2-P (58%) and pGL3-ARID2-P1 (54%), but not that of
other deletion reporters (Fig. 3b). Thus, the 5'-flanking region

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Fig. 3. HBx inhibited ARID2 mRNA expression at
P2(-601I+101)nt the transcriptional level. (a) Luciferase activity of
the human ARID2 promoter construct pGL3-ARID2
in Huh7 cells. Huh7 cells were transfected with
———{Tuc]p1(-780/+101) nt . pPGL3-ARID2 (position -1040 to +101) for 24 h and
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located at -1040 to -601 bp upstream of the human ARID?2
gene transcription start site may be mainly responsible for
transcriptional repression by HBx. Next, we examined whether
HBx bound directly to this promoter region of the ARID2
gene. ChIP assays showed that HBx could not directly interact
with the ARID2 promoter (Fig. 3c), suggesting that HBx may
inhibit ARID2 transcription through an indirect mechanism.
HBx-mediated ATOH1 suppression contributed to downregula-
tion of ARID2. Previous studies have indicated that HBx can reg-
ulate other transcription factors to bind to promoters or
enhancers and regulate gene transcription.® To identify the
transcription factors that mediate HBx-induced ARID2 inhibi-
tion, we predicted the transcription factor binding sites in the -
1040 to -601 nt promoter region of the ARID2 gene using the
JASPAR database (http://jaspar.genereg.net/). We found that
there were several potential binding elements in this promoter
region, including those for ATOH1, MZF1, E2F6, and BRCA1
(Fig. 4a). We then screened six transcription factors that may be
involved in HBx-induced ARID2 suppression. Our results indi-
cated that HBx inhibited ATOH1 expression both at the mRNA
and protein level (Fig. 4b,c; Fig. S1). We then tested whether
rescue of ATOHI1 expression restored HBx-triggered ARID2
transcriptional repression. We found that the promoter activity
of ARID2 was largely restored by overexpression of ATOHI1

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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ChIP analysis was performed using control I1gG or
anti-HBx antibodies. Transcriptional factor E2F1
recruited on ARID2 and CCND1 promoter were used
as ChIP positive control.

relative to the control (P < 0.05; Fig. 5a). Similarly, we found
that ARID2 expression was restored by ATOH1 ectopic expres-
sion in HBx-stable hepatoma cells (Fig. Sb). ChIP assays
demonstrated that HBx blocked the recruitment of ATOHI to
the ARID2 promoter (Fig. 5¢). Moreover, silencing of ATOH1
markedly inhibited ARID2 expression both at the mRNA and
protein level (Fig. 5d,e). These results indicated that ATOH1
plays an important role in transcriptional regulation of ARID2.

To further verify the potential role of ATOHI in ARID2
transcriptional inhibition induced by HBx, site-directed muta-
genesis targeting ATOH1 binding sites within the ARID2 pro-
moter was performed (Fig. 5f). As expected, HBx failed to
inhibit ARID2 promoter activity when the ATOHI1 binding site
in the ARID2 promoter was mutated (Fig. 5g), indicating that
this DNA element was crucial for HBx-induced ARID2 repres-
sion in Huh7 cells. However, co-IP analysis indicated that
anti-HBx antibodies could not immunoprecipitate ATOHI in
SK-Hepl cells, and vice versa (Fig. S2). Thus, HBx may func-
tion as a transcriptional repressor of ARID2 expression through
inactivation of ATOHI.

ATOH1 was positively correlated with ARID2 expression in
HBV-infected hepatoma cells and HCC liver tissues. To confirm
the effects of ATOH1 on ARID2 expression, we examined
the levels of ATOH1 and ARID2 in HBV replicative
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blot analysis

hepatoma cell lines. Western blot analysis showed that both
ATOH1 and ARID2 expression levels were significantly
decreased in HegGZ.Z.lS cells and HepAD38 cells stably
expressing HBV®® (Fig. S3a). We then evaluated ATOHI
and ARID2 mRNA expression in 24 paired HCC tissues
associated with HBV infection. ATOH1 and ARID2 were
both downregulated in HCC tissues compared with that in
paired adjacent nontumor tissues. Correlative analysis con-
firmed that ATOHI1 expression was positively correlated
with  ARID2 expression in HCC tissues (P < 0.05;
Fig. S3b). Moreover, we examined ATOHI, ARID2 as well
as HBx protein expression in 15-paired HCC tissues. Data
showed that ATOHI and ARID2 were both downregulated
in HCC tissues when compared to that in paired adjacent
nontumorous tissues (Fig. S3c,d). Taken together, these data
provided evidence for synergistic changes in ATOHI and
ARID2 expression in the context of HBV infection both in
hepatoma cell lines and human HCC tissues.

ARID2 partially reverses the migration and proliferation of hep-
atoma cells mediated by HBx in vitro. Previous studies have
reported that downregulation of ARIDIA, which encodes
another ARID protein of the SWI/SNF family, promotes gas-
tric cancer cells or HCC cell migration by repression of epithe-
lial marker E-cadherin.?”® Thus, we further explored the
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SK-Hep1

SMMC-7721

effects of ARID2 on E-cadherin expression and cell migration
in stable HBx-expressing cell lines. Transwell assays demon-
strated that ARID2 significantly inhibited cell migration and
enhanced the expression of the epithelial marker E-cadherin in
SK-HBx and Huh7-HBx cell lines (Fig. 6a,b). Additionally,
EdU assays showed that ARID2 partially abolished the
increased proliferation of hepatoma cell lines mediated by
HBx (P < 0.05; Fig. 6¢). To further verify the direct role of
ATOHI1 in cell proliferation and migration, we silenced
ATOHI expression by siRNA approach and examined cell pro-
liferation and migration capacity in SK-Hepl cells. We found
that depletion of ATOHI1 largely stimulated cell proliferation,
cell migration and suppressed the expression of epithelial mar-
ker E-cadherin in SK-Hepl cells. These data indicated that
HBx induced ATOHI inhibition and suppressed ARID2
expression, leading to enhanced hepatoma cell migration and
growth (Fig. S4a—c).

Discussion

As an oncoprotein, HBx plays a key role in hepatocarcinogen-
esis.?” HBx has been reported to modulate several cellular
processes through direct or indirect regulation of a wide vari-
ety of host factors associated with the progression of HCC
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Fig. 5. HBx inhibited ARID2 promoter activity via an ATOH1-dependent pathway. (a) Luciferase activity of the human ARID2 promoter reporter
pGL3-ARID2 in Huh7 cells. Huh7 cells were transfected with pGL3-ARID2 and then co-infected with AAGFP control or AdHBx together with AdA-
TOH1. Luciferase activities were measured at 24 h after infection (n = 3, *P < 0.05). (b) ARID2 protein expression was determined by western
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through various molecular mechanisms.**® Furthermore, natu-  amino acids longer than HBXx), are frequently observed in
ral variants of HBx proteins, including C-terminal truncated HBV-related HCC and are implicated in the development of
HBx, HBx mutants, and HBV whole-X protein (HBwx, 56 HCC.CG'3%
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200x). (b) E-cadherin protein expression was determined by western blotting in Sk-Hep1/SK-Hep1-HBx and Huh7/Huh7-HBx cells infected with
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described above. Data are presented as the means + SDs (n = 3, *P < 0.05 versus the Vector control).

Recent exome and genome-wide sequencing studies of
human cancers identified significant alterations in the mam-
malian SWI/SNF complexes. ARID2, which encodes a compo-
nent of the SWI/SNF chromatin-remodeling comglex, has been
identified as a novel tumor-suppressor gene.“* ARID2 is
reported to be truncated mutated in multiple tumors'>17+39
and plays important roles in regulating cell differentiation and
proliferation. Several groups have reported that ARID2 loss-
of-function mutations are related to tumor progression and
poor survival in patients with HCC and gastric carcinoma.®
A recent study showed that microRNA-155 accelerates hep-
atoma growth through targeting of the ARID2-mediated Akt
phosphorylation pathway.®” However, little is known about
the functional role of ARID2 in HCC, especially in the context
of HBV replication.

Our results here demonstrated that HBV infection, particu-
larly HBx protein, suppressed ARID2 expression in hepatoma
cells. We further observed that ARID2 was downregulated in
HBV-related HCC and that ARID2 expression was inversely
correlated with HBx protein expression. Furthermore, HBx
inhibited ARID2 expression by impairing binding of the tran-
scription factor ATOHI1 to the ARID2 promoter. Our results
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suggested that HBx inhibited the expression of ARID2 and
hence may contribute to HCC tumorigenesis.

ATOHI1 is a basic helix-loop-helix transcription factor.
Knockout mice model showed that ATOHI1 plays a vital role
in the differentiation of neurons and secretory cells in the gut
and in postnatal cerebellular development.“® ATOHI defi-
ciency is frequently observed in many types of tumors and is
involved in the development and progression of various types
of tumors, such as gastric carcinoma,®® colon cancer,*?
medulloblastoma,‘38) Merkel cell carcinoma,ml) and intestinal
neuroendocrine tumors.“? In addition, ATOHI1 induces the
differentiation of gastric cancer stem cells and is correlated
with favorable survival in gastrointestinal stromal tumors.**
Although the expressional status of ATOH1 has been reported
in many tumor tissues, its role in HCC development has not
been investigated.

In this study, we found that HBx inhibited ATOHI1 expres-
sion and impaired its binding to the ARID2 promoter, leading
to downregulation of ARID2 expression. ATOHI1 stability is
modulated by the ubiquitin-proteasome degradation system.
Sonic hedgehog (SHH) signaling regulates ATOHI stability
via E3 ubiquitin ligase Huwel.“? Peignon and colleagues
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reported that the Wnt pathway was involved in downregulation
of ATOHI expression by enhancing the expression of Notch-
related Jagged-1 and Hesl.“*” Furthermore, ATOHI and
B-catenin proteins are mutually regulated by glycoégen synthase
kinase (GSK)-3B degradation in Wnt signaling,™ and HBx
and HBx mutants have been found to transactivate Wnt/[B-cate-
nin signaling pathways®” through suppressing GSK-3f
activity or interacting with the suppressor APC to activate
Wat/B-catenin.®**® Further studies are required to determine
whether HBx promotes proteasome-mediated degradation of
ATOHI by activating Wnt/GSK-3f pathway.

In summary, our findings suggested that HBx downregulated
ARID?2 through modulation of the transcription factor ATOH1
in hepatoma cells. Moreover, downregulation of ARID2 by
HBx contributed to enhanced HCC cell migration and prolifer-
ation. Our findings provide new insights into the molecular
mechanisms of HCC progression mediated by HBx.
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Additional Supporting Information may be found online in the supporting information tab for this article:

Fig S1. (a) The mRNA expression levels of transcription factors. SK-Hep1 cells and SMMC-7721 cells were infected with AdHBx or AdGFP con-
trol. Total mRNA were isolated at 36 h after infection. The indicated transcription factor genes were detected by Real-time PCR. (b) SMMC-7721
cells were treated as shown in Figure S1 (a). The indicated transcription factor genes were determined by qRT-PCR. (n = 3, *P < 0.05 versus
GFP control).

Fig S2. The interaction between HBx and ATOH1 were detected by Co-IP analysis. SK-Hep1 cells were co-transfected with pSEB-3Flag-HBx or
vector plasmid along with pSEB-3His-ATOHI1. At 48 h after transfection, cell lysates were subjected to Co-IP assay with the indicated antibodies.

Fig S3. (a) Protein levels of ARID2 and ATOH1 were detected by western blot analysis in HepG2, HepG2.2.15 and HepAD38 cells with or with-
out tetracycline treatment. (b) Correlation analysis of ATOHI and ARID2 mRNA expression in 24 paired HCC tissues (*P < 0.05, r = 0.43, Pear-
son’s correlation). (c and d) Protein levels of ARID2 and ATOHI as well as HBx were detected by immunohistochemical staining and western
blot analysis in HBV-related HCC tissues.

Fig S4. (a) Transwell assays of Sk-Hepl cells infected with lentiviruses carrying ATOH1 shRNA or control shRNA. Data represent the results of
three independent experiments (means £+ SDs; **P < 0.01 versus the siControl; magnification: 200x). (b) E-cadherin protein expression was
determined by western blotting (n = 3, **P < 0.01). (c) Cell proliferation was analyzed by EdU incorporation assays. Data are presented as the
means + SDs (n = 3, **P < 0.01 versus siControl).

Table S1. Primer sequences.
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