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Recurrence and metastasis remain the major obstacles to success-
ful treatment of hepatocellular carcinoma (HCC). Chromatin
remodeling factor ARID2 is commonly mutated in HCC, indicating
its important role in cancer development. However, its role in HCC
metastasis is largely elusive. In this study, we find that ARID2
expression is significantly decreased in metastatic HCC tissues,
showing negative correlation with pathological grade, organ
metastasis and positive association with survival of HCC patients.
ARID2 inhibits migration and invasion of HCC cells in vitro and
metastasis in vivo. Moreover, ARID2 knockout promotes pulmo-
nary metastasis in different HCC mouse models. Mechanistic study
reveals that ARID2 represses epithelial-mesenchymal transition
(EMT) of HCC cells by recruiting DNMT1 to Snail promoter, which
increases promoter methylation and inhibits Snail transcription. In
addition, we discover that ARID2 mutants with disrupted C2H2
domain lose the metastasis suppressor function, exhibiting a pos-
itive association with HCC metastasis and poor prognosis. In con-
clusion, our study reveals the metastasis suppressor role as well as
the underlying mechanism of ARID2 in HCC and provides a poten-
tial therapeutic target for ARID2-deficient HCC.
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H epatocellular carcinoma (HCC) is the third leading cause of
cancer-related deaths worldwide (1, 2). Frequent intra-
hepatic and extrahepatic metastases of HCC are responsible for
poor clinical prognosis of HCC patients (3). Epithelial-mesen-
chymal transition (EMT), orchestrated by a restricted number of
transcription factors—mainly the three Snail, Twist, and Zeb
families (4)—confers metastatic properties upon cancer cells by
enhancing mobility, invasion, and resistance. Therefore, identi-
fication of EMT suppressors and clarification of underlying
mechanisms will provide therapeutic benefit for HCC.

ARID?2 is one subunit of chromatin remodeling complex and
is involved in various biological processes, including transcrip-
tional regulation (5), cell cycle modulation (6, 7), embryonic
development (8), and DNA damage repair (9). ARID2 muta-
tions can be detected in most cancers, especially in HCC and
often lead to partial or complete inactivation of ARID2 protein
(10-12). Chromatin remodeling complex affects epigenetic
modification (13), and ARID2 is supposed to modulate epige-
netic modifications on DNA or histone. Although it is indicated
that ARID2 may be a tumor suppressor by regulating epigenetic
modification, this hypothesis has not yet been proved, and the
role of ARID2 in metastasis of HCC remains largely elusive.
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DNMT1 plays a dominant role in genome-wide DNA methyl-
ation maintenance and gene silencing (14, 15). Previous research
indicated that DNMT1 was involved in cell metastasis, and down-
regulation or inhibition of DNMT]1 could facilitate the metastasis
of cancer cells (16). However, target genes of DNMT1 involved in
metastasis are poorly understood.

In this study, we found that ARID2 expression was significantly
reduced in metastatic HCC tissues. Decreased ARID2 expression
was positively correlated with organ metastasis and associated with
poor prognosis of HCC patients. Moreover, ARID2 inhibited mi-
gration and invasion of HCC cells in vitro and decreased the
intrahepatic metastases and distant seeding of HCC cells in vivo.
Arid2 knockout in primary HCC mouse models promoted the pul-
monary metastases of cancer cells. Further study revealed that
ARID2 suppressed HCC metastasis by repressing EMT of HCC
cells. ARID2 recruited DNMT1 to Snail promoter, which enhanced
DNA methylation and suppressed Snail transcription. Moreover, we
discovered that the C2H2 mutants of ARID2 could not interact
with DNMT1, thus losing the metastasis suppressor function. It is
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interesting to note that these C2H2 truncated mutations were as-
sociated with HCC metastasis, and HCC patients with such muta-
tions had significantly shorter survival times compared to those with
intact C2H2 domain. Therefore, our study not only clarified that
ARID? acted as a metastasis suppressor in HCC, but also revealed
the mechanism underlying the loss-of-function mutation of ARID2,
which provided a potential therapeutic target for the treatment of
ARID2-deficient HCC.

Results

Expression of ARID2 Was Significantly Decreased in Metastatic HCC
and Positively Correlated with Good Prognosis of HCC Patients. Study
indicated that ARID2 was down-regulated in primary HCC tissues
and suppressed proliferation of HCC cells (6), but the role of
ARID2 in HCC metastasis was unclear. Therefore, we examined
mRNA level expression of ARID2 in 34 paired primary HCC
tissues (T), metastatic HCC tissues/portal vein tumor thrombus
(PVTT) tissues (P), and the matched noncancerous adjacent
normal tissues (N). As shown in Fig. 14, ARID2 mRNA was
dramatically reduced in primary HCC tissues, and PVTT tissues
showed a lower ARID2 mRNA level than primary HCC tissues
(Fig. 14). Moreover, the gradual decrease in ARID2 expression
from noncancerous normal tissues, primary HCC tissues, to PVTT
tissues was confirmed by Western blot (Fig. 1B) and immuno-
histochemistry (Fig. 1C). To further evaluate the clinical signifi-
cance of ARID2 in HCC metastasis, HCC tissue microarray was
stained with ARID2 antibody, and the gradual decline of ARID2
expression was also detected (Fig. 1D). In addition, HCC cells
with high metastatic potential displayed low expression of ARID2
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(81 Appendix, Fig. S1). Taken together, these results indicated that
ARID?2 expression was inversely correlated with HCC metastasis.

Based on the score of ARID2 staining intensity in tissue
microarray, the patients were divided into ARID2 low (H score <
50) and high (H score > 50) expression groups, and the correla-
tion between ARID2 expression and clinical pathology features
was assessed. A low level of ARID2 was positively correlated with
pathological grade, tumor size, and organ metastasis (SI Appendix,
Table S1). Meanwhile, decreased ARID2 expression was associ-
ated with poor overall survival (OS) (Fig. 1E) and disease-free
survival (DFS) (Fig. 1F) of HCC patients. Together, these data
further confirmed the negative correlation between ARID2 ex-
pression and HCC metastasis, and indicated that low ARID2
expression was associated with a poor prognosis for HCC patients.

ARID2 Suppressed Migration and Invasion of HCC Cells In Vitro and
Metastasis In Vivo. The above observations prompted us to inves-
tigate the function of ARID2 in HCC metastasis. We constructed
ARID2-overexpressing and ARID2 knockdown cells using lenti-
viruses (Fig. 24), and effects of ARID2 on migration and invasion
of HCC cells were assessed by Boyden chamber assay and trans-
well assay, respectively. We found that forced expression of
ARID?2 notably inhibited the migration and invasion of MHCC97-
H and PVTT cells (Fig. 2B and SI Appendix, Fig. S24). In con-
trast, knockdown of ARID2 significantly promoted migration and
invasion of PLC/PRF/5 and YY-8103 cells (Fig. 2C and SI Ap-
pendix, Fig. S2B). Therefore, these results suggested that ARID2
suppressed migration and invasion of HCC cells in vitro.
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ARID2 expression was down-regulated in metastatic HCC and positively correlated with good prognosis of patients. (A and B) Expression levels of

ARID2 mRNA and protein in clinical HCC tissues, metastatic HCC tissues (hepatic portal vein carcinoma thrombus), and their adjacent noncarcinoma normal
tissues were investigated by RT-qPCR (n = 34) and Western blot, respectively. (C) Immunohistochemistry was employed to identify the expression of ARID2
protein in N, T, and P tissues. (Scale bar, 250 pm.) (D) H-scores of ARID2 protein in N (n = 60), T (n = 73), and P (n = 214) HCC tissues. (E and F) The overall
survival (ARID2 high, n = 84; ARID2 low, n = 203; P = 0.0095) and disease-free survival (ARID2 high, n = 62; ARID2 low, n = 150; P = 0.0495) of patients with
ARID2 low and high expression. Data were analyzed using Student’s t test. All **P < 0.01, ***P < 0.001.

Jiang et al.

PNAS | March3,2020 | vol. 117 | no.9 | 4771

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914937117/-/DCSupplemental

k%

A

MHCC97-H PVTT

C

1 1500 rra
R R M w5+ EBSCR @SCR
W& FE e E@ShARID2-1# § EshARID2-1#
Flag-ARID2 S~ == § E3shARID2-2# £ 1900 E3shARID2-2#
GAPDH e s F1000; %
PLC/PRF/5 YY-8103 s 5001
shARID2  shARID2 3= 5001 ]
SCR 1# 2# SCR 1# 2# ) ©
ARID2 =~ - s = g |

0- =
PLC/PRF/5 YY-8103 PLC/PRF/5 YY-8103

GAPDH = . e e —

B

EVectorEBARID2 MHCC97-H injection lobe non-injection lobe E 100-
_4007  sxs bk 150 " 800, oy
5 r .. T~ _n_v
o = 75 ‘ector
] Vector g T e
SH0 * 8100{ ,¢° = 600| gfa = £ 0 ARID2
= £ 5 1
§2001 2 % 400 . s £ j5| P=0.0065
c S S J
2100 ARID2 2 o 200 _1_1:’ 5
= o
k=3 0t~ - ol— u 0 15
= 0 . Vector ARID2 Vector ARID2 weeks
MHCC97-H PVTT
EaVector E3ARID2 O injection lobe non-injection lobe G _100
4001 ok i S
10 40 g SoR
N 3751~
g8 30 g —shARID2
E6 S 501
= 20 0
= = P=0.0029
8 10 o
ShARID2 L2l 3,
0 v .
o SCRShARID2 ~ SCRshARID2 0 e © B
MHCC97-H PVTT

4 weeks ) | primary tumor metastases

; 2751 gme
:%5.0- S 75 —vector B '
g s ~ARID2
3 3 501
c2.51 = P=0.022
£ 8 25 —| PKA
.0 & g . . r
Vector ARID2 0 2 4 6 8
weeks
—~.2.04 - K 100
s &
1.5 % 751~ SCR
" P £ --shARID2 Arid2
51.04 S 501
3 7] P=0.0008
o =
shARIDZﬂ 5% 8 25 Arid2:
§U.D- g o . AlbCre
SCR shARID2 0 5
DEN(25mg/kg) induced for 13 mclns
M # N 0]
[ —_ e ns —~ PR -
g20 550 - 560 ,—- g,10 <100
£ 540 E S8 = 25| ~PK
315 2 o . 240{ o % = S 751 - pKa P=0.0095
510 83 - 5} 8 6 = 504
€ 520 e |+ S 4 2
E g & T . 3 £ o5
B 3101 oo EEE 3 3 2 8 =
Eo E) » Eo - 0 & o . ’ g
& PK PKA = PK PKA & Arid2" Arid2". = Arid2™ Arid2"; 0 100 200 300

AlbCre days

AlbCre

Fig. 2. ARID2 suppressed the migration and invasion of HCC cells in vitro and inhibited the metastasis of HCC cells in vivo. (A) The protein levels of ARID2 in
stably transfected HCC cells were examined by Western blot. (B and C) The effects of ARID2 on migration and invasion of HCC cells were investigated by
Boyden chamber and transwell assay. (D and F) Gross morphology of livers injected with stably transfected HCC cells or control cells in left lobe and statistical
analysis of foci number in injection lobe and noninjection lobes. Metastases on surface of injection lobe and noninjection lobes were counted under mi-
Croscope. N(vHcco7-H-vector) aNd Nvrcca7-H-ARID2)=7; NpLcPRES-scR)=10, NpLCPRES-shariD2)=8. (E and @) Survival of the mice in intrahepatic metastasis mouse model
injected with stably transfected HCC cells or control cells. MHCC97-H-ARID2 and control cells, n = 10, P = 0.0065; PLC/PRF/5-shARID2 and control cells, n = 7,
P =0.0029. (H and J) Fluorescence of metastases generated in distant seeding mouse model tail-vein-injected with stably transfected HCC cells or control cells
was monitored, n = 5. (/ and K) Survival of mice in the distant-seeding mouse model. MHCC97-H-ARID2 and control cells, n = 8, P = 0.022; PLC/PRF/5-shARID2
and control cells, n = 7, P = 0.0008. (L) Primary tumors and metastatic lesions of HCC mouse models. Mice of P53/Ras®’? driven and DEN (25 mg/kg) induced
HCC mouse models were euthanized at 4 and 13 months old, respectively. (M and N) Number of primary tumors (liver) and metastatic lesions (lung) of HCC
mouse models. PK, n = 14; PKA, n = 13; Arid2™" and Arid2™"; AlbCre, n = 5. (0) Survival of PK and PKA mice. n = 10, P = 0.0095. Data were analyzed using
Student’s t test. PK: P53™"; 1S1-Ras®'?P; AlbCre. PKA: P53™, [S1-Ras®'2P; Arid2; AlbCre. All *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
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An intrahepatic metastasis mouse model was used to verify the
suppressive effect of ARID2 in HCC metastasis. As shown in
Fig. 2D, fewer foci were detected on injected and noninjected
lobes of the nude mice injected with MHCC97-H-ARID?2 cells
(Fig. 2D and SI Appendix, Fig. S34), compared with those in-
jected with control cells. The mice with MHCC97-H-ARID2
cells had longer survival than control mice (Fig. 2E). In contrast,
ARID2 knockdown remarkably increased foci formation on both
injected and noninjected liver lobes (Fig. 2F and SI Appendix,
Fig. S34). Accordingly, mice in shARID2 group exhibited
shorter overall survival than those in scramble shRNA (SCR)
group (Fig. 2G). These results suggested that ARID2 extended
the survival time of tumor-bearing mice by repressing metastasis
of HCC cells.

We also investigated the effect of ARID2 on distant seeding of
HCC cells using a tail vein injection model. Four weeks after
injection, lung seeding was notably weaker in mice injected with
MHCC97-H-ARID2 cells compared to the control group,
according to the fluorescence intensity (Fig. 2H), associated with
prolonged survival (Fig. 2I). On the contrary, PLC/PRF/5-
shARID2 cells exhibited an increase in metastatic seeding
compared with SCR cells (Fig. 2/), and the mice in PLC/PRF/5-
shARID2 group had poorer survival than those in SCR group
(Fig. 2K). Consistent with the in vitro study, these results dem-
onstrated that ARID2 repressed metastasis of HCC cells in vivo.

To further verify the suppressive effect of ARID2 on HCC
metastasis, a primary HCC mouse model P53™"; LSL-Ras®"?P
was employed, and hepatic ARID2 was specificaléy deleted b/y
Alb-Cre. In 4-month-old Alb-Cre; P53""; LSL-Ras“"*"; Arid2™"
(PKA) mice, more pulmonary metastases were detected com-
pared with control (PK) mice (Fig. 2 L and M and SI Appendix,
Fig. S3B). Moreover, hepatic deletion of Arid2 significantly in-
creased pulmonary metastases in N-nitrosodiethylamine (DEN;
25 mg/kg)-induced HCC mouse model (Fig. 2 L and N and SI
Appendix, Fig. S3B). Consistently, PKA mice had shorter survival
than the control mice (Fig. 20). Therefore, liver-specific deletion
of ARID2 promoted HCC metastasis in different mouse models.
Taken together, we demonstrated that ARID2 acted as a me-
tastasis suppressor in HCC.

ARID2 Repressed EMT of HCC Cells. During the EMT program,
genes involved in cell adhesion, migration, and invasion were
transcriptionally altered (4). Therefore, we hypothesized that
ARID2 might suppress metastasis of HCC by inhibiting EMT of
HCC cells. To identify this hypothesis, we examined the ex-
pression of EMT genes and found that ARID2 overexpression
repressed the expression of mesenchymal marker N-cadherin,
Snail, and p-catenin and increased the expression of epithelial
marker E-cadherin (Fig. 34). Down-regulation of ARID2 in-
creased the expression of N-cadherin, Snail, and p-catenin, while
attenuating the expression of E-cadherin in HCC cells (Fig. 3B).
Furthermore, a consistent expression pattern of EMT genes was
observed in primary hepatocytes from ARID2-knockout mice (S
Appendix, Fig. S44). Therefore, our data suggested that ARID2
inhibited metastasis of HCC by suppressing EMT.

ARID2 Inhibited Snail Transcription in HCC Cells. Molecular repro-
gramming occurring during EMT is triggered and orchestrated
by EMT-activating transcriptional factors, including Snail family,
Twist family, and the zinc finger E-box binding homeobox pro-
teins (17-19). Among them, we found that only the expression
of Snail was significantly correlated with ARID2 (Fig. 3 A and
B). To further elucidate their relationship, RT-qPCR was used
to examine the expression of Snail in cells with modulated
ARID2 expression. Forced expression of ARID2 decreased
Snail transcription while increasing the transcription of its target
gene E-cadherin in MHCC97-H and PVTT cells, whereas
ARID2 knockdown in HCC cells and Arid2 knockout in primary
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hepatocytes increased Snail transcription and decreased E-
cadherin transcription (Fig. 3 C and D and SI Appendix, Fig.
S4B). In addition, we found that ARID2 potentially binds to the
promoter of Snail (Fig. 3E), based on the chromatin immuno-
precipitation sequencing (ChIP-seq) data (GSE69568) in HepG2
cells (20). We speculated that ARID2 might regulate the tran-
scription of Snail. Luciferase reporter assay revealed that the
activity of Snail promoter was inhibited by ARID2 over-
expression and activated in ARID2 knockdown HCC cells (Fig.
3F). Furthermore, metastatic lesions generated by MHCC97-H-
ARID2 cells in an intrahepatic metastasis mouse model dis-
played lower expression of Snail and higher expression of E-
cadherin compared with lesions generated by control cells. In
contrast, metastatic lesions generated by PLC/PRF/5-shARID2
cells demonstrated a converse Snail and E-cadherin expression
pattern (Fig. 3G and SI Appendix, Fig. S4C). Besides, expression
of Snail protein was increased while E-cadherin was decreased in
pulmonary metastatic lesions of PKA mice and DEN-treated
ARID2-knockout mice when compared to control mice (Fig.
3H and SI Appendix, Fig. S4D). In addition, HCC tissues with
higher level of ARID2 expression showed lower level of Snail
expression, and vice versa (Fig. 3I). Statistical analysis revealed
that ARID2 and Snail were inversely correlated at the level of
mRNA and protein in clinical samples (Fig. 3 / and K). Finally,
HCC patients with ARID2'™™ Snail™®" expression had shortest
overall survival time, while the patients with ARID2"€" Snail'*™
expression had the longest survival time (Fig. 3L). Therefore,
these data disclosed that ARID2 suppressed the expression of
EMT-regulator Snail by inhibiting its promoter activity. We also
revealed the relationship and the clinical significance of ARID2
and Snail in HCC. To investigate whether ARID2 suppressed
HCC metastasis mainly through the regulation of Snail, Snail was
overexpressed in ARID2-overexpressing HCC cells and was
knocked down with shRNA in ARID2 knockdown HCC cells (SI
Appendix, Fig. S5A4). Migration and invasion of these HCC cells
were assessed by Boyden chamber assay and transwell assay,
respectively. We found that the migration and invasion capability
of ARID2-overexpressing HCC cells were rescued by forced expres-
sion of Snail, while down-regulation of Snail expression effectively
inhibited the migration and invasion of ARID2 knockdown HCC
cells (SI Appendix, Fig. S5 B and C). Accordingly, overexpression of
Snail restored the metastatic capacity of MHCC97-H-ARID2
cells and significantly increased the number of metastatic foci in
both injection lobes and noninjection lobes. Down-regulation of
Snail expression inhibited the intrahepatic metastasis of PLC/
PRF/5-shARID2 cells and effectively reduced the number of
foci in injection lobes and noninjection lobes (SI Appendix, Fig.
S5D). To further confirm the contribution of Snail to inhibition of
HCC metastasis by ARID2, we investigated the distant seeding
of HCC cells using tail vein injection model. Forced expression of
Snail notably promoted the lung seeding of MHCC97-H-ARID2
cells, while Snail knockdown remarkably reduced the lung seeding
of PLC/PRF/5-shARID2 cells (SI Appendix, Fig. SS5E). These re-
sults suggested that ARID?2 inhibited the migration, invasion, and
metastasis of HCC cells mainly through the regulation of Snail.

ARID2 Recruited DNMT1 to Snail Promoter to Enhance DNA Methylation.
Next, the mechanism underlying transcriptional suppression of
Snail by ARID2 was explored. As a subunit of SWI/SNF com-
plex, ARID2 potentially interacted with epigenetic regulators
modulating gene transcription (21). Therefore, we examined the
interaction between ARID2 and several candidate epigenetic
modifiers. We found that ARID2 interacted with DNA methyl-
transferase DNMT]1, either exogenously or endogenously, which
was further confirmed by their colocalization in the nucleus (Fig.
4 A and B). Glutathione-S-transferase (GST) pull-down assay
further confirmed the direct interaction between ARID2 and
DNMT1 (Fig. 4C). Moreover, various truncated mutants of
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Fig. 3. ARID2 suppressed EMT and Snail transcription of HCC cells. (A and B) The expression of EMT associated factors in ARID2 knockdown and over-
expressing HCC cells were examined by Western blot. (C and D) mRNA levels of Snail and E-cadherin in stably transfected HCC cell lines were examined by RT-
gPCR. (E) Based on previous ChIP-seq data from HepG2 cells, ARID2 potentially bound at the promoter region of Snail gene. (F) Effect of ARID2 on activity of
Snail promoter in stably transfected HCC cells was assessed by reporter assay. (G and H) Snail expression in metastatic lesions of intrahepatic metastasis mouse
model and HCC mouse models was evaluated by immunohistochemistry. (Scale bar, 25 um.) (/) The converse ARID2 and Snail expression pattern in clinical HCC
tissues were assessed by immunohistochemistry. (J), (K) The correlation of expression between ARID2 and Snail at mRNA (n = 34, P = 0.0046) and protein
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Fig. 4. ARID2 up-regulated the methylation of Snail promoter by recruiting DNMT1. (A) Endogenous ARID2 interacted with exogenous and endogenous
DNMT1. (B) Localization of ARID2 and DMNT1 protein in HEK293T was examined by immunofluorescence assay. (Scale bar, 25 um.) (C) GST pull-down assay
was performed to verify the direct interaction between ARID2 and DNMT1. (D) Coimmunoprecipitation was used to examine the interaction between ex-
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domain and DNMT1 was examined by coimmunoprecipitation in HEK293T cells. (F and G) The binding of ARID2 on Snail promoter in ARID2-overexpressing
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ARID2 were constructed, and truncation assay demonstrated that
C2H2 domain was indispensable for ARID2-DNMT1 interaction
(Fig. 4D). Furthermore, we detected interaction between DNMT1
and C2H2 domain (Fig. 4E). These findings suggested that the
interaction between ARID2 and DNMT1 was mediated via
C2H2 domain.

The previous ChIP-seq data suggested direct binding of ARID2
to the promoter region of Snail (20), and chromatin immuno-
precipitation (ChIP) assay confirmed this possibility. An enrich-
ment of ARID2 protein was observed at —740 to —615 bp
upstream of the transcription start site of Snail gene in MHCC97-
H and PVTT cells, while ARID2 occupancy at this region was
reduced in PLC/PRF/5 and YY-8103 ARID2 knockdown cells
(Fig. 4 F and G). Furthermore, ChIP-Re-ChIP assay suggested
that DNMT1 co-occupied at the same promoter region of Snail
with ARID2 (-740 to —615 bp) (Fig. 4H), which overlapped
with CpG island (637 to +60 bp). In addition, we observed in-
creased binding of DNMTT1 to the Snail promoter in ARID2-
overexpressing HCC cells while decreased binding in ARID2
knockdown cells, suggesting that ARID2 recruited DNMT1 to
Snail promoter (Fig. 4 I and J). DNA methylation of promoter is
commonly associated with gene silencing (15). We found that DNA
methylation approximate to the binding site of ARID2 and DNMT1
in Snail promoter was up-regulated in ARID2-overexpressing HCC
cells and down-regulated in ARID2-knockdown HCC cells, which
was coincident with DNMTT1 binding (Fig. 4 K and L). Therefore,
ARID2 suppressed Snail transcription by recruiting DNMT1 to
Snail promoter, which resulted in elevated promoter methylation in
HCC cells.

Inhibition of DNMT1 Rescued the Suppression of Migration and
Invasion by ARID2 in HCC Cells. To further evaluate the involve-
ment of DNMT1 in the metastasis suppressor role of ARID2, we
examined whether loss of DNMT1 could restore the phenotype
and Snail expression in ARID2-overerxpressing HCC cells. Two
inhibitors of DNMT1, 5-azacitidine (5-AZA) and 6-thioguanine
(6-TG), decreased the expression of DNMT1 protein and increased
the mRNA and protein level of Snail in ARID2-overexpressing
MHCC97-H and PVTT cells (Fig. 5 A and B). Moreover, the in-
hibition of migration and invasion by ARID2 in HCC cells were
relieved upon inhibitor treatment (Fig. 5C and SI Appendix, Fig.
S6A). To further confirm these observations, we knocked down
DNMT1 in HCC cells which overexpressed with ARID2 and also
found that mRNA and protein level of Snail were notably increased
(Fig. 5 D and E). In addition, DNMT1 knockdown rescued the
suppressed migration and invasion in ARID2-overexpressing HCC
cells (Fig. 5F and SI Appendix, Fig. S6B). Our data suggested that
either inhibition of DNMT1 activity or down-regulation of DNMT1
expression could restore the inhibition of migration and invasion by
ARID2 in HCC cells via restoring Snail expression.

ARID2 Mutation Disrupting C2H2 Domain Was Positively Associated
with HCC Metastasis. ARID2 shows high mutation frequency in
HCC. Based on the data from TCGA database (TGCA; Pro-
visional), we found that the mutations were distributed randomly
throughout ARID2 gene. However, approximate 40% (6/16)
truncated mutations were enriched at the zinc finger domain of
ARID2 (C2H2 domain) and over 60% (16/24) mutations led to
disruption of CZH2 domain, suggesting that C2ZH2 domain was
crucial for ARID2 (Fig. 64). We discovered a truncated muta-
tion of ARID?2 (3817C > T or R1273*) in a clinical PVTT tissue-
derived cell by exon sequencing, which was also reported by
TCGA data (TCGA-G3-A5SL-01) (Fig. 6B). We constructed
this truncation mutation and examined the distinct features of
this mutant from wild-type ARID2. RT-qPCR and Western blot
disclosed that 3817-truncated mutant showed little influence on
Snail expression (Fig. 6C). Accordingly, transcriptional activity
of Snail promoter was unaffected by 3817-truncated mutant
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compared with vector control (Fig. 6D). Moreover, no interac-
tion was detected between 3817-truncated mutant and DNMT1
by Co-IP; 3817-truncated mutation disturbed the interaction
between ARID2 and DNMT1 (Fig. 6E). Furthermore, DNMT1
occupancy at Snail promoter was remarkably weakened by 3817-
truncated mutant compared with wild-type ARID2 in HCC cells,
this indicated that 3817-truncated mutation impeded the re-
cruitment of DNMT1 to Snail promoter mediated by ARID2
(Fig. 6F). Simultaneously, DNMT1-mediated promoter methyl-
ation of Snail was also decreased in HCC cells overexpressing
3817-truncated mutant compared with those overexpressing
wild-type ARID2 (Fig. 6G). Furthermore, 3817-truncated mu-
tant only slightly decreased the migration and invasion of HCC
cells, and the suppressive effect was much weaker than wild-type
ARID?2 (Fig. 6H). In addition, we analyzed the TCGA data and
found that ARID2 mutations disrupting C2H2 domain were
positively associated with vascular metastasis of cancer cells
(TGCA, Provisional; INSERM, Nat Genet 2015), poor overall
survival, and disease-free survival of HCC patients (TCGA,
Provisional) (Fig. 6 I and J). Taken together, these data revealed
that C2H2 mutations abolished the metastasis suppressor func-
tion of ARID2 by losing the ability to recruit DNMT1 to Snail
promoter.

Discussion

Mutation ratio of SWI/SNF complex ranked third in cancers
(22). As a component of SWI/SNF complex, ARID2 had a high
mutation frequency in HCC, and these mutations often resulted
in partial or complete loss of physiological function (23). There-
fore, ARID2 is supposed to play a vital role in carcinogenesis and
cancer progression. As previously reported, ARID2 modulated
DNA damage and cell cycle in HCC, which contributed its sup-
pressor function. However, the role of ARID2 in HCC metastasis
remains largely unknown. Our study showed that ARID2 ex-
pression was further reduced in metastatic HCC tissues when
compared to primary HCC tissues, and its expression was nega-
tively correlated with extrahepatic metastasis of HCC, while pos-
itively associated with survival of HCC patients. These findings
indicated an important role of ARID2 in HCC metastasis. This
speculation was confirmed by the suppression on migration and
invasion of HCC cells in vitro, and repression of intrahepatic
metastasis and pulmonary seeding of HCC cells in vivo by ARID2.
We also demonstrated the metastasis suppressor role of ARID2 in
different primary HCC mouse models. Therefore, we disclosed a
metastasis suppressor function of ARID2 in HCC in this work.

EMT process was positively correlated with the metastasis of
cancer cells and altered the expression of factors involved in
maintaining the epithelial or mesenchymal characteristics (18).
Recently, it was indicated that deletion of ARID2 elevated the
expression of genes involved in EMT in mouse melanoma cells
(24). Consistently, we clarified that ARID2 repressed the
EMT of HCC cells. After screening the major EMT-activating
transcription factors (ATFs), including members of Snail, Zeb,
and Twist family, and analyzing the previous ChIP-seq data
(GSE69568) in HepG2 cells, we found that only Snail exhibited
mutually exclusive expression pattern with ARID2 in HCC cells
with modulated ARID2 expression. We also observed the simi-
lar expression pattern of Snail and ARID2 in metastatic le-
sions in mouse models and clinical samples. Interestingly,
ARID2"#"Snail'™ HCC patients showed the longest survival time,
while the shortest survival time was observed in ARID2'*“Snail""
patients. All these evidence uncovered the inverse correlation
between Snail and ARID2 and revealed the prognostic signif-
icance of these two molecules.

Chromatin remodeling molecules often regulate gene expression
cooperating with epigenetic modulators. E2F4-RBL2-HDACI1-
BRM complex suppressed PRAP1 transcription (25), mSin3A/
HDAC2 and PRMT5-containing BRG1 complex was involved in
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Fig. 5. Inhibition of DNMT1 rescued the suppression of migration and invasion by ARID2 in HCC cells. (A and D) RT-qPCR was performed to investigate the

mRNA levels of ARID2, DNMT1 and Snail of ARID2 overexpressing HCC cells and control cells treated with shRNA targeted DNMT1 or DNMT1 inhibitors 5-AZA
(5 pM) and 6-TG (3 pM) for 48 h. (B and E) The alterations of Snail and DNMT1 protein level were examined by Western blot in ARID2-overexpressing HCC cells
and control cells treated with shRNA targeted DNMT1 or DNMT1 inhibitors for 48 h. (C and F) Boyden chamber and transwell assay were employed to assess
the migration and invasion of ARID2-overexpressing MHCC97-H and PVTT cells which DNMT1 was inhibited by shRNA or treated with DNMT1 inhibitors for 48 h.

Data were analyzed using Student’s t test. All **P < 0.01, ***P < 0.001.

transcriptional repression of the Myc target gene cad (26). To
find the epigenetic regulator involved in the regulation of Snail
transcription by ARID2, we examined the interaction between
ARID?2 and several candidates. Finally, we identified DNMT1 as
the epigenetic modulator assisting ARID2. DNMT1 mediated
DNA methylation maintaining in CG dinucleotide-rich regions
for transcriptional repression (27). Recent studies reported that
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reduced expression of DNMT1 and DNA methylation induced
EMT in prostate cancer (16, 28), but the downstream gene and
regulation manner of DNMT1 in EMT were unclear. We con-
firmed the interaction between ARID2 and DNMT]1. Further-
more, we verified the co-occupancy of ARID2 and DNMT1 at
the same region of Snail promoter. In addition, the binding of
DNMT1 to Snail promoter enhanced DNA methylation and was
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regulated by ARID2 expression. These suggested that DNMT1
was recruited to Snail promoter by ARID2. To verify the involve-
ment of DNMT1 in the metastasis suppressor role of ARID2, we
used DNMT1 inhibitors and modulated the expression of DNMT].
Both of them demonstrated that inhibition of DNMT1 rescued the
inhibition of migration and invasion by ARID2. Taken together,
our work disclosed a mechanism underlying EMT suppressor
function of ARID2: ARID2 recruited DNMT1 to Snail pro-
moter, elevated the DNA methylation, and suppressed Snail
transcription, leading to subsequent repression of EMT.

A previous study reported that Snail promoter CpG island
was hypermethylated during the early stage of tumorigenesis
and was demethylated when cancer cells progressed from ep-
ithelial phenotype to a highly metastatic spindle morphology
at the latter stage of tumorigenesis (29). In our study, we
revealed that ARID2 repressed the metastasis of HCC cells by
recruiting DNMT1 to Snail promoter, which increased pro-
moter methylation and inhibited Snail transcription. ARID2
shows high mutation frequency in HCC, and the mutations
disrupting C2H2 domain could not recruit DNMT1 to Snail
promoter, leading to decreased methylation of Snail pro-
moter, which was associated with vascular metastasis and poor
prognosis. Meanwhile, inhibition of DNMT1 increased Snail
expression and relieved the inhibition of migration and in-
vasion by ARID2. Based on these findings, we proposed a
hypothesis: ARID2 loss or ARID2 mutation with disrupted
C2H2 domain occurred during HCC progression, which im-
paired recruitment of DNMT1 to Snail promoter, leading to
decreased methylation of Snail promoter CpG island and in-
creased Snail expression. Therefore, our observations were
consistent with ref. 29, and provided a potential explanation
for DNA methylation alterations in promoter regions of Snail
when cancer cells obtained the metastasis capacity at later
stage of tumor progression.

Although ARID2 was highly mutated in HCC, the function
of its mutations remains largely unknown. Domain mapping
disclosed that the C2H2 domain was required for ARID2-
DNMT1 interaction. ARID2 mutation was randomly localized
throughout the gene; however, we found that about 40%
truncated mutation occurred approximately to the C2H2 do-
main and over 60% mutations disrupted the C2ZH2 domain.
Interestingly, mutations disrupting the C2H2 domain were
positively associated with HCC metastasis and poor prognosis
of HCC patients. Coincidently, we found that one of these
mutations, 3817C > T, lost the ability to interact with
DNMT1. Subsequently, this mutation showed little effect on
Snail transcription as well as migration and invasion of HCC
cells. It seemed that the metastasis suppressor function of
ARID?2 was abolished by disruption of C2H2 domain, which
was consistent with the correlation between the mutations and
survival of HCC patients.
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In conclusion, we identified the metastasis suppressor role
of ARID2 in HCC and disclosed the underlying mechanism.
ARID?2 recruited DNMT1 to the promoter of Snail, suppressed
Snail transcription by enhancing DNA methylation, leading to
repression of EMT. In addition, we clarified the loss-of-function
mechanism for ARID2 mutants and the correlation between
ARID2 mutations disrupted the C2H2 domain and HCC me-
tastasis (Fig. 6K). About 60% mutations of ARID2 were C2H2
truncation, thus our findings may provide far-reaching implica-
tions to therapeutic targets for ARID2-mutant HCC.

Materials and Methods

Cell Lines and Tumor Samples. PVTT cells was established by our laboratory,
the details of establishing PVTT cell line and clinical information about the
patient who provided the tumor tissue has been described previously (30).
HEK293T and other human HCC cells were purchased from Cell Bank of Type
Culture Collection of Chinese Academy of Sciences, Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco) supplemented with 1% antibiotics and 10% fetal bovine
serum (FBS) were used to culture the cells, the culture incubator was steril-
ized at 37 °C with 5% CO,.

After obtaining written informed consent, all HCC and paired adjacent
tissues were collected from Eastern Hepatobiliary Surgery Hospital, Second
Military Medical University (Shanghai, China) between 2013 and 2015. To
evaluate the expression of ARID2 and Snail, we examined the tissues array
with different cohort of HCC patients and analyzed the correlation between
ARID2 and clinical features, Snail expression. These experiments were ap-
proved by the Ethical Committee of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences (Shanghai, China) following the
declaration of Helsinki ethical guidelines.

Statistical Analysis. The correlations between the clinicopathological features
and ARID2 staining scores were analyzed using the chi-square (x°) test.
Survival curves were plotted by the Kaplan—-Meier method and analyzed by
the log-rank test. Statistical analyses were performed by GraphPad Prism 5
and SPSS17.0 software. The results are representative of at least three in-
dependent experiments performed in triplicate and are expressed as the
means +SD. The data were analyzed using Student's t test.

Data Availability. Correlation between ARID2 expression and clinicopatho-
logic features of HCC is available in S/ Appendix, Table S1. Detail of plasmid
generation is described in S/ Appendix, Methods and Materials. All data used
for the study are within the manuscript and S/ Appendix.
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