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RNA Helicase DEAD Box Protein 5

Regulates Polycomb Repressive Complex

2/Hox Transcript Antisense Intergenic
RNA Function in Hepatitis B Virus

Infection and Hepatocarcinogenesis

Hao Zhang,l’2 Zheng Xing,z’3 Saravana Kumar Kailasam Mani, ! Brigitte Bancel,* David Durantel,* Fabien Zoulim,*
Elizabeth J. Tran,>* Philippe Merle,* and Ourania Andrisani'?

Chronic hepatitis B virus (HBV) infection is a major factor in hepatocellular carcinoma (HCC) pathogenesis by a
mechanism not yet understood. Elucidating mechanisms of HBV-mediated hepatocarcinogenesis is needed to gain
insights into classification and treatment of HCC. In HBYV replicating cells, including virus-associated HCCs, suppres-
sor of zeste 12 homolog (SUZ12), a core subunit of Polycomb repressive complex2 (PRC2), undergoes proteasomal
degradation. This process requires the long noncoding RNA, Hox transcript antisense intergenic RNA (HOTAIR).
Intriguingly, HOTAIR interacts with PRC2 and also binds RNA-binding E3 ligases, serving as a ubiquitination scaf-
fold. Herein, we identified the RNA helicase, DEAD box protein 5 (DDXS5), as a regulator of SUZ12 stability and
PRC2-mediated gene repression, acting by regulating RNA-protein complexes formed with HOTAIR. Specifically,
knockdown of DDXS5 and/or HOTAIR enabled reexpression of PRC2-repressed genes epithelial cell adhesion mole-
cule (EpCAM) and pluripotency genes. Also, knockdown of DDX5 enhanced transcription from the HBV minichro-
mosome. The helicase activity of DDX5 stabilized SUZ12- and PRC2-mediated gene silencing, by displacing the
RNA-binding E3 ligase, Mex-3 RNA-binding family member B (Mex3b), from HOTAIR. Conversely, ectopic expres-
sion of Mex3b ubiquitinated SUZ12, displaced DDX5 from HOTAIR, and induced SUZ12 down-regulation. In G,
phase of cells expressing the HBV X protein (HBx), SUZ12 preferentially associated with Mex3b, but not DDXS5,
resulting in de-repression of PRC2 targets, including EpCAM and pluripotency genes. Significantly, liver tumors from
HBx/c-myc bitransgenic mice and chronically HBV-infected patients exhibited a strong negative correlation between
DDX5 messenger RNA levels, pluripotency gene expression, and liver tumor differentiation. Notably, chronically
infected HBV patients with HCC expressing reduced DDXS5 exhibited poor prognosis after tumor resection, identifying
DDX5 as an important player in poor prognosis HCC. Conclusion: The RNA helicase DDX5, and E3 ligase Mex3b,
are important cellular targets for the design of novel, epigenetic therapies to combat HBV infection and poor prognosis
HBV-associated liver cancer. (HEPATOLOGY 2016;64:1033-1048)

Abbreviations: Abs, antibodies; ATP, adenosine triphosphate; cDNA, complementary DNA; cccDNA, circular covalently closed DNA; ChIP, chroma-
tin immunoprecipitation; CHX, cyclohexamide; DDXS5, DEAD box protein 5; DTT, dithiothreitol; Dzip3, DAZ-interacting zinc finger protein 3;
dTB, double thymidine block; EED, embryonic ectoderm development; ELISA, enzyme-linked immunosorbent assay; EpCAM, epithelial cell adhesion
molecule; ESCs, embryonic stem cells; FA, fluorescent anisotropy; H3K27me3, trimethylation of H3 on K27; HBc, HBV core; HBeAg, HBe antigen;
HBV, hepatitis B virus; HBx, HBV X protein; HCG, hepatocellular carcinoma; hCSCs, hepatic cancer stem cells; HOTAIR, Hox transcript antisense
intergenic RNA; IGFIL, insulin-like growth factor II; IgG, immunoglobulin G; IncRNA, long noncoding RINA; Mex3b, Mex-3 RNA-binding family
member B; mRINA, messenger RNA; NTCP, sodium taurocholate cotransporting peptide; OCTH, octamer 4; pgRINA, pregenomic RNA; PHHE,
primary human hepatocytes; PLK1, polo-like-kinase 1; PRC2, Polycomb repressive complex 2; qPCR, quantitative PCR; RIP, ribonucleoprotein
immunaprecipitation; RNP, RNA-protein; RT-PCR, reverse-transcriptase polymerase chain reaction; siRINA, small interfering RNA; SOX2, SRY (sex
determining region Y)-box 2; SUZ12, suppressor of zeste 12 homolog; WCE, whole~cell extracts; WT, wild type.
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hronic hepatitis B virus (HBV) infection is a
major factor in development of hepatocellular
carcinoma (HCC),? and the 16.5-kDa HBV X
protein (HBx) protein encoded by HBV is a cofactor in
HCC pathogenesis.(z’3) Despite the HBV vaccine, the
World Health Organization estimates that 250 million
people globally are chronically infected with HBV. More-
over, the HBV vaccine is not always protective; children
born of infected mothers become chronically infected.
Current treatments include antiviral nucleoside analogs,
efficient in suppressing HBV replication, but having no
impact on persistence of the viral minichromosome, or
production of the HBV oncoprotein HBx by the integrat-
ed viral DNA.® In advanced-stage HCC, sorafenib ther-
apy provides survival improvement, delaying tumor
progression.>® Thus, new and effective mechanism-
based therapies are needed to inhibit deleterious effects of
HBx protein on cell homeostasis, by targeting essential
mechanisms of viral replication and HCC pathogenesis.
Herein, we have identified such a molecular mecha-
nism, having a role both in HBV replication and hepato-
carcinogenesis. It involves the RNA helicase, DEAD
box protein 5 (DDX5), regulating stability and function
of the chromatin modifying Polycomb repressive complex
2 (PRC2). Suppressor of zeste 12 homolog (SUZ12), an
essential subunit of PRC2, is down-regulated in HBV-
replicating cells and liver tumors of animals modeling
HBV-induced liver cancer.”® SUZ12 down-regulation

involves  proteasomal  degradation initiated by
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phosphorylation of SUZ12 by mitotic polo-like-kinase 1
(PLK1),”> which is activated by HBx."”) Intriguingly,
SUZ12 degradation is accelerated by the long noncoding
RNA (IncRNA), Hox transcript antisense intergenic
RNA (HOTAIR),” suggesting that the E3 ligase that
ubiquitinates SUZ12 also binds to HOTAIR.

The PRC2 complex regulates lineage selection during
embryonic development and stem cell differentia-
tion"'? by trimethylation of H3 on K27 (H3K27me3),
a transcription silencing modification. PRC2 associates
with more than 9,000 IncRNAs"*'* and represses tran-
scription of >1,000 genes in embryonic stem cells
(ESCs). ™" IncRNAs are proposed to recruit PRC2 to
specific gene loci for re,g)ression through direct protein-
RNA interactions.*>*® However, neither association
with chromatin nor with RNA is sufficient for gene
repression.(w’lg) Specific gene repression may require
active remodelin% of PRC2-IncRNA complexes by
RNA helicases." One family of RNA helicases is the
DEAD box helicases, which function as RNA-
dependent ATPases and adenosine triphosphate (ATP)-
dependent RNA helicases,**?Y unwinding RNA
duplexes, displacing proteins from RNA, and remodeling
RNA-protein (RNP) complexes.(zo’m

Here, we provide evidence that SUZ12 interacts with
DEAD box RNA helicase DDX5/p68.%? Mammalian
DDXS acts as a transcriptional regulator®® by associating
with different transcriptional effectors.**** The yeast
homolog of DDX5 functions in IncRNNA-dependent
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gene regulation, > supporting that DEAD box RNA
helicases can influence IncRNA function in vive. Here,
we show that DDX5 has a role in RNP complexes
formed with HOTAIR. HOTAIR binds to PRC2 com-
plex and represses transcription of specific genes®” and
also associates with RNA-binding E3 ligases, serving as a
ubiquitination scaffold.*”

In this study, we dissected the role of RNA helicase
DDXS5 in PRC2-mediated repression of transcription
both of cellular genes and the HBV minichromosome.®*"
Histone modifications of the viral minichromosome
determine the rate of viral transcription and, in turn, the
rate of viral replication.®? We provide evidence that
DDXS5, by regulating PRC2 stability and function, has a
dual role in infected hepatocytes; namely, regulation of
HBYV replication, and expression of specific host genes
involved in HBV-mediated hepatocarcinogenesis. These
genes include epithelial cell adhesion molecule
(EpCAM) and pluripotency genes expressed in hepatic
cancer stem cells (hCSCs).**** Importantly, analyses of
DDXS5 expression in liver tumors from X/c-myc bitrans-
genic mice® and chronically HBV-infected patients
identify DDXS5 as an important molecule in pathogenesis
of poor prognosis HBV-mediated liver cancer.

Materials and Methods

CELL CULTURE,
TRANSFECTIONS, PLASMIDS,
SMALL INTERFERING RNAs AND
SYNCHRONIZATION PROTOCOLS

HEK293T, HepG2 cells, and mouse hepatocyte
AML12 cell lines were purchased from ATCC, Manas-
sas, VA. Tetracycline regulated HBx-expressing 4pX-1
cells, derived from AMLI12 cell line, were grown as
described,®> with tetracycline (5 ug/mL) or without tet-
racycline for 16-18 hours to allow HBx expression. HBx
expression was confirmed by reverse-transcriptase poly-
merase chain reaction (RT-PCR). Synchronization of
4pX-1 cells in G4/S by double thymidine block (dTB)
was as described."” Transient transfections used Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA), with 2 ug
each of the following plasmids: pcDNA empty vector,

pcDNA-DDX5-D248N-Flag, pcDNA-DDX5-
K149N-Flag, pcDNA-DDX5-Flag, SUZ12-HA,
PIk1“*-GFP, Ubiquitin-FLAG, and pcDNA3-

HOTAIR.%®? Small interfering RNAs (siRNAs) for
DDX5, Mex-3 RNA-binding family member B
(Mex3b), and scrambled control siRNA (siCtrl) were
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transfected using Lipofectamine RNAiMAX (Invitro-

gen). Cell lines were routinely tested for mycoplasma.

BIOCHEMICAL ATPase ASSAYS

In vitro ATP hydrolysis assays were performed using an
enzyme-coupled absorbance assay.*® ATP hydrolysis rate
was measured using 400nM of purified, recombinant
MBP-DDX5-GST, or mutants in the presence and
absence of 250 ug/mL of total yeast RNA (Sigma-Aldrich,
St. Louis, MO). %o values were calculated using the for-
mula: ¥y = (Asa0/min X 2.5)/(6.22 X 10 >um),  where
kp(min~ 1) = Vo/protein concentration. DDX5 fused to an
N-terminal MBP and C-terminal GST tag (MBP-
DDX5-GST) was expressed in Escherichia coli and purified
by affinity chromatography. DDX5 mutants were purified
by the same method (N = 3; error bars represent SD).

FLUORESCENCE ANISOTROPY
ASSAY

5'6-FAM-labeled RNA 5-AGCACCGUAAAGA
CGC-3" was purchased from IDT (Integrated DNA
Technologies, Coralville, IA). Reaction mixtures
(40 uL) contained 40mM of Tris-HCl (pH8.0),
30mM of NaCl, 2.5mM of MgCl,, 2mM of 5'-
adenylylimidodiphosphate, 2mM of dithiothreitol
(DTT), 40 U of Superase-in (Life Technologies,
Carlsbad, CA), 10 nM of fluorescent RNA, and puri-
fied recombinant proteins. Binding reactions were
incubated at 25°C for 30 minutes, and assays were
performed in black 96-well microplates (Corning
Incorporated, Corning, NY, #3686) by measuring
fluorescence anisotropy (FA) signals of 6-FAM
(Aex =495 nm and e, =520 nm) utilizing a BioTek
Synergy 4 plate reader. Data were fitted to
Y =B, X/(K;+X) equation.

RIBONUCLEOPROTEIN
IMMUNOPRECIPITATION ASSAYS

Ribonucleoprotein immunoprecipitation (RIP) were
performed as described.®” Whole-cell extracts (WCE)
prepared in lysis buffer (Cell Signaling Technology,
Danvers, MA) were incubated on ice for 30 minutes,
tollowed by centrifugation at 10,000g for 15 minutes at
4°C. Supernatants were incubated with antibodies for
DDXS5 (Millipore, Temecula, CA), Mex3b (Santa Cruz
Biotechnology, Dallas, TX), or control immunoglobulin
G (IgG; Cell Signaling Technology) for 1 hour at 4°C,
followed by addition of protein A/G beads (40 uL) and
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overnight incubation at 4°C. Beads were washed with
RIP buffer (150 mM of KCl, 25 mM of Tris [pH 7.4],
5mM of ethylenediaminetetraacetic acid, 0.5mM
DTT, and 0.5% NP-40), complexes were treated with
20 units of RNase-free DNase I (15 minutes at 37 °C)
and incubated with 0.1% sodium dodecyl sulfate and
0.5mg ml ™! Proteinase K (15 min at 55 °C) to remove
DNA and proteins, respectively. RNA was isolated
from IP by PureLink RNA mini kit (Invitrogen) and
quantified by reverse transcription and quantitative
PCR (gPCR; primer sequences are listed in Supporting
Data section, Supporting Table S1).

CHROMATIN
IMMUNOPRECIPITATION ASSAYS

Chromatin immunoprecipitation (ChIP) assays were
performed using the Millipore ChIP Assay Kit (catalog
no.: 17-295) and antibodies for histone H3 (tri methyl
K27; ab6002), H3 (Active Motif), SUZ12 (Cell Signaling
Technology), and DDX5 (Millipore) were used and are
listed in Supporting Data section, Supporting Table S2.
The sequence of primers used are listed in Supporting
Data section, Supporting Table S1.

IMMUNOBLOTS AND
IMMUNOPRECIPITATIONS
ASSAYS

Immunoblots and immunoprecipitations assays per-
formed by standard protocols; antibodies used are listed
in Supporting Data section, Supporting Table S2.

REVERSE TRANSCRIPTION AND
REAL-TIME qPCR

RNA was isolated using the PureLink RNA Mini
Kit (12183018A; Invitrogen). Liver tissues from
chronic HBV patients with HCC, tumor, and peritu-
moral tissue were obtained from the French National
Biological Resources Centre following approved con-
sent from the French Liver Tumor Network Scientific
Committee. Complementary DNA (cDNA) was syn-
thesized from 2.0 ug of total RNA isolated using the
iScript ¢cDNA  Synthesis Kit (170-8891; Bio-Rad,
Hercules, CA). Quantitative RT-PCR reactions were
performed in triplicates and normalized to glyceralde-
hyde 3-phosphate dehydrogenase using FastStart
Essential DNA Green Master (06924204001; Roche),
SYBR green (Roche, Indianapolis, IN), and Roche
LightCycler 96. The 2 delta delta threshold cycle (2-
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AACt) method was used for analysis. Primer sequences

are listed in the Supporting Data section, Supporting
Table S1.
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FIG. 1. DDXS5 is an SUZ12 interacting protein involved in PRC2-
mediated target gene repression. (A) Lysates from HepG2 cells coim-
munoprecipitated (IP) with antibodies to individual PRC2 subunits,
followed by immunoblot (IB) analyses with indicated antibodies
(N = 3). (B) IPs of HepG2 lysates transfected with control (siCtrl) or
SUZ12 (siSUZ12) siRNAs with DDX5 Ab, followed by IB with indi-
cated Abs. (C) qPCR of indicated genes after transfection of siRNAs,
control (siCtrl) or DDX5 (siDDX5), in a murine, tetracycline-
regulated HBx-expressing hepatocyte cell line, the 4pX-1 cell line.®
N = 3; error bars, SD; *P < 0.05 using Student # test. (D) Association
of HOTAIR with endogenous DDX5 assessed by RIP assays using
IgG or DDX5 Ab and lysates from 4pX-1 cells. (E) gPCR of indicat-
ed genes in 4pX-1 cells transfected with siCtrl and HOTAIR siRNA
(stHOTAIR) or combination of ssHOTAIR and siDDX5 (right pan-
el). N = 3; error bars, SD; *P< 0.05 using Student # test.
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STATISTICAL ANALYSIS

Statistical analysis was performed using unpaired ¢
test. Differences were considered significant when
P<0.05. MedCalc software (Version 12.7.1.0) was
used for statistical analysis of clinico-pathological
patient data. Correlations were calculated by the
Spearman correlation test. Log-rank test and Kaplan-
Meier method were used to assess survivals. Tests were
considered significant when P < 0.05.

Results

DDXS5 IS AN SUZ12 INTERACTING
PROTEIN

DDX5 was identified by mass spectrometry as an
SUZ12 interacting protein (Supporting Table S3). We
validated these results by immunoprecipitations of
HepG2 lysates with antibodies (Abs) to each PRC2
core subunits (i.e., enhancer of zeste homolog 2
[EZH2], SUZ12, and embryonic ectoderm develop-
ment [EED]; Fig. 1A and Supporting Fig. S1A).
Endogenous DDX5 coimmunoprecipitated with each
PRC2 subunit, showing a strong signal with SUZ12.
Knockdown of SUZ12 by siRNA transfection signifi-
cantly reduced coimmunoprecipitation of endogenous
DDX5 with other core PRC2 subunits, suggesting
that DDXS5 interacts preferentially with SUZ12 (Fig.
1B and Supporting Fig. S1B). Furthermore, RNase
treatment of lysates failed to disrupt DDX5/SUZ12
association, supporting that this interaction is not

RNA dependent (Supporting Fig. S1C,D).

ROLE OF DDX5 IN PRC2-
MEDIATED TARGET GENE
REPRESSION

To determine whether DDX5/PRC?2 interaction is
functional, we examined the effect of DDX5 knock-
down on expression of known PRC2 target genes.®!"
Knockdown of DDXS5 in our model hepatocyte 4pX-1
cell 1ine® increased expression of some, but not all,
PRC2-repressed genes, including EpCAM and insulin-
like growth factor II (IGFII) and pluripotency genes
Nanog, octamer 4 (Oct4), and SRY (sex determining
region Y)-box 2 (Sox2; Fig. 1C). Importantly, EpCAM
is reexpressed in hCSCs, 33349 and IGFII is a known
DDX5-regulated gene, serving as a positive control.*”

Given that DDX5 interacts with SUZ12 (Fig. 1A),
the PRC2 complex binds HOTAIR,*” and SUZ12

ZHANG ET AL.

down-regulation is facilitated by HOTAIR,”) we exam-
ined whether DDX5 binds endogenous HOTAIR. RIP
assays showed that DDX5 bound endogenous HOTAIR
(Fig. 1D). Next, we knocked down HOTAIR by siRNA
transfection in 4pX-1 cells and observed enhanced
EpCAM expression, quantified by RT-PCR (Fig. 1E)
and verified by EpCAM immunoblots (Supporting Fig.
S2A). Knockdown of HOTAIR also resulted in statisti-
cally significant induction of Nanog, Oct4, and Sox2, but
not IGFII and DKK2 messenger RNAs (mRNAs), sug-
gesting that HOTAIR, in association with DDXS5, is
involved in PRC2-mediated repression of specific genes
(Fig. 1E). Combined knockdown of HOTAIR and
DDX5 did not have an additive effect on EpCAM
expression, supporting that these two molecules act in
the same pathway (Fig. 1E). ChIP assays showed that
HOTAIR knockdown reduced SUZ12 occupancy at the
EpCAM, Nanog, Oct4, and Sox2 promoters (Support-
ing Fig. S2C), but not delta-like 1 homolog and cyclin
D2 promoters (Supporting Fig. S2B). Taken together
(Fig. 1), these results identify DDX5 and HOTAIR as
necessary partners for PRC2-mediated transcriptional
repression of specific genes.

DDX5 IS DOWN-REGULATED IN
HBV-INDUCED HCCs AND HBV-
REPLICATING CELLS

Next, we examined DDX5 mRNA expression in liver
tumors from the HBx/c-myc animal model of HBV-
mediated hepatocarcinogenesis.” We observed statisti-
cally significant reduction in DDX5 mRNA levels in liv-
er tumors versus normal liver (Fig. 2A). Interestingly,
DDXS5 expression was also significantly reduced in group
A of human liver tumors from chronically HBV-infected
patients compared to peritumoral tissue (Fig. 2B).

Given that chronic HBV infection is linked to
HCC pathogenesis, we reasoned that cellular mecha-
nisms deregulated during HBV-induced hepatocarci-
nogenesis must provide an advantage for viral growth.
Accordingly, we examined DDX5 protein levels in
HBYV replicating cells. We employed lysates from the
HBV replication model of HepAD38 cells,*® HBV
infection models of HepG2-NTCP cells,*” and pri-
mary human hepatocytes (PHHs)*” (Fig. 2C). The
HBYV core (HBc) antigen is used as a marker of HBV
replication (Fig. 2C), whereas quantification of viral
RNA and DNA was used to monitor HBV infection
in HepG2-NTCP cells (Supporting Fig. S3A).
HepAD38 cells, derived from the HepG2 cell line,
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FIG. 2. DDXS5 levels in HBV-induced HCCs and HBV-replicating cells. (A) gPCR of DDX5 mRNA in liver tumors from X/c-
myc bitransgenic versus normal (ctr]) mice. (B) gPCR of DDX5 mRNA in liver tumors from patients chronically infected by HBV,
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HepG2-NTCP cells infected with 100 HBV vge (virus genome equivalents) for 0 and 7 days (D0-D7), and PHH lysates = HBV
infection for 3 and 6 days (D3, D6). (D,E) Immunoblots of indicated proteins in HepAD38 lysates transfected with two different
DDX5 siRNAs, siDDX5-1 and siDDX5-2, or WT DDXS5 vector, for 48 hours before cell harvesting on day 5 of HBV replication.

contain integrated HBV genome under control of the
Tet-off promoter, and support HBV replication by tet-
racycline removal.®® The HBV infection model of
HepG2-NTCP cells, over-expresses sodium taurocho-
late cotransporting peptide (NTCP) that binds the
HBV large envelope protein®” and exhibits high
infection efficiency.®? In HepG2-NTCP cells, as well
as in PHHs, which is the most physiologically relevant
HBV infection model, the viral, pregenomic RNA
(pgRNA), is transcribed only from the viral minichro-
mosome that assembles on HBV circular covalently

1038

closed DNA (cceDNA).CY In all cellular models of
HBV replication, DDX5 protein levels were reduced
concurrently with SUZ12 (Fig. 2C). We quantified a
statistically significant reduction in DDX5 mRNA lev-
els in HBV-infected cells, whereas SUZ12 mRINA lev-
els were unaltered (Supporting Fig. S3B). Interestingly,
knockdown of DDX5 in HBV-replicating HepAD38
cells by transfection of DDX5 siRNAs enhanced viral
replication, determined by a 2-fold increase in HBc pro-
tein (Fig. 2D). Conversely, overexpression of DDXS5 in
HBV-replicating cells restored SUZ12 protein levels,
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whereas HBc levels became reduced (Fig. 2E). We
interpret these results to mean that reduction of DDX5
is advantageous for viral replication.

To further confirm these results, we established the
DDX5 knockdown cell line, HepG2-NTCP-
DDX5%P (Fig. 3A). HBV infection of HepG2-
NTCP and HepG2-NTCP-DDX5*P cells showed
that DDX5 knockdown increased viral transcription,
based on enhanced expression of pgRNA and viral
HBe antigen (HBeAg), quantified by enzyme-linked
immunosorbent assay (ELISA; Fig. 3B). Given that
pgRNA is the template for HBV-DNA synthesis, we
quantified increased total HBV DNA and cccDNA in

the presence of DDX5 knockdown (Supporting Fig.
S3C). In agreement with increased pgRNA transcrip-
tion in HepG2-NTCP-DDX5*P cells, ChIP assays
quantified reduced occupancy of SUZ12 and EZH2
associated with the viral minichromosome and reduced
occupancy by H3K27me3 (Fig. 3C). By contrast,
ChIP assays of SUZ12 and EZH?2 at the promoters of
cellular genes not targeted by the DDX5/PRC2 com-
plex did not exhibit significant difference in their occu-
pancy between the two cell lines (Supporting Fig.
S3D). To directly link PRC2 function to transcription
from the viral minichromosome, we examined the

effect on HBV infection of the SUZ12 mutant
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(SUZ12-3A) that does not undergo proteasomal deg-
radation.”” Ectopic expression of SUZ12-3A in
infected HepG2-NTCP cells reduced levels of
pgRNA (Fig. 3D), total HBV DNA, cccDNA, and
HBeAg (Supporting Fig. S3E), supporting that
PRC2-mediated repression inhibits transcription form
the viral minichromosome and, in turn, HBV

replication. Interestingly, RIP assays show that in the
absence of HBV replication in HepAD38 and
HepG2-NTCP cells, DDX5 bound to HOTAIR
(Fig. 3E). However, DDX5 association with
HOTAIR was significantly reduced in the presence of
HBV replication, and, notably, DDX5 did not bind
viral RNA (Fig. 3E).
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DDX5 REGULATES SUZ12
STABILITY

We were intrigued by the concurrent reduction of
DDXS5 and SUZ12 protein levels in HBV-replicating
cells (Fig. 2C). Given that SUZ12 undergoes protea-
somal degradation,”’ we examined the effect of protea-
some inhibitor MG132 on SUZ12 protein levels, as a
function of DDX5 depletion or overexpression in
HepG2 and HEK293T cells (Fig. 4A and Supporting
Fig. S4A). DDXS5 knockdown reduced SUZ12 pro-
tein levels, whereas overexpression restored SUZ12
levels in the absence of MG132. By contrast,
MG132 stabilized SUZ12, irrespective of DDX5
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(Fig. 4A). Indeed, under conditions of SUZ12 deg-
radation, that is, with overexpression of constitutively
active PLK1 and HOTAIR,®” SUZ12 exhibited
increased ubiquitination upon knockdown of DDXS5,
whereas DDX5 overexpression suppressed ubiquiti-
nation (Supporting Fig. S4B). By contrast, DDX5
knockdown did not affect ubiquitination of the
SUZ12-3A mutant that cannot be phosphorylated by
PLK1 to initiate its proteasomal degradation (Sup-
porting Fig. S4C).

To determine whether the DDX5 effect on SUZ12
stability was dependent on its enzymatic activity, we uti-
lized two DDX5 mutants, DDX5-K144N and DDX5-
D248N.“"*? To date, only the ATPase activity of
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FIG. 7. Quantification of mRNA levels of EpCAM and pluripotency genes. (A) In HBx/c-myc liver tumors versus normal liver. (B)

Quantification of EpCAM and pluripotency gene expression in liver

tumors from chronically infected HBV patients with HCC, com-

paring group A versus group B from Fig. 2B. (C) Scatterplots of mRNA levels of DDX5 versus those of EpCAM or pluripotency
genes in HBV-related HCCs. (D) Immunohistochemistry of human HBV-related HCCs using DDX5 Ab. (E) Kaplan-Meier curves
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(P=0.17).

DDX5-K144N has been studied biochemically.“
Here, using purified recombinant DDX5 proteins (Sup-
porting Fig. S5A), we determined the ATPase and
RNA-binding activity of these DDX5 mutants (Fig.
4B,C). In vitro ATP hydrolysis assays demonstrated that

the K144N mutation (in Walker A motif) abolished
ATPase activity (Fig. 4B). In contrast, the D248N
mutant (in Walker B motif) retained some RINA-
dependent ATPase activity, albeit with a ~6-fold
reduced £,,. Consistently, RNA binding quantification
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unknown mechanism, indicated by the question mark (“?”), and preferential association of HOTAIR with Mex3b, a HOTAIR-
binding E3 ligase.®” Mex3b ubiquitinates SUZ12 leading to its proteasomal degradation. This results in transcriptional reactivation
of PRC2/HOTAIR target genes, including EpCAM, pluripotency genes, and HBV cccDNA-encoded genes.

by FA“® showed that DDX5-D248N retained RNA-
binding affinity at levels similar to WT-DDX5, whereas
DDX5-K144N exhibited nearly 4-fold reduced binding
affinity (Fig. 4C). These results are consistent with
effects of similar mutations in Walker A and B motifs of
other DEAD-box proteins, suggesting that K144N
abolishes ATP binding (and thus hydrolysis and ATP-
dependent RNA binding), whereas D248N retains ATP
and RNA-binding but is less efficient at hydrolysis.

Next, we examined the effect of wild-type (WT) and
mutant DDX5 proteins on SUZ12 levels, under condi-
tions of SUZ12 degradation, that is, with overexpres-
sion of constitutively active PLK1 and HOTAIR. WT-
DDX5 and DDX5-D248N increased SUZ12 protein
levels by more than 50%, whereas DDX5-K144N,
which cannot hydrolyze ATP and cannot bind RNA
(Fig. 4B,C), did not (Fig. 4D). These DDX5 mutants
had the same effect on SUZ12 levels in the context of
HBYV replication (Supporting Fig. S5B). Interestingly,
RIP assays demonstrated association of endogenous
DDXS5 with endogenous HOTAIR (Fig. 4E). Further-
more, a 5-fold increased enrichment of HOTAIR was
quantified with transfected DDX5-D248N mutant ver-
sus DDX5-K144N (Fig. 4E), consistent with their
demonstrated enzymatic activities (Fig. 4B,C).

To directly demonstrate the role of DDX5 and
HOTAIR on SUZ12 degradation, we quantified the
half-life (t;/,) of SUZ12 after treatment with cyclohex-
amide (CHX). Upon knockdown of DDXS5, ty,, of
SUZ12 was quantified as 2.5 hours, in comparison to
t1/2 > 6 hours with overexpression of DDXS5 (Fig. 4F
and Supporting Fig. S5C). Likewise, overexpression of
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DDX5-D248N enhanced SUZ12 stability, whereas
DDX5-K144N mutant had no effect (Fig. 4F and
Supporting Fig. S5D). We conclude that DDXS5-
mediated stabilization of SUZ12 involves its helicase
activity, evidenced by the distinct effects of DDX5-
K144N versus DDX5-D248N.

HOTAIR-BINDING E3 LIGASE
Mex3b ANTAGONIZES DDX5 IN
SUZ12 STABILIZATION

HOTAIR functions both in PRC2-mediated gene
repression®” and protein ubiquitination and degradation
by associating with RNA binding E3 ligases Mex3b and
DAZ-interacting zinc finger protein 3 (Dzip3).(30)
Because Dzip3 is localized in the cytoplasm,®” we
focused our studies on nucleus-localized Mex3b as a
likely E3 ligase ubiquitinating nuclear SUZ12. Overex-
pression of Mex3b in HepG2 or HEK293T cells
decreased SUZ12 levels, whereas knockdown of Mex3b
by siRNA transfection increased SUZ12 protein levels
(Fig. 5A). Furthermore, knockdown of Mex3b reduced
SUZ12 ubiquitination (Fig. 5B). Coexpression of WT-
DDX5 or DDX5-D248N, but not DDX5-K144N,
antagonized the Mex3b effect on SUZ12 protein levels
(Fig. 5C). To determine whether HOTAIR is involved
in the antagonism between DDX5 and Mex3b, we car-
ried out RIP assays using Abs to IgG, Myc epitope, or
Flag. HOTAIR binding to Myc-Mex3b increased by 2-
fold in the presence of endogenous DDX5 (Fig. 5D). By
contrast, coexpression of DDX5-D248N-Flag and
Myc-Mex3b led to significant reduction in HOTAIR
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binding to Myc-Mex3b, whereas HOTAIR exhibited
more than 4-fold increased binding to DDX5-D248N-
Flag. These results demonstrate antagonism between
DDX5 and Mex3b in regulating SUZ12 stability, by
binding HOTAIR.

HBx PROMOTES Mex3b- AND
HOTAIR-MEDIATED SUZ12
DEGRADATION DURING CELL
CYCLE PROGRESSION IN
HEPATOCYTES

HBx induces proteasomal degradation of SUZ12 in
a cell-cycle— and PLK1-dependent manner,”” shown
in the tetracycline-regulated HBx-expressing murine
hepatocyte 4pX-1 cell line.®® To determine whether
cell-cycle down-regulation of SUZ12 involves antago-
nism between DDX5 and Mex3b for HOTAIR bind-
ing, 4pX-1 cells were synchronized in G4/S by dTB,
lysates collected at O (G; phase) and 8 hours (G,) after
release from d'TB, and as a function of HBx expression
by tetracycline removal.*® In G, phase, the amount of
SUZ12 that coimmunoprecipitated with DDX5 was
reduced by 70% in the presence of HBx, whereas
Mex3b coimmunoprecipitated nearly 80% of SUZ12
(Fig. 6A). Under the same conditions, the amount of
HOTAIR bound to endogenous DDX5 or Mex3b
was quantified by RIP assays (Supporting Fig. S6A).
As cells progressed from Gp to G; in the presence of
HBx, the amount of HOTAIR bound to DDXS5
decreased by nearly 3-fold, whereas the amount of
HOTAIR bound to Mex3b increased (Supporting
Fig. S6A). Sequential ChIP assays using SUZ12 Ab
followed by tandem immunoprecipitation with DDX5
Ab showed decreased SUZ12 and DDX5 occupancy
at the EpCAM promoter as cells progressed to G in
the presence of HBx (Supporting Fig. S6B). Likewise,
the silencing modification, H3K27me3, mediated by
PRC2 was also decreased in G, phase with HBx
expression (Supporting Fig. S6C), whereas expression
of EpCAM, Nanog, Oct4, and Sox2 increased, as
quantified by RT-PCR (Fig. 6B) and detected by
immunoblots (Fig. 6C). Given that these genes are
repressed by PRC2®' and knockdown of HOTAIR
or DDXS5 enhanced their expression (Fig. 1), we inter-
pret these results to mean that in G, phase, Mex3b-
mediated ubiquitination and proteasomal degradation of
SUZ12  relieved PRC2-mediated transcriptional

repression.

ZHANG ET AL.
ROLE OF DDX5 IN HBV-
MEDIATED
HEPATOCARCINOGENESIS

To confirm the relevance of this mechanism iz vivo,
we quantified mRNA levels of EpCAM and pluripotency
genes in HBx/c-myc liver tumors, demonstrating statisti-
cally significant increase in their expression versus normal
liver (Fig. 7A). To determine the clinical relevance of this
mechanism, we compared expression of EpCAM and
pluripotency genes in liver tumors from chronically HBV-
infected patients (group A) expressing 2-fold less DDX5
mRNA versus group B (from Fig. 2B). Statistically signif-
icant induction of these genes was observed in group A
tumors with 2-fold less DDX5 mRNA (Fig. 7B). Addi-
tionally, statistically significant negative correlation (r val-
ue) was quantified between mRNA levels of DDX5
versus those of EpCAM or pluripotency genes in HBV-
related HCCs (Fig. 7C). Interestingly, Fisher’s exact test
also showed a negative correlation (r=—0.49) between
low DDX5 expression (less than 2-fold vs. peritumoral
tissue) and presence of well-differentiated tumors
(P=0.016), an indicator of poor prognosis. Immunohis-
tochemistry of DDX5, using an independent cohort of
HBV-related HCCs, showed reduction or absence of
nuclear DDX5 immunostaining in poorly differentiated
Edmonson’s grade 3 tumors (Fig. 7D), thereby validating
our observations regarding DDX5 levels and differentia-
tion status of hepatocytes. Last, Kaplan-Meier survival
curves demonstrated a trend for poor outcome after tumor
resection for patients from group A (low DDXS5 expres-
sion) versus those of group B (Fig. 7E). Taken together,
these results strongly correlated reduction of DDX5
expression in HBV-related liver tumors to reexpression of
the hCSC marker, EpCAM,(34) and pluripotency genes,
likely linked to poor patient prognosis.

Discussion

In this study, we identified a novel epigenetic mech-
anism involving the RNA helicase DDXS5, and its role
in HBV biosynthesis and poor prognosis HBV-
mediated liver cancer. We show that RNA helicase
DDX5 regulates RNP complexes formed with
IncRNA HOTAIR (see model, Fig. 8). First, we show
that DDX5 interacts with SUZ12 (Fig. 1), the core
subunit of the chromatin-modifying PRC2 complex,
and, in association with HOTAIR, represses transcrip-
tion of hCSC marker EpCAM®® and pluripotency
genes Nanog, Oct4, and Sox2 (Fig. 1). These results
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establish, for the first time, the role of the mammalian
RNA  helicase, DDXS5, functioning together with
IncRNA HOTAIR and the PRC2 complex, in tran-
scriptional repression of specific cellular genes.

Second, we show that DDX5 expression is reduced
in liver tumors of HBx/c-myc bitransgenic mice'” and
in a group of HBV-associated HCCs (Fig. 2). Signifi-
cantly, reduced DDXS5 expression is associated with
reexpression of EpCAM and pluripotency genes as well
as reduced patient survival after surgical resection of
tumors (Fig. 7E). Furthermore, meta-analysis of tran-
scriptomic data by Boyault et al.**) showed that DDX5
expression was reduced in the Gy subgroup of HBV-
related HCCs (data not shown). G tumors, associated
with poor prognosis, overexpress fetal liver genes con-
trolled by parental imprinting,(45 ) including EpCAM
and IGFII. Interestingly, aberrant imprinting of IGFII
in human tumor cell lines involves loss of SUZ12 pro-
tein by an unknown mechanism.“*® Thus, our mecha-
nistic studies, together with clinical data, strongly
suggest that DDX5 is an important player in develop-
ment of poor prognosis HBV-related liver cancer.

Third, it is well established that deregulation of cellu-
lar mechanisms by viral oncoproteins confers an advan-
tage to viral growth.*” Indeed, down-regulation of
DDXS5 facilitates viral transcription and, in turn, HBV
replication (Figs. 2 and 3). HBV-infected cells with sta-
ble DDX5 knockdown exhibited reduced PRC2 occu-
pancy at the viral minichromosome and association with
repressive H3K27me3, resulting in increased pgRNA
transcription and viral replication. Interestingly, both
DDXS5 and SUZ12 protein levels were reduced in the
context of HBV replication. The mechanism of
DDX5 down-regulation by HBV infection is present-
ly under investigation, involving microRNA-
mediated down-regulation (unpublished results).
Furthermore, neither HOTAIR nor Mex3b ligase
exert an effect on DDX5 stability (Supporting Fig.
S7), and no significant correlation exists between
HOTAIR and DDXS5 expression levels in group A
versus group B tumors (Supporting Fig. S8).

Fourth, we established a connection between DDX5
and SUZ12 stability, by identifying the E3 ligase that
regulates SUZ12 half-life. We had shown that SUZ12
undergoes  proteasomal degradation facilitated by
HOTAIR, but the E3 ligase was not identified. Here,
we show that HOTAIR-binding E3 ligase Mex3b ubig-
uitinates SUZ12. For these studies, we used key DDX5
mutants, which we characterized biochemically (Fig. 4).
In particular, DDX5-D248N, which binds RNA but
has significantly reduced ATPase activity, bound nearly
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2-fold more HOTAIR and increased SUZ12 stability
by displacing Mex3b from HOTAIR. These results
directly demonstrate that the enzymatic activity of
DDX5 regulates the RNP complexes formed with
HOTAIR (i.e., the complex with PRC2 vs. Mex3b).

Importantly, the RNP complex comprised of DDX5/
PRC2-bound HOTAIR identified a mechanism of
transcriptional silencing of specific cellular genes. These
include EpCAM and pluripotency genes, up-regulated
in G, phase of HBx-expressing cells (Fig. 6), although
global gene targets remain to be determined. Consider-
ing that SUZ12 undergoes degradation in G, phase of
HBx-expressing cells,” here we show that Mex3b, by
displacing DDX5 from HOTAIR, ubiquitinates
SUZ12, inducing its degradation. Thus, the interplay of
RNP complexes with HOTAIR, regulated by DDXS5,
results in transcriptional de-repression of specific
PRC2-silenced genes. Whether the enzymatic activity
of DDXS5 is cell-cycle regulated is unknown and pres-
ently under investigation. Furthermore, little is known
about Mex3b regulation,*® additional Mex3b sub-
strates, or interaction with other IncRINAs.

Regarding expression of EpCAM and pluripotency
genes in G, phase (Fig. 6), our results are consistent
with recent studies that identified epigenetic factors
acting in G, phase as essential for maintenance of
pluripotency in human ESCs.*? Specifically, it was
shown that transcriptional induction of pluripotency
genes occurs in G, phase,*? as we also show herein.
Notably, these mechanistic conclusions are consistent
with in vivo and clinical data (Fig. 7), demonstrating
strong negative correlation between DDXS5 expres-
sion, expression of pluripotency genes, and differenti-
ation status of HBV-induced liver tumors.

In summary, the data provided herein establish a
novel epigenetic mechanism (model, Fig. 8), involving
the antagonism between DDXS5 and Mex3b in regulat-
ing SUZ12/PRC2 stability, by binding HOTAIR.
This mutually exclusive binding to HOTAIR between
the DDX5/PRC2 complex and the E3 ligase Mex3b,
is deregulated by HBV infection resulting in de-
repression of transcription both from the HBV mini-
chromosome and select cellular genes expressed in
hCSCs. Accordingly, our studies identify the RNA
helicase DDX5, and E3 ligase Mex3b, as important
cellular targets for design of novel, epigenetic therapies
to combat HBV infection and poor prognosis HBV-

associated liver cancer.
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