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PRMTS5 Restricts Hepatitis B Virus

Replication Through Epigenetic
Repression of Covalently Closed Circular
DNA Transcription and Interference
With Pregenomic RNA Encapsidation
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Chronic hepatitis B virus (HBV) infection remains a major health problem worldwide. The covalently closed circular
DNA (cccDNA) minichromosome, which serves as the template for the transcription of viral RNAs, plays a key role in
viral persistence. While accumulating evidence suggests that cccDNA transcription is regulated by epigenetic machinery,
particularly the acetylation of cccDNA-bound histone 3 (H3) and H4, the potential contributions of histone methylation
and related host factors remain obscure. Here, by screening a series of methyltransferases and demethylases, we identified
protein arginine methyltransferase 5 (PRIMT5) as an effective restrictor of HBV transcription and replication. In cell cul-
ture-based models for HBV infection and in liver tissues of patients with chronic HBV infection, we found that symmet-
ric dimethylation of arginine 3 on H4 on cccDNA was a repressive marker of cccDNA transcription and was regulated by
PRMTS5 depending on its methyltransferase domain. Moreover, PRMT5-triggered symmetric dimethylation of arginine 3
on H4 on the cccDNA minichromosome involved an interaction with the HBV core protein and the Brgl-based human
SWI/SNF chromatin remodeler, which resulted in down-regulation of the binding of RNA polymerase II to cccDNA. In
addition to the inhibitory effect on cccDNA transcription, PRMTS inhibited HBV core particle DNA production inde-
pendently of its methyltransferase activity. Further study revealed that PRMTS5 interfered with pregenomic RNA encapsi-
dation by preventing its interaction with viral polymerase protein through binding to the reverse transcriptase—ribonuclease
H region of polymerase, which is crucial for the polymerase—pregenomic RNA interaction. Conclusion: PRMTS restricts
HBYV replication through a two-part mechanism including epigenetic suppression of cccDNA transcription and interfer-
ence with pregenomic RNA encapsidation; these findings improve the understanding of epigenetic regulation of HBV
transcription and host-HBYV interaction, thus providing new insights into targeted therapeutic intervention. (HEPATOLOGY
2017;66:398-415).

epatitis B virus (HBV) is a hepatotropic, converted into covalently closed circular DNA
partially double-stranded DNA virus. HBV  (cccDNA), which then serves as a template to tran-
infection remains a serious global health scribe pregenomic RNA (pgRNA) and other subge-
problem, with more than 240 million people chronical- nomic viral RNAs. The 5'-¢ signal within pgRNA is
ly infected. Upon infection, relaxed circular DNA in recognized and bound by HBV polymerase (Pol),
the HBV virion is delivered into the nucleus and which is required for subsequent pgRNA

Abbreviations: cccDNA, covalently closed circular DNA; ChIP, chromatin immunoprecipitation; CMV, cytomegalovirus; ColP, coimmunoprecipita-
tion; dHepaRG, differentiated HepaRG; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; H3/H4, histones 3 and 4; H3K9me3, H3K9 trimethyla-
tion; H4R3me2a, asymmetric dimethylation on histone 4 arginine 3; H4R3me2s, symmetric dimethylation on histone 4 arginine 3; HBV, hepatitis B
virus; HBe, HBV core protein; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; HBx, hepatitis B x protein; pgRNA, pregenomic
RNA; PHH, primary human hepatocyte; Pol, polymerase; PRMTS, protein arginine methyltransferase 5; RIP, RNA immunoprecipitation; RT-RH,
reverse transcriptase—ribonuclease H; sh, short hairpin; WT, wild type.
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encapsidation into a newly forming capsid with HBV
core protein (HBc) in the cytoplasm. Mature nucleo-
capsids with HBV relaxed circular DNA which is
reverse-transcribed from pgRNA are either released
from the cell after being enveloped with HBV surface
proteins or recycled to the cccDNA reservoir in the
nucleus. The cccDNA is crucial for persistent HBV
infection and recurrence upon the discontinuation of
treatment. Current therapies successfully suppress viral
replication, but their inhibitory effects on stably exist-
ing cccDNA are limited. Identification of the mecha-
nisms and factors involved in silencing or elimination
of cccDNA could allow the development of more pre-
cisely targeted therapeutic strategies.

The cccDNA organizes into a minichromosome
with histone 3 (H3) and H4 proteins and nonhistone
proteins, such as HBc, hepatitis B x protein (HBx),
and host transcription factors.>™® Accumulating evi-
dence suggests that the host epigenetic mechanisms,
including DNA methylation and DNA-bound histone
modifications, play vital roles in the regulation of
cccDNA transcriptional activity.®® It has been sug-
gested that the acetylation status of H3 and H4 on the
HBV minichromosome is associated with cccDNA
transcriptional activity and that the histone acetyltrans-
terase CBP/p300 and histone deacetylase 1 are
involved in the regulation of HBV transcription.”
Moreover, it has been shown that interferon-o can
result in hypoacetylation of cccDNA-bound histones

*These authors contributed equally to this work.
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and recruitment of transcriptional corepressors to
cccDNA.7 In addition to histone acetylation, his-
tone methylation can regulate DNA transcription and
has been shown to be related to the replication of
viruses such as herpes simplex virus-1, Epstein-Barr
virus, and human cytomegalovirus (CMYV), whose
nucleic acids also organize into nucleosomal struc-
tures. 192 However, the effect of histone methylation
on regulation of HBV cccDNA function and the host
factor(s) involved remain obscure.

Here, by screening a series of methyltransferases and
demethylases, we identified protein arginine methyl-
transferase 5 (PRMTY) as a restrictor of HBV replica-
tion that can preferentially catalyze the symmetric
dimethylation of arginine 3 on H4 (H4R3me2s) on
cccDNA through its methyltransferase activity to epi-
genetically silence cccDNA  transcription and, in a
methyltransferase-independent manner, interferes with
HBV pgRNA encapsidation and thus inhibits HBV
DNA production.

Materials and Methods

CELL CULTURE, VIRUSES, AND
INFECTION

The HBV-producing stable cell line HepG2.117
and the HepG2-NTCP cell line were kindly provided
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by Prof. Mengji Lu (University Hospital Essen) and
Prof. Stephan Urban (University Hospital Heidelberg),
respectively. HepaRG cells and primary human hepato-
cytes (PHHs) were purchased from Biopredic Interna-
tional (France) and RIDL (China), respectively. Huh7
and HEK293 cells were obtained from the Cell Bank of
the Chinese Academy of Sciences. Cell cultures are
described in the Supporting Information. The HBc
protein—deficient virus (HBV-AHBc), adeno-PRMTS,
adeno-PRMTS5A, adeno-PRMTS5 short hairpin RNA
(shPRMT5), adeno-NES-PRMT5, and adeno-
shBrgl were produced as described in the Supporting
Information. HBV infection of differentiated HepaRG
(dHepaRG) cells mainly followed the published proto-
cols.'® dHepaRG cells were transduced by incubation
with the indicated adenoviral vectors for 16 hours.

PLASMIDS AND REAGENTS

Plasmids used for transfection are listed in Support-
ing Table S3. The constructions of the plasmids are
described in the Supporting Information. The anti-
bodies used in this study are listed in Supporting Table
S4. The small interfering RNAs targeting the indicat-
ed genes (Supporting Table S5) and the control small
interfering RNA were purchased from Ribobio.

PATIENTS

The clinical and virological characteristics of the
patients enrolled in this study are summarized in Sup-
porting Table S2. Liver tissue samples were obtained
by percutaneous needle biopsy, immediately frozen in
liquid nitrogen, and stored at —80°C. Written
informed consent was obtained from all subjects prior
to participation, and the study protocol conformed to
the ethical guidelines of the 1975 Declaration of Hel-
sinki and was approved and supervised by the ethics
committee of the Shanghai Public Health Clinical
Center of Fudan University.

HBV cccDNA AND HBV CORE
PARTICLE DNA EXTRACTION
AND QUANTITATION BY
QUANTITATIVE PCR

HBV cccDNA was extracted according to the method
described, with minor modifications.® An aliquot of the
extracted nuclear DNA was treated with Plasmid-safe
deoxyribonuclease (Epicentre) for 45 minutes at 37°C,
then 30 minutes at 70°C, and then analyzed for cccDNA
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by TagMan PCR amplification (Toyobo, Japan). The
cytoplasmic cell lysate was digested by deoxyribonuclease
I and then precipitated with PEG8000 overnight; the
core particles were incubated in proteinase K buffer at
56°C for 2 hours. The precipitated core particle DNA
was analyzed by quantitative PCR or Southern blot. Lev-
els of HBV cccDNA and core particle DNA were nor-

malized to genomic glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

HBV CORE PARTICLE RNA
EXTRACTION

The HBV Core particle was purified as described in
the Supporting Information, and the core particle
pgRNA was extracted using TRIzol reagent and
detected by northern blot.

ANALYSIS OF CORE CAPSIDS

Cytoplasmic cell lysates containing HBV capsids were
directly resolved on a 1% agarose gel in 0.5 X trishydrox-
ymethylaminomethane—borate—ethylene diamine tetra-
acetic acid buffer and transferred to nitrocellulose
membranes. Proteins were then detected by western blot
using anti-HBc antigen antibody (Dako)."

SOUTHERN BLOT/NORTHERN
BLOT

Extracted DNA and extracted RNA were loaded on a
1.2% agarose gel in 1 X trishydroxymethylaminome-
thane—acetic acid—ethylene diamine tetraacetic acid bufter
and on formaldehyde denaturing agarose gel in
1X MOPS buffer, respectively, and then transferred
onto a positively charged nylon membrane (Roche, Swit-
zerland) using a vacuum blotter (Bio-Rad). HBV DNA
and RNA were hybridized and detected using a DIG
Northern Starter Kit (Roche) according to the manufac-
turer’s instructions. ¥

CHROMATIN
IMMUNOPRECIPITATION ASSAY

Chromatin immunoprecipitation (ChIP) assays
were performed using the method described, with
minor modifications.® Protein-DNA complexes were
immunoprecipitated with the indicated antibodies, and
normal immunoglobulin G was conducted in each
experiment to exclude nonspecific binding. Precipitat-

ed DNA was analyzed by quantitative PCR, and the
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results are presented as percentages of input DNA.
Strategies for quantification and calculation are

described in Supporting Fig. S4.

REAL-TIME REVERSE-
TRANSCRIPTION PCR

Total RNA was extracted using TRIzol reagent and
reverse-transcribed using ReverTra Ace PCR RT Mas-
ter Mix with the gDNA Remover kit, followed by quanti-
tative PCR using the Thunderbird SYBR qPCR Mix
(both from Toyobo, Japan). The primers used are listed in
Supporting Table S6. The pgRNA primers can also
amplify HBV preC RNA. Quantification of HBV
pgRNA was normalized to 28S and 18S ribosomal RNA.

COIMMUNOPRECIPITATION AND
WESTERN BLOT

Cells were lysed on ice in coimmunoprecipitation
(ColP) lysis buffer. After centrifugation, the supernatant
was precleared with protein A/G-agarose beads. Protein
complexes were then immunoprecipitated with the indi-
cated antibodies and analyzed by western blot using the
specific antibodies (Supporting Table S4).

IMMUNOFLUORESCENCE ASSAY

The immunofluorescence assay was performed as
described.""> Fluorescence was observed under a con-

focal fluorescence microscope (Leica; TCS SP2).

RNA IMMUNOPRECIPITATION
ASSAY

The RNA immunoprecipitation (RIP) assay was
performed using the method described, with minor
modifications.’® Immunoprecipitated pgRNA was
quantified by quantitative PCR and represented as per-
centages of input pgRNA.

HEPATOLOGY, August 2017

STATISTICS

The data are presented as the mean * standard error
of the mean. Statistical analyses were performed using
the Student # test or Mann-Whitney U test. P < 0.05

was considered statistically significant.

Results

IDENTIFICATION OF PRMTS5 AS
AN ANTI-HBV HOST FACTOR
THAT RESTRICTS cccDNA
TRANSCRIPTION AND CORE
PARTICLE DNA PRODUCTION

To examine whether HBV transcription and repli-
cation are associated with histone methylation and to
identify the host factors involved, we applied the RNA
interference-based approach to screen a panel of the
known histone methyltransferases or demethylases,
including SUV39H, G9a, EZH2, PRMTS5, LSD1,
KDMS5A, and KDM2A (Supporting Fig. S1A and
Table S1), which have been reported to catalyze his-
tone methylation or demethylation to result in tran-
scriptional repression.’”® The monomeric linear
HBV DNA-transfected model was used,”” in which
the HBV minichromosome is proved to be formed and
the expression levels of hepatitis B e antigen (HBeAg)
and hepatitis B surface antigen (HBsAg) could serve as
surrogate markers for the transcription of cccDNA.
Because the result suggested that PRMT5 knockdown
led to significant up-regulation of both HBeAg and
HBsAg (Fig. 1A) and PRMTS inhibits the production
of pgRNA and core particle DNA in a dose-
dependent manner (Supporting Fig. S1B-D), we fur-
ther focused on the PRMT5-mediated suppression of
HBV. By using the HepaRG model for HBV infec-
tion, we showed that overexpression or knockdown of
PRMTS significantly decreased or increased the level
of HBeAg and HBsAg in the supernatant, intracellular
pgRNA and HBV core particle DNA in the cytoplasm

FIG. 1. PRMTS5 inhibits HBV transcription and core particle DNA production. (A) The indicated small interfering RNAs were
cotransfected with monomeric linear HBV DNA into Huh7 cells. Culture supernatants were collected to detect HBeAg and HBsAg
by enzyme-linked immunosorbent assay. (B-D) PRMTS5 was transduced into HBV-infected dHepaRG cells for 6 days, and
shPRMTS5 was transduced for 5 days. Expression of PRMTS5 was detected by western blot. Levels of HBV antigens in the superna-
tant were detected by enzyme-linked immunosorbent assay. HBV pgRNA, core particle DNA, and cccDNA were analyzed by quanti-
tative PCR. Levels of pgRNA and cccDNA were used to calculate the ratio of pgRNA/cccDNA (B,C). HBV core protein and
endogenous PRMT5 were observed by immunofluorescence assay using the specific antibodies (D). (E) PRMTS5 expression plasmids
or 100 nM of siPRMTS5 were transfected into HBV-infected HepG2-NTCP cells. Cells were collected to examine the level of HBV
antigens, core particle DNA, and pgRNA/cccDNA at day 4 posttransfection. *P < 0.05, **P < 0.01. Abbreviations: Ad, adenovirus;
DAPI, 4,6-diamidino-2-phenylindole; IB, immunoblot; N.S., not significant; si, small interfering.
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FIG. 2. Effects of PRMT5A on HBV transcription and core particle DNA production. (A) A schematic representation of the cata-
Iytically inactive form of human PRMTS5 (PRMT5A) and the deleted amino acids in PRMT5A are shown. (B-E) PRMT5A was
transduced into HBV-infected dHepaRG cells for 6 days. (B) Expression of PRMT5A was detected by western blot. (C) Culture
supernatants were collected to detect HBeAg and HBsAg by enzyme-linked immunosorbent assay. (D) HBV pgRNA and cccDNA
were extracted and quantified by quantitative PCR for calculating the ratio of pgRNA/cccDNA. (E) The level of core particle DNA
was analyzed by quantitative PCR. *P < 0.01. Abbreviations: Ad, adenovirus; IB, immunoblot; N.S., not significant.

(Fig. 1B), respectively, and regulated the cccDNA
transcriptional activity (Fig. 1C), which was calculated
as the ratio of pgRNA to cccDNA. Considering that
the efficacy of HBV infection in dHepaRG cells was
relatively low, which might lead to an underestimated
anti-HBV effect of PRMT5 when we analyzed at the
whole-cell lysate level, we further evaluated the effect
at the single-cell level by immunofluorescence assay
(Fig. 1D; Supporting Fig. S1F) and in HBV-infected
HepG2-NTCP cells (Fig. 1E) and PHHs (Supporting
Fig. S1E). The results confirmed the role of PRMT5
in the suppression of cccDNA transcription and core
particle DNA production and suggested that the effi-
cacy of PRMTS5 for HBV suppression is >80% at the
single-cell level.

Considering that PRMTS5, a member of the type II
protein arginine methyltransferases, epigenetically regu-
lates gene expression mainly through methylating his-
tone and nonhistone targets, we next examined whether
the enzymatic activity of PRMTS5 is essential for its
inhibitory effect on cccDNA transcription and HBV
DNA  production. ~ The mutation of the

methyltransferase domain of PRMTS5 (PRMT5A; Fig.
2A; Supporting Fig. S2A) markedly diminished the
inhibitory effect of PRMTS5 on viral antigen expression
and cccDNA transcription (Fig. 2B-D; Supporting Fig.
S1G). Surprisingly, PRMTS5A retained the majority of
its capability to decrease the level of cytoplasmic core
particle DNA as the wild-type (WT) PRMTS5 (Fig. 2E;
Supporting Fig. S2B), suggesting that PRMT'5 inhibits
cccDNA transcription, dependent on its methyltransfer-
ase activity, while inhibiting HBV core particle DNA

production in a methyltransferase-independent manner.

PRMT5 INCREASES THE
SYMMETRIC DIMETHYLATION
OF cccDNA-BOUND H4R3 TO
INHIBIT cccDNA TRANSCRIPTION
IN A METHYLTRANSFERASE
ACTIVITY-DEPENDENT MANNER

Because H3R8me2s and H4R3me2s are reported to
be catalyzed by PRMTS5,%72% we speculated whether
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FIG. 3. cccDNA transcriptional activity was negatively correlated with cccDNA-bound H4R3me2s. (A,B) HBV-infected dHepaRG
cells in 100-mm dishes were harvested by trypsinization on the indicated days. One eighth of the cells were used to extract HBV
cccDNA, and one sixteenth of the cells were used to extract HBV pgRNA, followed by quantitative PCR analysis. (A) The ratio of
pgRNA to cccDNA at 4 dpi was set as 1. (B) Three quarters of HBV-infected dHepaRG cells harvested at 7, 13, and 19 dpi were
used for ChIP assays with the indicated antibody. Levels of the specific modified histones on HBV cccDNA or the host gene
GAPDH were analyzed by quantitative PCR. The ratio of pgRNA to cccDNA at 7 dpi was set as 1. (C,D) Each liver biopsy was
used to conduct RNA extraction and ChIP assay with the indicated antibody. Relative HBV pgRNA/cccDNA was calculated as the
ratio of normalized HBV pgRNA to cccDNA. Levels of H4R3me2s on HBV cccDNA or the host GAPDH DNA were examined
by quantitative PCR. *P < 0.05, *P < 0.01. Abbreviations: dpi, days postinfection; IC, inactive carrier; IT, immune-tolerant; N.S.,

not significant.

the status of H3R8me2s and H4R3me2s on cccDNA
correlates with the cccDNA transcriptional activity.
In the HBV-infected dHepaRG model, the cccDNA
transcriptional activity (pgRNA/cccDNA) was shown
to fluctuate during natural HBV infection (Fig. 3A;
Supporting Fig. S3A,B). By ChIP analysis, we found
that the status of H4R3me2s on the HBV minichro-
mosome was negatively correlated with cccDNA tran-
scriptional activity during HBV replication (Fig. 3B,
red line and black line), whereas H3R8me2s was
almost undetectable on the HBV minichromosome
throughout the period of viral infection (Supporting

404

Fig. S3C). As the control, the status of H4R3me2s at
the transcription start site of host genes such as
GAPDH was relatively stable (Fig. 3B, blue line). We
repeated this experiment three times with sera from
different chronic HBV patients. Although the kinetics
of cccDNA transcriptional activity varied a bit in the
three experiments, they were always negatively associ-
ated with the status of H4R3me2s on the HBV
minichromosome.

To further validate the effect of cccDNA-bound
H4R3me2s on HBV transcription in vivo, we collect-
ed liver biopsies from 10 chronic HBV patients
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tive PCR. *P < 0.05, *P < 0.01. Abbreviation: N.S., not significant.

including 5 HBeAg-positive patients in immune-
tolerant phase and 5 HBeAg-negative inactive carriers
to analyze the association of the status of cccDNA-
bound H4R3me2s with the levels of cccDNA tran-
scriptional activity. The level of pgRNA/cccDNA in
inactive carrier patients was, as expected, significantly
lower than that in immune-tolerant patients (Fig.
3C), whereas the average level of cccDNA-bound
H4R3me2s was about 3-fold higher in inactive car-
riers than in immune-tolerant patients. Moreover, the

level of H4R3me2s on cccDNA varied more than
that on the host GAPDH DNA (Fig. 3D). The level
of H3 acetylation on cccDNA, which was reported to
be involved in the regulation of HBV replication in
the liver tissue,”’ showed no significant correlation
with cccDNA  transcriptional activity in the 10
patients (Supporting Fig. S5A), which might be
attributed to different inclusion criteria for HBeAg
status and the alanine aminotransferase level of the
patients.
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We further examined whether alteration of PRMTS5
expression affects the status of cccDNA-bound
H4R3me2s. Overexpression or knockdown of PRMT5
led to increased or reduced binding of PRMTS5 to
cccDNA and accordingly increased or reduced the level
of H4R3me2s on the minichromosome and cccDNA
transcription activity, respectively (Fig. 4A,B). In addi-
tion, although the level of cccDNA-bound PRMT5A
was comparable with that of cccDNA-bound WT
PRMTS5, neither the status of H4R3me2s nor the
cccDNA  transcriptional activity was affected by
the increased expression of PRMTS5A (Fig. 4C).
Together, these results indicate that cccDNA-bound
H4R3me2s is a repressive marker of cccDNA transcrip-
tion and that PRMTS5 can be recruited to cccDNA
and, in a methyltransferase-dependent manner, catalyze
H4R3me2s modification on cccDNA  to repress
cccDNA transcription.

PRMT5 PREFERENTIALLY
REGULATES H4R3me2s ON cccDNA
AND INTERACTS WITH HBc

Because H4R3me2s was present not only on the
cccDNA  minichromosome but also on the host
genome, we next compared the effect of PRMTS5 on
cccDNA-bound or host gene-bound H4R3me2s. His-
tone-DNA complexes were immunoprecipitated using
antibodies specifically against H4R3me2s, followed by
quantitative PCR analysis with primers designed to
detect cccDNA and three host genes—RPL30,
MYOD1, and GAPDH. The results showed that
overexpression or knockdown of PRMTS5 significantly
elevated or reduced the level of H4R3me2s as well as
PRMTS5 on HBV cccDNA minichromosome, respec-
tively, but had much less impact on the host genes
studied here (Fig. 5A,B), implying that PRMTS5 can,
to some extent, preferentially bind to cccDNA and cat-
alyze cccDNA-bound H4R3me2s.

The HBc and HBx proteins have been associated
with the HBV minichromosome>*?? (Supporting
Fig. S8A) and thus were candidates to mediate the
preferential binding of PRMTS5 to cccDNA. There-
fore, we further clarified whether there is any interac-
tion between PRMTS5 and the HBc or HBx protein.
While no interaction between PRMTS5 and HBx
(Supporting Fig. S8B) was observed, the ColP results
suggested that the ectopically expressed PRMTS5 and
PRMTS5A and the endogenous PRMTS5 interacted
with HBc (Fig. 5C; Supporting Fig. S8C-F). In addi-
tion, ectopically expressed HBc was mainly distributed
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in the nucleus and partially colocalized with the
nucleus-distributed PRMTS5 (Fig. 5D). To further
examine the role of HBc in the binding of PRMTS5 to
cccDNA, we constructed an HBc-deficient virus
(HBV-AHBc) and found that less PRMT5 was bound
to the cccDNA of HBV-AHBc compared to that of
HBV-WT. Moreover, overexpression of PRMT5
resulted in significant up-regulation of the level of
cccDNA-bound PRMTS5 in the HBV-WT group but
not in the HBV-AHBc group (Fig. 5E). These results
provide a possibility that PRMTS is targeted to HBV
cccDNA through its interaction with the viral core
protein.

PRMT5-MEDIATED SUPPRESSION
OF cccDNA TRANSCRIPTION
INVOLVES THE Brg1-BASED
HUMAN SWI/SNF CHROMATIN
REMODELER AND RNA POL II

It has been reported that PRIMTS5 acts as a part of a
variety of complexes to regulate gene transcription and
cell signal transduction.”” Among these complexes,
the human SWI/SNF chromatin remodeler is mainly
involved in PRMTS5-catalyzed histone methylation,
which results in epigenetic gene silencing.*® The
human SWI/SNF chromatin remodeler is a multisu-
bunit complex that can be divided into two distinct
complexes, called PBAF and BAF. The central core of
the PBAF complex is the Brgl adenosine triphospha-
tase subunit, and the BAF complex contains either
hBrm or Brgl adenosine triphosphatase subunits.**
Because HBV cccDNA transcriptional activity is sup-
pressed by PRMT5-catalyzed H4R3me2s, we specu-
lated whether the human SWI/SNF chromatin
remodeler is involved in the inhibition of cccDNA
transcription by PRMTS5. We thus evaluated the
changes in the association of Brgl and hBrm with
cccDNA when we altered the expression levels of
PRMTS5 in HBV-infected dHepaRG cells. The results
showed that the binding of Brgl to cccDNA signifi-
cantly increased or decreased when PRMTS5 was over-
expressed or knocked down, respectively (Fig. 6A).
Unlike Brg1, the binding of hBrm to cccDNA did not
significantly change with the alteration of PRMT5
expression (Supporting Fig. S9). Furthermore, knock-
down of Brgl significantly restored the PRMTS5-
mediated suppression of cccDNA transcription (Fig.
6B), which confirms the role of Brgl in PRMTS5-
mediated repression of HBV cccDNA transcription.
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Because cccDNA is transcribed by the host RNA
Pol II,** whose enrichment on cccDNA is reported
to be associated with the active posttranscriptional
modifications on cccDNA-bound histones,?® we fur-
ther examined whether PRMTS5 could regulate its
binding to cccDNA. As expected, the binding of
RNA Pol II to cccDNA was negatively regulated by
PRMTS5 in HBV-infected dHepaRG cells, while the
enrichment of RNA Pol II on the three host genes was
not much affected (Fig. 6C). Together, the above data
suggest that PRMTS5 regulates the binding of the host
Brgl-based human SWI/SNF chromatin remodeler
and RNA Pol II to cccDNA, which may contribute to
the PRMT5-mediated epigenetic suppression of
cccDNA transcription.

PRMTS5 INHIBITS HBV CORE
PARTICLE DNA PRODUCTION
IN A METHYLTRANSFERASE
ACTIVITY-INDEPENDENT
MANNER

As indicated above, PRMT5A maintained the activ-
ity of inhibiting the production of core particle DNA
but did not affect cccDNA transcription (Fig. 2). To
confirm this, we further tested the levels of HBV core
capsids, RNAs, and core particle DNA in an HBV-
replicating cell model, in which the viral pgRNA is
transcribed under the CMV promoter. Southern blot
results showed that PRMTS5A expression or knock-
down of endogenous PRMTS5 decreased or increased
the level of core particle DNA in a dose-dependent
manner, respectively, while it did not markedly affect
the levels of HBV total RNA and core capsids (Fig.
7A; Supporting Fig. S10A). Similar results were
obtained in the stable HBV-replicating cell line
HepG2.117 (Fig. 7B). To further clarify the step at
which PRMTS5 inhibits HBV core particle DNA pro-
duction, we constructed cytoplasm-localized or
nucleus-localized PRMTS5A. Expression of both

HEPATOLOGY, August 2017

NES-PRMTS5A and NLS-PRMTS5A in CMV-HBV-
replicating Huh7 cells did not reduce the levels of
HBV RNAs and core capsids; however, the
cytoplasm-localized, but not the nucleus-localized,
PRMTS5A significantly decreased the core particle
DNA levels (Fig. 7C). In HBV-infected dHepaRG
cells, the cytoplasm-localized PRMTS5 decreased the
level of viral core particle DNA but did not affect the
production of viral antigens and pgRNA and the level
of cccDNA-bound H4R3me2s and PRMTS5 proteins
(Fig. 7D, E). These results suggest that PRMT5 does
not affect the HBV RNA transcription or the forma-
tion of the core capsid itself but inhibits HBV core
particle DNA production at the cytoplasmic level in a
methyltransferase activity—independent manner.

PRMTS5 INTERFERES WITH
pgRNA ENCAPSIDATION BY
COUNTERACTING THE
INTERACTION BETWEEN pgRNA
AND HBV POL THROUGH
BINDING TO THE REVERSE
TRANSCRIPTASE-RIBONUCLEASE
H REGION OF POL

Because pgRNA encapsidation is an essential step
before core particle DNA synthesis, we further evaluat-
ed whether PRMTS5 prevents pgRNA encapsidation
to block viral DNA synthesis. To address this, we
transfected Huh?7 cells with the pPCMV-HBV YMHD
vector, which lacks the Pol catalytic active site and thus
leads to the accumulation of RNA-containing capsids
in the cells. Northern blot results showed that while
the levels of HBV total RNA and capsids were not
affected by PRMTS5A, it dramatically reduced the level
of encapsidated RNA in a dose-dependent manner
(Fig. 8A), indicating that PRMT5A inhibits pgRNA
encapsidation rather than directly targeting the cyto-
plasmic viral pgRNA for degradation.

FIG. 5. PRMTS5 preferentially regulates H4R3me2s on cccDNA and interacts with HBe. (A,B) PRMT5 was transduced into HBV-
infected dHepaRG cells in 100-mm dishes for 6 days. shPRMT5 was transduced into HBV-infected dHepaRG cells in 100-mm
dishes for 5 days. Three quarters of the cells were used for ChIP assays with the indicated antibodies. Levels of H4R3me2s or
PRMTS5 on HBV cccDNA or the host RPL30, MYOD1, and GAPDH genes were analyzed by quantitative PCR. (C) Huh7 cells
were cotransfected as indicated, and the cells were subjected to ColP assay with the indicated antibody. Expression of the indicated
proteins was analyzed by western blot (f-actin as a loading control). (D) Huh?7 cells were cotransfected with plasmids encoding
PRMTS5 and 1.3-fold HBV genome. Cells were harvested for the immunofluorescence assay. PRMTS5 and HBc were detected by the
specific antibodies. (E) dHepaRG cells in 100-mm dishes were infected by HBV WT and HBc protein—deficient virus (HBV-
AHBc). Three quarters of the cells were used for ChIP assays with the anti-PRMT5antibody. The rest of the cells were subjected to
analysis of the expression levels of HBc and PRMTS5 by western blot. *P < 0.05, ®P < 0.01. Abbreviations: Ad, adenovirus; DAPI,
4/,6-diamidino-2-phenylindole; 1B, immunoblot; IP, immunoprecipitation; N.S., not significant; WCL, whole-cell lysate.
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knockdown.

Because HBc, Pol and pgRNA are the three key fac-
tors involved in the process of pgRNA encapsidation
and we found that PRMT5 interacts with the HBc,
we speculated whether PRMTS affects the associations
of HBc with Pol and with pgRNA. The ColP assay
suggested that the interaction between HBc and Pol
was not affected by PRMTS5A (Supporting Fig.
S10B). In addition, the RIP assay showed that in the
absence of Pol, the interaction between HBc and
pgRNA was weak, even without PRMTS5A expression
(Supporting Fig. S10C), which is consistent with

previous studies showing that the binding between
HBYV Pol and the 5'-¢ signal on pgRNA is a prerequi-
site for pgRNA encapsidation and subsequent viral
DNA production.?”?® These results suggest that the
interaction between PRMT5 and HBc has little con-
tribution to PRMT5-mediated inhibition of pgRNA
encapsidation. We then investigated the impact of
PRMTS5 on the binding of Pol to pgRNA. The RIP
assay clearly suggested that ectopically-expressed
PRMT5 and PRMTS5A disrupted the interaction
between Pol and pgRNA, whereas knockdown of
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endogenous PRMTS5 significantly enhanced the Pol-
pgRNA interaction (Fig. 8B). Thus, we further inves-
tigated how PRMTS5 counteracted the Pol-pgRNA
interaction. While there was no direct interaction
between PRMTS5 and pgRNA (Supporting Fig.
S10D), a colocalization of PRMT5 with HBV Pol in
the cytoplasm (Fig. 8C) and a physical interaction
between HBV Pol and endogenous or ectopic
PRMTS5 or PRMTS5A (Fig. 8D) were observed. Fur-
ther studies indicated that PRMTY interacted with the
reverse transcriptase—ribonuclease H (RT-RH) region
of Pol (Fig. 8E), which has been recognized as the
domain that is responsible for the Pol-pgRNA interac-
tion.*® Together, these results suggest that PRMTS
interferes with pgRINA encapsidation through disrupt-
ing the Pol-pgRNA interaction, possibly by competi-
tively binding to the RT-RH region of Pol, which
provides a mechanism of how PRMTS5 inhibits core
particle DNA production.

Discussion

Here, we identified PRMTS as a potent host restric-
tor of HBV replication. We demonstrate that
PRMTS5, in a methyltransferase-dependent manner,
epigenetically silences cccDNA transcription by trig-
gering H4R3me2s on the cccDNA minichromosome,
which involved the regulation of the binding of the
Brgl-based human SWI/SNF chromatin remodeler
and RNA Pol II to cccDNA. Importantly, the negative
correlation between the cccDNA-bound H4R3me2s
and cccDNA transcription was validated iz vifro and
in vivo. In addition, PRMTS5, in a methyltransferase-
independent manner, disrupted pgRNA encapsidation
by competitively binding to the RT-RH region of
HBV Pol, which further inhibited HBV DNA

HEPATOLOGY, August 2017

production and may affect cccDNA replenishment
(Supporting Fig. S11).

In recent years, a number of epigenetic markers on
the HBV cccDNA minichromosome associated with
viral transcription have been identified. While high
levels of posttranscriptional modifications of the
cccDNA-bound histones associated with active tran-
scription are observed across the HBV genome and the
role of acetylation of cccDNA-bound histones in the
regulation of HBV transcription has been recog-
nized,”"** the posttranscriptional modifications asso-
ciated with transcriptional repression, including
trimethylation of H3K9 (H3K9me3) and H3K27me3,
were hardly detected on HBV DNA®®; thus, the role
of histone methylation remains elusive and controver-
sial. Here, we report that, both in wvitro and in vivo,
cccDNA-bound H4R3me2s could be detected, was
significantly associated with repressed cccDNA tran-
scription, and could be manipulated by the alteration
of PRMTS5 expression. Because the previous study
with a ChIP-sequencing approach did not include
H4R3me2s, it will be interesting to map its distribu-
tion on cccDNA in the future. In addition to the pre-
sent study, the role of methyltransferases including
PRMT1 and SETDB1 in regulating HBV transcrip-
tion has been reported.(29’3o) PRMT1, a member of
the type I protein arginine methyltransferase family,
was found to be a binding partner of HBx and could
inhibit HBV transcription. Considering that the asym-
metric dimethylation on H4R3 (H4R3me2a), known
to be catalyzed by PRMT1, has been recognized as a
gene activation marker,"'”) and that our results from an
HBYV infection system revealed that there was no posi-
tive correlation between the status of H4R3me2a and
cccDNA  transcriptional activity (Supporting Fig.
S3C), the inhibitory effect of PRMT1 on HBV tran-
scription may act not through its catalysis of cccDNA-

FIG. 8. PRMTS5 interferes with pgRNA encapsidation by counteracting the interaction between pgRNA and HBV Pol through
binding to the RT-RH region of Pol. (A) PRMT5A was cotransfected with pCMV-HBV YMHD into Huh7 cells. Cells were har-
vested at 72 hours posttransfection. Core particle RNAs were analyzed by northern blot. Numbers below the lanes indicate the inten-
sity of the core particle RNA bands relative to the vector group. Total HBV RNA was analyzed by northern blot. An aliquot of cell
lysates was loaded onto an agarose gel to detect the cytoplasmic core capsids. Overexpression of PRMT5A was detected by western
blot. (B) Huh7 cells were cotransfected as indicated, and pCMV-HBV-APol was transfected in all groups to transcribe pgRNA. At
36 hours posttransfection, cells were treated with 10 uM of MG132 for 9 hours and harvested for RIP assay. (C) PRMT5 was
cotransfected with hemagglutinin Pol into Huh7 cells. After 48 hours, cells were harvested for an immunofluorescence assay. Anti-
PRMTS5 and anti-HA antibodies were used. (D) Huh7 cells were cotransfected as indicated. At 36 hours posttransfection, cells were
treated with 10 M of MG132 for 9 hours and then harvested for ColP assay with anti-Flag antibody. (E) Schematic diagram of the
full-length and truncated constructs of HBV Pol (upper panel). Huh7 cells were cotransfected with Flag-PRMTS5 and the indicated
Myc-tagged HBV Pol constructs or the negative control, Myc-Rluc. At 36 hours posttransfection, cells were treated with 10 uM of
MG132 for 9 hours and then harvested for ColP assay with anti-Flag antibody (lower panel). *P < 0.05, **P < 0.01. Abbreviations:
aa, amino acid; DAPI, 4',6-diamidino-2-phenylindole; HA, hemagglutinin; IB, immunoblot; IP, immunoprecipitation; si, small inter-
fering; SP, spacer; TP, terminal protein; WCL, whole-cell lysate.
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bound H4R3me2a but through other target proteins.
Riviere et al.®” suggested that histone methyltransfer-
ase SETDB1-mediated H3K9me3 was involved in the
transcriptional repression of HBV cccDNA. Notably,
this repressive effect could onl;f be observed in the
absence of HBx (HBVX"),?**” which might explain
why we did not observe H3K9me3-associated tran-
scriptional repression of cccDNA in dHepaRG cells
infected with WT HBV (Supporting Fig. S3C), thus
arguing for a role of H3K9me3 in regulating cccDNA
transcription in the presence of the HBx protein dur-
ing natural HBV infection. Together, these data sug-
gest that, compared with H4R3me2a and H3K9me3,
PRMTS5-catalyzed H4R3me2s may play a vital role in
the restriction of HBV transcription during HBV
infection. However, whether other factor(s) that can
regulate the status H4R3me2s and factor(s) that mod-
ulate the activity of PRMTS5 remains to be investigat-
ed. Besides, from the perspective of the virus, such an
epigenetic mechanism with a repressive effect might be
a strategy for maintaining chronic infection.

Previous studies have suggested that PRM'TS5 meth-
ylates histones H4R3 and H3RS8 as a part of the Brgl-
based or hBrm-based SWI/SNF chromatin remodel-
ing complex(23) and that this, in turn, facilitates the
binding of Brgl to the target gene for subsequent
chromatin remodeling. Here, we showed that altering
PRMTS5 expression accordingly regulated the binding
of Brgl, but not hBrm, to cccDNA. We thus speculat-
ed that the Brgl-based human SWI/SNF chromatin
remodeler complex may be associated with PRMT5 to
promote H4R3me2s on cccDNA as well as to remodel
the nucleosome structure of the HBV minichromo-
some to coordinately impede the binding of RNA Pol
IT to cccDNA.®Y Because PRMT5-mediated methyl-
ation of H4R3 can recruit the DNA methyltransferase
DNMT3A®? and HBV DNA methylation has been
shown to suppress cccDNA transcription, it will be
interesting to further determine whether the methyla-
tion of cccDNA is increased along with the PRMT5-
mediated  up-regulation  of  cccDNA-bound
H4R3me2s and coordinately contributes to the repres-
sion of HBV transcription by PRMT5.

Although both the host chromosomes and the HBV
cccDNA minichromosome are organized with the host
histone proteins, we showed that the status of
H4R3me2s varied more on cccDNA than on the host
GAPDH gene during HBV infection and that the
alteration of the expression of PRMTS5 significantly
changed the level of cccDNA-bound, but not host
gene-bound, H4R3me2s and PRMTY5, implying that

ZHANG, CHEN, ET AL.

PRMTS5 can, to some extent, specifically bind to
cccDNA and catalyze cccDNA-bound H4R3me2s to
repress cccDNA transcription. Based on the evidence
that PRMTS5 interacted and colocalized with HBc in
the nucleus and knockdown of HBc decreased the
binding of PRMTS5 to cccDNA, we proposed that
HBc plays a role in targeting PRMTS5 to cccDNA.
The factors that have been reported to mediate the
binding of PRMTS5 to host chromosomes, such as the
histone-binding protein COPRS5, may also be involved
in the binding of PRMT5 to cccDNA, which remains
to be further studied. The preference of PRMTS5 could
also be attributed to the differences in chromatin pro-
tein composition and the chromosome structure
between cccDNA and host genes,**? which may lead
to different sensitivities to the alteration of PRMT5
expression levels.

Until now, a number of host restrictors that target
different steps of HBV replication have been identified,
including the APOBEC cytidine deaminases,® the
interferon-induced MyD88 and =zinc finger pro-
tein,"***  the tumor necrosis factor-o-induced
IAP2,% and RIG-1.99 Here, we report that
PRMTS5, in addition to suppressing HBV transcription,
has a novel inhibitory effect on HBV pgRNA encapsi-
dation through binding to the RT-RH region of Pol,
which is crucial for the pgRNA-Pol interaction as well
as for the subsequent RNA reverse transcription.%*¢
Because the pgRNA is reverse-transcribed within the
capsids, which are subsequently used for the formation
of mature virions or recycling to the nucleus for
cccDNA maintenance, there is a possibility that by
binding to the viral Pol, PRMTS5 can also be incorpo-
rated into the viral nucleocapsids to interfere with HBV
reverse transcription and prevent the replenishment of
cccDNA, which requires further investigation. Another
possibility we cannot exclude is that the binding of
PRMTS5 to core protein affects the packaging of the
Pol-pgRNA ribonucleoprotein complex into capsid.

Besides histones, PRMTS5 can target a series of
other host proteins and has been implicated in various
cellular processes, including pluripotency, tumorigene-
sis,3”) and regulation of viral replication and pathogen-
esis by targeting a variety of cellular substrates and viral
proteins.*® We showed that the anti-HBV effect of
PRMTS is not dependent on nuclear factor-xB activa-
tion (Supporting Fig. S7)®? or alteration of the
expression levels of HBV transcription-related host
transcription factors like hepatocyte nuclear factor 4
and CCAAT/enhancer binding protein o (Supporting
Figs. S5B and S6), but other possibilities remain to be
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further studied, such as whether PRMT5 could direct-
ly methylate HBV Pol or HBc to influence their func-
tion or whether PRMTS5 inhibits HBV replication
through an indirect mechanism(s). Moreover, although
the level of PRMT5 mRNA is not affected by HBV
infection (Supporting Fig. S5C,D), it is much higher
in hepatoma HepG2-NTCP cells than PHHs (data
not shown), which is consistent with reports that
PRMTS5 expression is up-regulated in tumor tissues.
Considering that HBV replication is often robust in
PHHs but low in tumor cells, we determined whether
there is any association between the anti-HBV effect
of PRMTS and the low HBV replication efficacy in
tumor-derived cells. Our recent data showed that the
HBV transcription activity was lower in liver tumor
cells than in paired paratumor tissues, while, interest-
ingly, the levels of PRMT5 mRNA and the cccDNA-
bound PRMTS5 and H4R3me2s were higher in tumor
cells (unpublished). Although more validation is
required, these data have provided more insight into
the physiological significance of PRMTS5-mediated
restriction of HBV replication in vitro and in vivo.

In conclusion, the present study revealed a two-part
mechanism of the regulation of HBV gene transcrip-
tion and viral replication by PRMT5, which promotes
the understanding of the epigenetic modulation of
cccDNA transcription and the control of HBV replica-
tion and may provide new insight into noncytolytic
mechanisms of cccDNA elimination.
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