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Abstract

Hepatitis B virus (HBV) is a worldwide health problem without curative treatments. Investiga-
tion of the regulation of HBV biosynthesis by class | and Il histone deacetylases (HDACs)
demonstrated that catalytically active HDACS5 upregulates HBV biosynthesis. HDAC5
expression increased both the stability and splicing of the HBV 3.5 kb RNA without altering
the translational efficiency of the viral pregenomic or spliced 2.2 kb RNAs. Together, these
observations point to a broader role of HDACS5 in regulating RNA splicing and transcript sta-

G OPEN ACCESS

Citation: Taha TY, Anirudhan V, Limothai U, Loeb
DD, Petukhov PA, McLachlan A (2020) Modulation
of hepatitis B virus pregenomic RNA stability and
splicing by histone deacetylase 5 enhances viral
biosynthesis. PLoS Pathog 16(8): €1008802.

https://doi.org/10.1371/journal.ppat.1008802

Editor: Haitao Guo, University of Pittsburgh,
UNITED STATES

Received: April 9, 2020
Accepted: July 13, 2020
Published: August 21, 2020

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.ppat.1008802

Copyright: © 2020 Taha et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

bility while specifically identifying a potentially novel approach toward antiviral HBV thera-
peutic development.

Author summary

This study demonstrates that HDAC5 deacetylation of host cellular factor(s) results in
increased HBV biosynthesis by enhancing viral transcript stability and splicing via direct
or indirect binding of host factors to viral intron sequences. This represents the first dem-
onstration of this type of post-transcriptional regulation in the liver and is similar to
observations seen for cellular transcripts in neural and cardiac cell types. These observa-
tions suggest a more general phenomenon which could represent an additional post-
transcriptional code governing the regulation of RNA:protein interactions and hence
RNA metabolism. Therefore, covalent modifications of RNA binding proteins may modu-
late post-transcriptional gene expression in an analogous manner to the known histone
code that controls gene transcription. Although this analysis primarily relates to the mech-
anism(s) by which HDAC5 governs HBV RNA metabolism, it does have significant thera-
peutic implications. The inhibition of HDACS5 in combination with current nucleos(t)ide
analog drugs targeting the viral reverse transcriptase/DNA polymerase might aid in the
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treatment and possible resolution of chronic infections by targeting both host and viral
factors.

Introduction

HBYV infection is a worldwide health problem and is endemic in many regions of Asia and
Africa [1,2]. Infection can be prevented by vaccination (90-95% efficacy), but chronic infec-
tion remains a major clinical problem with 200 to 500 million cases worldwide and 1 million
deaths annually [2]. To date, there is no reliable curative therapy [1,3]. One of the critical barri-
ers to the development of novel HBV therapeutics is the lack of targetable host factors that are
necessary for infection and viral propagation.

HBV is a small enveloped hepadnavirus that replicates via reverse transcription of the
pregenomic 3.5 kb RNA within its capsid to generate the viral 3.2 kbp partially double-
stranded DNA genome [4,5]. The major viral transcripts reported in natural infection in
humans, transgenic mice, and cell culture are the HBV 3.5 and 2.1 kb RNAs [6-8]. The viral
3.5 kb RNA represents two distinct transcripts differing by approximately 30 nucleotides at the
5’-end of the RNA. The precore 3.5 kb RNA encodes the HBV early antigen (HBeAg) and the
pregenomic 3.5 kb RNA is translated to produce the HBV core antigen (HBcAg) and the viral
polymerase [6-8]. The pregenomic RNA also serves as the template for viral reverse transcrip-
tion in the initial steps of replication [4,5]. The 2.1 kb RNA codes for the middle and major
HBYV surface antigens (HBsAg) [6-8]. Two minor transcripts of 2.4 and 0.7 kb encode the
large HBsAg [6-8] and the HBV X gene polypeptide [9,10]. In addition, a variety of spliced
viral RNAs of undefined importance in the HBV life cycle have been reported [6,11-15]. A
major singly spliced HBV 2.2 kb RNA encodes a truncated HBcAg lacking the terminal cyste-
ine residue [6,11-13,16]. In addition, a novel open reading frame within this spliced RNA may
be translated to generate a polypeptide (HBSP) comprising the first 46 amino acids of the viral
polymerase and an additional 47 carboxyl-terminal amino acids [17]. This protein does not
appear to be essential for either viral transcription and replication [17].

Histone deacetylases (HDACs) are a family of 18 enzymes that catalyze the removal of ace-
tyl groups from histones and non-histone proteins [18,19]. HDACs are classified based on
sequence homology to yeast HDACs and are divided into classical zinc-dependent HDACs
and NAD"-dependent sirtuins (SIRTs) [20]. Classical HDAC:s are further subdivided into class
I (HDACs 1-3 and 8), class IIa (HDACs 4, 5, 7, and 9), class IIb (HDACs 6 and 10), and class
IV (HDAC 11) HDACs. Class | HDACs are generally regarded as the main deacetylases of his-
tones among other roles in the cell, while class ITa and IIb HDACs are involved in a variety of
cellular processes including cell cycle, DNA repair, differentiation, and apoptosis in deacety-
lase enzyme activity-dependent and -independent mechanisms [21-26]. There have been mul-
tiple reports linking HDAC:s to the accessibility of the transcriptional machinery to the HBV
covalently closed circular DNA (cccDNA) present in cells as a nuclear chromatin template
[27-32]. Interestingly, single-cell analysis of hepatocytes [33] revealed that the expression of
HDAGS correlates closely with the distinct zonal profile of viral biosynthesis [34] across the
liver lobule in HBV transgenic mice (S1 Fig). The levels of the other classical HDAC tran-
scripts are considerably lower than HDACS5 and they are not differentially expressed across the
liver lobule (S1B Fig). Furthermore, there is no reported effect of class I HDACs on HBV
biosynthesis.

In this study, the effect of class I, IIa, and IIb HDACs on HBV biosynthesis is evaluated. It
is demonstrated that HDACS significantly upregulates HBV biosynthesis by increasing the
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stability and splicing of the HBV 3.5 kb RNA in a catalytic activity dependent manner. These
observations indicate that HDACS is a potential host factor supporting viral biosynthesis and
HDACGCS selective inhibitors might be developed as antiviral therapeutics.

Results

HDACS increases HBV biosynthesis in the human hepatoma HepG2 and
nonhepatoma HEK293T cell lines

Previous studies had suggested a role for HDACI in the repression of HBV transcription, but
the effects of other class I and class Il HDACs on viral biosynthesis have not been considered.
HepG2 cells support HBV transcription and replication when transfected with the HBV DNA
(4.1 kbp) construct (Fig 1A). To study the impact of HDACs on HBV biosynthesis, constructs
expressing representatives of class I (HDAC:s 1, 3, and 8), class IIa (HDACs 4, 5, and 7), and
class IIb (HDAC6) HDACs were utilized. The effects of HDACs 1 and 3-8 expression on viral
3.5 kb RNA, HBV DNA replication intermediates, HBV core polypeptide (p21) and capsid lev-
els were modest and generally less than 2-fold (Fig 1A). However, HDACS increased capsid
abundance by 3-fold and HDAC? significantly decreased viral RNA, core polypeptide (p21),
and capsid levels (Fig 1A). As the effects of HDACs 1 and 3-8 expression in HepG2 cells were
modest (Fig 1A), it is challenging to ascertain the potential effect of individual HDACs on
HBYV biosynthesis in this system.

In contrast to HepGz2 cells, transfection of HEK293T cells with the HBV DNA (4.1 kbp)
construct resulted in detectable levels of HBV RNA but barely detectable viral DNA replication
intermediates (Fig 1B). When HEK293T cells are transfected with HDACs 1 and 3-8 expres-
sion vectors, HBV 3.5 kb RNA levels did not change greatly in the presence of HDACs 1, 3, 5,
6, and 8, but decreased approximately 2- and 4-fold with HDACs 4 and 7, respectively (Fig
1B). Interestingly, the HBV 2.1 kb RNA levels appeared to increase approximately 1.5-fold
with HDACS expression (Fig 1B). The viral DNA replication intermediate levels increased 3-
and 6-fold with HDACI and 5, respectively, but was absent or marginally detectible for the
other HDACs (Fig 1B). The HBV core polypeptide (p21) levels increased 5-fold with HDAC5
expression but decreased 3- to 6-fold with the expression of other HDACs. HDACI failed to
modulate core polypeptide (p21) levels to a major extent while supporting an approximately
4-fold increase in capsid formation (Fig 1B). However, HBV capsids were increased approxi-
mately 50-fold with HDAC5 expression but were undetectable in the presence of the other
HDAC:s (Fig 1B). The observation that an HDAC5-mediated 5-fold increase in HBV core
polypeptide (p21) levels is associated with a 50-fold enhancement in HBV capsid abundance is
consistent with previous reports indicating that the conversion of HBcAg dimers into capsids
occurs by a highly cooperative process [35-37]. Moreover, the limited expression of HDAC5
protein in HepG2 cells compared with HEK293T cells (S1C Fig) may explain the modest effect
of HDACS expression on HBV biosynthesis in HepG2 cells compared with the robust effect in
HEK293T cells.

HDACS5 catalytic activity upregulates HBV biosynthesis

Given their relatively low enzymatic activities, class Ila HDACs are known for their enzymatic
activity-independent biological roles, such as scaffolding factors within corepressor complexes
[22-26]. To evaluate the role of HDACS catalytic activity in the enhancement of HBV biosyn-
thesis in HEK293T cells, LMK235, a class IIa selective HDAC inhibitor [38], was evaluated for
its effect on HBV biosynthesis. HDAC5 had little effect, less than 2-fold, on the level of the viral
3.5 kb RNA, but dramatically increased the level of viral replication intermediates (Fig 2A, lanes
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Fig 1. HDACS increases HBV biosynthesis in cell culture. (A) HepG2 and (B) HEK293T cells were transfected with the HBV DNA (4.1 kbp)
construct with or without HDAC expression vectors. Total cellular RNA, viral DNA replication intermediates, and cytoplasmic proteins were analyzed
by RNA (Northern) filter hybridization, DNA (Southern) filter hybridization, and Western blot analyses, respectively. The GAPDH transcript was used
as an internal control for RNA loading per lane. The 3.9 kb transcript observed above the HBV 3.5 kb RNA probably represents the previously reported
HBYV long xRNA that initiates from the X promoter region [79]. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA.
Quantitation of the HBV 3.5 kb RNA relative to the GAPDH RNA, the HBV DNA replication intermediates, the HBV native capsids, and the core
polypeptide (p21) levels relative to GAPDH is shown as mean plus standard deviation from two independent analyses. Levels that are statistically

significantly different than the levels in cells transfected with the HBV DNA (4.1 kbp) construct only, as determined by Student’s t test (P < 0.05), are
indicated with an asterisk.

https://doi.org/10.1371/journal.ppat.1008802.9001
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Fig 2. HDACS5 enzymatic activity is required for the upregulation of HBV biosynthesis. (A) HEK293T cells were transfected with the HBV DNA
(4.1 kbp) construct with or without the HDACS expression vector and LMK 235 treatment. (B) HEK293T cells were transfected with the HBY DNA
(4.1 kbp) construct with or without the HDACS expression vectors encoding the wild type or enhanced activity mutant HDAC5 (H1006Y) proteins.
The black lines indicate noncontiguous lanes from a single blot. Total cellular RNA, viral DNA replication intermediates, and cytoplasmic proteins were
analyzed by RNA (Northern) filter hybridization, DNA (Southern) filter hybridization, and Western blot analyses, respectively. The GAPDH transcript
was used as an internal control for RNA loading per lane. The 3.9 kb transcript observed above the HBV 3.5 kb RNA probably represents the previously
reported HBV long xRNA that initiates from the X promoter region [79]. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-
stranded DNA. Quantitation of the HBV 3.5 kb RNA relative to GAPDH RNA, the HBV DNA replication intermediates, the HBV native capsids, and
the core polypeptide (p21) levels relative to GAPDH is shown as mean plus standard deviation from two independent analyses. Levels that are
statistically significantly different than the levels in cells transfected with the HBV DNA (4.1 kbp) construct only, as determined by Student’s t test

(P < 0.05), are indicated with an asterisk.

https://doi.org/10.1371/journal.ppat.1008802.9002
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1 and 2). Inhibition of HDACS5 activity by LMK235 led to a concentration-dependent decrease
in HBV DNA replication intermediate levels. Indeed, viral replication intermediates were
decreased dramatically to levels similar to those observed in cells transfected with the HBV
DNA (4.1 kbp) construct alone (Fig 2A). The levels of viral 3.5 kb RNA changed less than 2-fold
when the cells were treated with LMK235 (Fig 2A). The level of the HBV 2.1 kb RNA increased
modestly with HDAC5 expression whereas LMK235 treatment reversed this effect (Fig 2A).

To investigate further the requirement of HDACS5 catalytic activity for HBV biosynthesis,
an HDACS expression vector carrying a histidine-to-tyrosine mutation at position 1006
(H1006Y), which has been shown to increase the catalytic activity of HDAC5 more than
50-fold, was utilized [39]. The wild-type HDACS5 did not alter the level of viral 3.5 kb RNA. In
contrast, the level of viral core polypeptide (p21), capsids, and replication intermediates were
increased when 3 or 10 pg of the wild-type HDACS5 expression vector was utilized (Fig 2B).
However, when the mutant HDACS5 (H1006Y) expression vector was used, 1 pg of the expres-
sion vector supported viral biosynthesis. Additional increases in this expression vector led to
further increases in HBV core polypeptide (p21) and capsid synthesis compared with the wild
type HDACS5 expression vector (Fig 2B). Of note, when 10 ug of the HDAC5 (H1006Y), and to
a lesser extent 10 pg of the wild-type HDACS5 expression vector, are cotransfected with HBV
DNA (4.1 kbp) construct, there was an apparent 2-fold increase in HBV 2.1 kb RNA (Fig 2B).
These observations indicate that the catalytic function of HDAC5 contributes to enhanced
HBV biosynthesis.

HDACS5 increases the abundance of HBcAg encoding HBV RNAs

The modest HDAC5-mediated increase in total HBV RNAs (Figs 1 and 2) and specifically the
apparent increase in the viral 2.1 kb RNA suggests a possible RNA-mediated enhancement of
viral biosynthesis. It is unclear if the apparent increase in the viral 2.1 kb RNA band represents
an increase in the HBV 2.1 kb transcript encoding the middle and major HBsAg or if it is due
to the appearance of the singly spliced HBV 2.2 kb RNA derived from the HBV 3.5 kb RNA
[6,11-13,16]. Indeed, mutation of each of the viral open reading frames alone or in various
combinations except for the core polypeptide coding region in the context of the replication
competent pPCMVHBYV and HBV DNA (4.1 kbp) constructs fails to inhibit the HDAC5-me-
diated increase in HBV capsid abundance in HepG2 cells (S2 Fig). Moreover, HDACS5 expres-
sion failed to increase capsid production from core polypeptide (p21) sub-genomic expression
vectors (Fig 3A and 3B). These observations suggest that HBV RNA splicing might contribute
to the HDAC5-mediated enhancement of HBV biosynthesis through the post-transcriptional
regulation of viral transcript splicing and/or stability. To investigate further this possibility, a
CMV-driven HBV construct, pPCMVHBYV, was used to obtain robust levels of HBV 3.5 kb
RNA synthesis in the presence of more limited levels of other viral RNAs [40]. This approach
permitted a more accurate investigation of HBV 3.5 and spliced 2.2 kb transcripts by RNA
(Northern) filter hybridization analysis. Transfection of HEK293T cells with the pPCMVHBV
construct produced a prominent HBV 3.5 kb RNA band with much lower abundance of other
viral transcripts (Fig 3C). In the presence of HDACS5 expression, the abundance of the viral 3.5
kb RNA changed by less than 2-fold, but an HBV 2.2 kb RNA was increased approximately
7-fold (Fig 3C). In addition, HDACS expression led to a 3-fold increase in HBV capsid levels
(Fig 3C). To determine the level of viral RNAs initiating from the HBV pregenomic RNA tran-
scription start site, primer extension analysis using a >*P-labeled DNA probe spanning
HBVayw nucleotide coordinates 1976-1941 was performed. Expression of HDACS in the pres-
ence of the pPCMVHBYV construct in HEK293T cells led to a 2- to 6-fold increase in HBV tran-
script initiating from the HBV pregenomic RNA start site (Fig 3D). Similarly, cotransfection of
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Fig 3. HDACS increases the abundance of HBcAg-encoding HBV RNAs. (A) HepG2 cells were transfected with a pPCMVHBYV construct that cannot
synthesize surface and polymerase polypeptides and does not contain the encapsidation signal € (S-P-g-), or sub-genomic CMV-driven HBV core
protein only expression vectors with or without the HDACS5 expression vector. The viral proteins present in the cytoplasmic extracts were analyzed by
Western blot analysis for native viral capsids. The black lines indicate noncontiguous lanes from a single blot. (B) Quantitation of viral capsids relative
to lane 3 which is designated as a relative abundance of 1.0. Mean plus standard deviation for 2 independent experiments is shown. Comparison of the
levels of the viral capsids in the presence or absence of HDACS5 expression that are statistically significantly different, as determined by a paired
Student’s t test (P < 0.05), are indicated with an asterisk. (C) HEK293T cells were transfected with the pPCMVHBYV expression vector with or without
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blotting analyses, respectively. The GAPDH transcript was used as an internal control for RNA loading per lane. (D) RNA from HepG2 or HEK293T
cells transfected with the HBV DNA (4.1 kbp) or pPCMVHBYV constructs with or without the HDACS5 expression vector as indicated was analyzed by
primer extension. HBV PC RNA, HBV precore RNA; HBV C RNA, HBV core (pregenomic) RNA. 10 ug tRNA was included as a negative control and
10 pug of HBV transgenic (tg) mouse liver RNA was included as a positive control.
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Fig 4. HDACS5 does not alter the translational efficiency of HBV RNAs. HEK293T cells were transfected with the pPCMVHBYV construct with or
without the HDAC5 expression vector. Polysomes were subjected to sucrose density ultracentrifugation. (A) Polysome profile measured by absorption
at 254 nm. (B) RNA isolated from gradient fractions was analyzed by RNA (Northern) filter hybridization analysis. Ethidium bromide (EtBr) staining
indicates the positions of the 285 and 18S ribosomal RNAs. Red arrows indicate the position of HBV 3.5 and 2.2 kb RNAs and GAPDH RNA. The band
below the 3.5 kb band in the pPCMVHBYV sample is potentially contaminant plasmid DNA. (C) RNA isolated from gradient fractions was analyzed by
primer extension. 10 ug tRNA was included as a negative control and 10 ug of HBV transgenic (tg) mouse liver RNA was included as a positive control.
HBV C RNA, HBV core (pregenomic) RNA. (D) Quantitation of the primer extension analysis. Abundances of the primer extension products are
estimated relative to the product in fraction 3 which is designated as a relative abundance of 1.0.

https://doi.org/10.1371/journal.ppat.1008802.9004

the HBV DNA (4.1 kbp) construct with the HDACS5 expression vector in HepG2 or HEK293T
cells led to increase in transcription initiation from the HBV pregenomic and precore RNA
start sites (Fig 3D). These data suggest that HDAC5 upregulates the abundance of HBV RNAs
initiating from the HBV pregenomic RNA transcription start site including both the HBV 3.5
kb and spliced 2.2 kb RNAs that encode for the HBV core protein [6,11-13,16].

HDACS does not alter the translational efficiency of HBV RNAs

To ascertain whether the putative HBV spliced 2.2 kb RNA is translated and if HDAC5
modulates viral RNA translational efficiency, polysome profiling analysis was conducted in
HEK293T cells transfected with the PCMVHBYV construct. HDAC5 expression did not alter
the overall polysome profile (Fig 4A). The HBV 3.5 kb RNA was distributed across the com-
plete spectrum of polysomes in an HDAC5-independent manner suggesting efficient transla-
tion (Fig 4B). In the absence of HDACS expression, the HBV spliced 2.2 kb RNA was not
detected in polysomes and was marginally detectible in the 80S monosome fraction (Fig 4B).
In the presence of HDACS5 expression, the HBV spliced 2.2 kb RNA was readily detectible in
polysomes, displaying a similar distribution to the viral 3.5 kb RNA (Fig 4B). To support the
hypothesis that the HBV spliced 2.2 kb RNA maps to the same initiation site as the HBV prege-
nomic RNA, the polysome profile fractions were subjected to primer extension analysis. Over-
all, the expression of HDACS led to an approximately 5-fold increase in abundance of the
HBV 3.5 and 2.2 kb RNAs, while the distribution of these transcripts was unaffected across the
spectrum of polysomes. These data suggest that HDAC5 increases the abundance of the HBV
3.5 and 2.2 kb transcripts, without affecting their translational efficiency (Fig 4).
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HDACS5 increases the abundance of the HBV spliced 2.2 kb RNA

To confirm that the HBV spliced 2.2 kb RNA observed in the RNA (Northern) filter hybridiza-
tion analysis and polysome profiles is the previously described HBV spliced 2.2 kb RNA [6,11-
13,16], a semi-quantitative PCR analysis using primers spanning the splice sites and generating
a 163 bp product from this spliced viral RNA was performed. No DNA product of the correct
size was detected when HEK293T cells were transfected with the HBV DNA (4.1 kbp) con-
struct (Fig 5A). In contrast, the expected PCR product was observed when HDAC5 was
expressed with the HBV DNA (4.1 kbp) construct (Fig 5A). In addition, the expected PCR
product was detected irrespective of HDAC5 expression with the pPCMVHBV construct (Fig
5A). To quantify the effect of HDACS5 on the abundance of the HBV 3.5 and spliced 2.2 kb
RNAs derived from the pPCMVHBYV construct, RT-qPCR analysis of RNA isolated from
HEK293T cells transfected with the pPCMVHBYV construct with or without the HDAC5 expres-
sion vector was performed. PCR primers specific for the HBV pregenomic 3.5 kb plus spliced
2.2 kb RNAs (HBVayw nucleotide coordinates 2311-2420), the unspliced HBV 3.5 kb RNA
but not the HBV spliced 2.2 kb RNA (HBVayw nucleotide coordinates 2590-2772), and the
HBYV spliced 2.2 kb RNA but not the HBV 3.5 kb RNA (HBVayw nucleotide coordinates

[ Total 3.5 and 2.2 kb RNAs (HBV 2311-2420)
B Unspliced 3.5 kb RNA (HBV 2590-2772)
Il Spliced 2.2 kb RNA (HBV 2395-599)
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14 *
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RNA/GAPDH RNA
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--AGATCTCAATCTCGGGAATCTCAATGTTAGTATTCC-- --TCTAATTCCAGGATCCTCAACAACC--
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Fig 5. HDACS5 increases the abundance of both the HBV spliced 2.2 kb and HBV 3.5 kb RNAs. (A) HEK293T cells were transfected with the HBV
DNA (4.1 kbp) or pPCMVHBYV constructs with or without the HDACS5 expression vector. PCR analysis of total RNA was conducted with forward
primer spanning HBVayw coordinates 2395-2414 and reverse primer spanning HBVayw coordinates 599-580 [80]. Amplification products were
resolved on a 6% polyacrylamide gel. The black lines indicate noncontiguous lanes from a single gel. (B) RT-qPCR analysis of RNA isolated from
HEK293T cells transfected with the pPCMVHBYV construct with or without the HDAC5 expression vector with primers spanning the indicated HBVayw
sequences [80]. The signal normalized to the GAPDH control is shown as mean plus standard deviation from two replicate analyses. Pair-wise
comparison of the levels of the PCR products in the presence or absence of HDAC5 expression that are statistically significantly different in cells
transfected with the pPCMVHBYV construct, as determined by Student’s t test (P < 0.05), are indicated with an asterisk. (C) The 163 bp PCR product
shown in A was sequenced. The HBV DNA sequence encoding the 5° and 3> RNA sequences are shown in orange and black, respectively. The
characteristic GT splice donor and AG splice acceptor sites are shown in blue. By splicing the HBV 3.5 kb transcript into the 2.2 kb transcript, the
terminal cysteine codon of the core polypeptide sequence is replaced with a newly created TGA translation stop codon.

https://doi.org/10.1371/journal.ppat.1008802.9005
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2395-599) were utilized. HDACS led to an approximately 3-fold increase in the levels of HBV
3.5 and 2.2 kb RNAs and unspliced 3.5 kb RNA, whereas the HBV spliced 2.2 kb RNA abun-
dance was increased approximately 33-fold (Fig 5B). To validate further that the PCR product
was derived from the HBV spliced 2.2 kb RNA, this PCR product was sequenced [41]. The
sequencing analysis demonstrated that the PCR product was derived from the HBV spliced 2.2
kb RNA, which encodes an HBV core polypeptide lacking the terminal cysteine residue (Fig
5C). This truncated HBV core polypeptide appears to support capsid assembly and viral repli-
cation slightly more efficiently than the wild type HBV core polypeptide (Fig 6). Additionally,
modulating the ratio of the wild type to truncated HBV core polypeptide appears to increase
capsid assembly to a modest extent without affecting viral replication (Fig 6). These data sug-
gest that HDACS5 simultaneously increased the abundance of both the HBV 3.5 kb pregenomic
RNA and the spliced 2.2 kb RNA, which codes for a functional HBV core polypeptide.

HDACS5 increases the stability of HBV RNAs

To determine if the greater abundance of HBV 3.5 kb and spliced 2.2 kb RNAs associated with
HDACS expression is due to increased synthesis, the transcription from the HBV core pro-
moter was measured by HBV core promoter-driven luciferase constructs. HDAC5 did not
affect the transcriptional activity of the HBV core promoter (S3 Fig). To ascertain whether the
stability of the HBV 3.5 kb and spliced 2.2 kb RNAs stability is affected by HDAC5 expression,
HBV RNA turnover was measured after the inhibition of transcription by actinomycin D (Fig
7A). HDACS expression stabilized the HBV 3.5 kb and spliced 2.2 kb RNAs. The half-lives of
the HBV 3.5 kb and spliced 2.2 kb RNAs were improved approximately 2- and 3-fold, respec-
tively, when HDACS5 was expressed (Fig 7B). To examine the HBV 3.5 kb RNA independently
of the HBV spliced 2.2 kb RNA, a probe spanning HBVayw nucleotide coordinates 2451-492
was utilized (Fig 7A, bottom panel). As expected, this probe detected the HBV 3.5 kb RNA but
not the HBV spliced 2.2 kb RNA (Fig 7A). Quantification of the HBV 3.5 kb RNA half-life
using this sub-genomic probe led to similar half-life estimation to that obtained using the com-
plete HBV genome as probe (Fig 7). Overall these data demonstrate that HDACS5 improves
both the stability and splicing of the HBV 3.5 kb RNA, thereby increasing the abundance of
the wild-type and mutant (lacking terminal-cysteine residue) core polypeptides, which support
greater viral replication (Fig 6; [42]).

Discussion

HDAC:s have been implicated as regulators of alternative splicing, although a clear mechanism
has not been established [43]. HDACS, in particular, has been shown to be associated with
alternative splicing of Bdnf transcripts in neuronal tissue [44] and several cardiomyocyte gene
transcripts in cardiac tissue [45]. However, a role for HDACS, the highest expressed classical
HDAC in hepatocytes (S1 Fig), in RNA processing in the liver has not been reported. In this
study, HDAC5 uniquely supported robust HBV biosynthesis in a deacetylase-dependent man-
ner and was amenable to inhibition by a small molecule inhibitor (Figs 1 and 2). HDAC5
expression led to elevated levels of the HBV spliced 2.2 kb RNA that encodes a core protein
lacking the terminal cysteine residue (Fig 3C). Although upregulation of this transcript may
explain greater core polypeptide (p21) and capsid levels, it does not explain the increase in
HBYV replication as this transcript does not encode a functional viral reverse transcriptase/
DNA polymerase and cannot be reverse transcribed to generate relaxed circular HBV 3.2 kb
DNA [13]. Analysis of the levels of correctly initiated HBV pregenomic RNA by primer exten-
sion in combination with RT-qPCR analysis demonstrated that the abundance of the HBV 3.5
kb RNA was also increased (Figs 3D and 5B). Furthermore, both transcripts were efficiently
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Fig 6. HBV core particles lacking C183 are replication competent. HEK293T cells transfected with the pCMVHBYV construct lacking expression of
the core polypeptide (C-) and mutant pPCMVHBYV constructs that lack expression of the surface and polymerase polypeptides and the encapsidation
signal € (S-P-g-) in the presence or absence of the HDACS5 expression vector. Construct S-P-g- expresses both the wild-type core and core polypeptide
lacking the terminal cysteine residue from the 3.5 and spliced 2.2 kb HBV RNAs, respectively. Constructs S-P-e-AC183 (possessing a mutation of the
splice donor site plus a premature termination codon) and S-P-e-AC183(2.2) (lacking the intron sequence) express the core polypeptide lacking the
terminal cysteine residue from the 3.5 or 2.2 kb HBV RNAs, respectively. The viral capsid and intracapsid HBV DNA replication intermediates were
analyzed from cytoplasmic extracts by Western blot and DNA (Southern) filter hybridization analyses, respectively. Quantitation of HBcAg (capsids)
and HBV DNA replication intermediates are shown as means plus standard deviations from two independent analyses.

https://doi.org/10.1371/journal.ppat.1008802.9006

translated as ascertained by polysome profiling analysis suggesting translational regulation was
not a major factor contributing to enhanced HBV core polypeptide (p21) and capsid levels
(Fig 4). It is generally considered that one of the major non-coding functions of RNA splicing
is to increase RNA stability although the precise mechanisms may depend on a variety of dis-
tinct pathways [46]. Inhibition of transcription by actinomycin D indicated that HDAC5
expression increased the half-life of the HBV 3.5 and spliced 2.2 kb RNAs (Fig 7). Together,
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Fig 7. HDACS5 increases the stability of the HBV RNAs. HEK293T cells were transfected with the pPCMVHBYV construct with or without the HDAC5
expression vector for 40 hours. The cells were then treated with actinomycin D for up to 24 hours and total RNA collected at the indicated times. (A)
RNA (Northern) filter hybridization analysis using the complete genomic HBVayw DNA probe or a subgenomic HBVayw DNA probe spanning
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RNA = 1.0). The half-life of the RNAs was determined using one phase decay analysis (GraphPad Prism 8.4).

https://doi.org/10.1371/journal.ppat.1008802.9007

the greater abundance of the HBV 3.5 and spliced 2.2 kb RNAs in the presence of HDAC5
appears to result from their enhanced stability, resulting in an overall increase in HBV
biosynthesis.

Collectively, these results support a model for the regulation of HBV biosynthesis involving
enhanced viral RNA splicing and stability mediated by HDACS activity (Fig 8). Although HBV
replication is generally considered to be independent of RNA splicing (Fig 8, steps 1-4), splice
variants and their reverse transcribed derivatives have been observed in cell culture studies and
in the sera of chronically infected patients, with the 2.2 kb splice variant being the primary vari-
ant detected [6,12,13,15,16,42,47]. Here, increased splicing of the HBV 3.5 kb RNA by HDAC5
expression was associated with greater stability of both the HBV 3.5 and spliced 2.2 kb RNAs
(Figs 3-7 and 8, step 6). This observation suggests that the splicing machinery might be utilized
by the virus to stabilize the viral pregenomic RNA. In addition, the generation of the HBV 2.2
kb splice variant leads to the synthesis of a truncated core protein without the terminal cysteine
residue (Fig 8, step 7), which efficiently forms capsids and is fully replication competent (Fig 6,
[42]). The effect of HDACS5 on RNA splicing and stability could be mediated via deacetylation
of a nuclear host factor (HF) that regulates these processes (Figs 2 and 8, steps 5 and 6), such as
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Fig 8. Proposed model for the effect of HDAC5 on HBV biosynthesis. (1 and 2) Virus infects hepatocytes and delivers HBV genomic DNA to the
nucleus where it is converted to HBV cccDNA and transcribed to produce the viral RNAs. (3) Viral RNAs are translated to produce the viral proteins
required for HBV biosynthesis. (4) Viral core protein encapsidates pregenomic RNA and polymerase protein. Reverse transcription and envelopment
by budding through the ER/Golgi system ensue to produce virions. (5 and 6) HDACS5 deacetylates a host factor (HF) that is necessary, directly or
indirectly, for HBV 3.5 kb RNA stability and splicing to the HBV 2.2 kb RNA. (7) HBV spliced 2.2 kb RNA is translated to terminal-cysteine deleted
(AC183) core polypeptide, which is capable of forming replication competent capsids similar to the wild type protein in step 4 (Fig 6; [42]). (8 and 9)
Multiple protein kinases phosphorylate HDACS5, leading to nuclear export and cytoplasmic sequestration of phospho-HDACS, thereby preventing the
deacetylation of nuclear HFs mediating the HBV 3.5 kb RNA stability and splicing. These kinases are responsive to environmental stimuli such as
proinflammatory signals, antiviral nucleos(t)ide analogs (NA) and lack of nutrients.

https://doi.org/10.1371/journal.ppat.1008802.9008

an RNA binding protein and/or splicing factor [43,48]. HDACS binding to several splicing fac-
tors and RNA binding proteins has been shown to require its nuclear localization [48], which
is regulated by a variety of kinases, including Ca**/calmodulin-dependent protein kinase
(CaMK) [49] and 5> AMP-activated protein kinase (AMPK) [50]. These kinases phosphorylate
key serine residues, leading to the cytosolic sequestration of phospho-HDACS by 14-3-3 pro-
teins [49] (Fig 8, steps 8 and 9). Interestingly, activation of CaMK and AMPK has been
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reported to negatively impact HBV biosynthesis, although their mechanism(s) of action are
unclear [51-53]. Indeed, these kinases are activated by antiviral factors such as nucleos(t)ide
analogs therapeutics [54] and proinflammatory signals, including interferon [55], poly I.C
[56], lipopolysaccharide [56,57] and tumor necrosis factor alpha (TNFa) [57]. This potentially
suggests a role of HDACS5 in mediating the inhibitory effects of these antiviral factors. Activa-
tion of CaMK and AMPK by these stimuli leads to the nuclear export of phopho-HDAC5 and
would presumably eliminate its interaction with relevant host factors [48], resulting in reduced
splicing and stability of the HBV 3.5 kb RNA and thereby down regulating viral biosynthesis.
This might be reflected as a modest decrease in HBV 3.5 and 2.2 kb RNA levels, which poten-
tially could be missed without the appropriate analysis to distinguish between the HBV spliced
2.2 kb and unspliced 2.1 kb RNAs. However, this change in viral transcript profile might result
in a modest reduction in core/p21 polypeptide with an associated dramatic loss of capsid for-
mation due to the concentration-dependent cooperative process involved in capsid assembly
[35-37]. In fact, studies utilizing proinflammatory signals typically report a post-transcrip-
tional inhibitory effect on HBV biosynthesis associated with limited changes in viral RNA lev-
els but with a loss of cytoplasmic capsids [58,59]. In combination, these observations suggest a
unique role for HDAC5 and RNA splicing in regulating HBV biosynthesis and indicate that
they may represent novel host antiviral therapeutic targets.

HDAC:s play a pleiotropic role in cellular homeostasis with the different isoforms regulat-
ing unique cellular functions [18,21]. There have been multiple reports linking HDACs
and HBV that were mainly focused on the histone deacetylation-dependent regulation of
cccDNA accessibility to the transcriptional machinery [27-32]. However, comprehensive
investigation of the effects of class I and Il HDACs on HBV biosynthesis in hepatoma and
nonhepatoma cells revealed that HDACs are not simply general repressors of HBV transcrip-
tion (Fig 1). Whereas HDAC?7, and to a lesser extent HDAC4, appear to repress HBV tran-
scription, HDAC5 upregulated HBV capsid abundance and supported enhanced HBV
biosynthesis in both hepatoma and nonhepatoma cells (Fig 1). Class I HDACs are regarded
as the major histone deacetylase enzymes in the cell [18,21] but did not greatly modulate
HBV transcription under the conditions examined in the current study (Fig 1). The absence
of necessary factors to recruit class | HDACs to HBV DNA in the cell culture system used in
the current study could potentially explain the lack of any major effects of class I HDAC
expression on HBV biosynthesis (Fig 1) as had been suggested previously [27,28]. This possi-
bility is supported by the finding that HBV cccDNA is decorated with epigenetic modifica-
tions associated with active transcription in model systems of HBV infection [60] and in
liver tissue of chronically infected patients [61]. Together, these observations support the
notion that distinct classes of HDACs modulate HBV biosynthesis in specific context-depen-
dent manners beyond simple histone deacetylation.

The unique effect of HDAC5 on HBV biosynthesis suggests that the regulation of gene
expression by HDAC:s is considerably more complex than the repression of transcription by
the deacetylation of histones. The post-transcriptional regulation of alternative splicing and
transcript stability by acetylation and deacetylation of splicing factors and/or RNA binding
proteins may have global consequences for cellular RNA abundances and sequence coding
content which extends beyond the regulation of HBV RNAs. As more than 90% of human
genes undergo splicing [62,63], understanding of the regulation of this process by acetylation,
and probably additional covalent modifications, may become increasingly important and
potentially reveal an additional post-transcriptional code governing RNA function. This
field of study may ultimately lead to new approaches to developing HDAC inhibitors with
improved efficacy and safety profiles as both antiviral and cancer agents.
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Materials and methods
Plasmid constructions

The HBV DNA (4.1 kbp) and pCMVHBYV constructs have been reported previously [40].

The HBV DNA (4.1 kbp) mutant constructs lacking expression of HBeAg (PC-), the X

gene polypeptide (X-) or both (X-PC-) have been described [64]. The pPCMVHDACI and
pCMVHDACS3-8 constructs drive the expression of C-terminal FLAG tagged HDACs 1 and
3-8 under the control of the CMV immediate early promoter (Addgene plasmids # 13819-25).
The plasmid pCMVHDACS5-H1006Y was derived from plasmid pPCMVHDACS5 using the Q5
site-directed mutagenesis kit (New England Biolabs) according to manufacturer’s instructions.
The CMV-driven HBV constructs lacking expression of specific viral proteins and/or the
encapsidation sequence € (plasmids LJ122 (S-P-), FU312 (C-), L]J145 (C-S-), EL43-1

(S-P-g-), NU9 (C-S-g-), and L]J196 (C-S-P-)) have been reported previously [13,65-67]. The
pPCMVHBcAg and pcHBc plasmids expressing the core polypeptide open reading frame have
been described [68,69]. Constructs CpLuc and CpLucA1879-129 express the firefly luciferase
gene under the control of the HBV core promoter and construct pPRLCMYV expresses Renilla
luciferase under the control of the CMV immediate early promoter [70]. Plasmids S-P-e-
AC183 and S-P-e-AC183(2.2) were generated from plasmid EL43-1 [65] using the Q5 site-
directed mutagenesis kit (New England Biolabs) according to manufacturer’s instructions.
Plasmid S-P-e-AC183 carries mutations T2451A and C2459A in the HBVayw sequence to
replace the terminal cysteine residue with a translation stop codon. Plasmid S-P-e-AC183(2.2)
was generated by deleting HBVayw coordinates 2451-491.

Cells, transfections, and biological materials

The human hepatoma HepG2 and the embryonic kidney HEK293T cell lines were grown in
RPMI-1640 medium and 10% fetal bovine serum at 37°C in 5% CO2. Transfections were per-
formed as previously described [71] using 10 cm plates, containing approximately 1 x 10° cells.
DNA, RNA, and protein isolations were performed 3 days post transfection. The transfected
DNA mixture was composed of 10 pg of the HBV DNA (4.1 kbp) or pPCMVHBYV constructs
plus 1-10 pg of the HDAC expression vectors plus control vectors as indicated. Controls were
derived from cells transfected with HBV DNAs and the expression vector lacking a cDNA
insert, pPCMVPa [72]. LMK235 and actinomycin D (Sigma-Aldrich), were dissolved in DMSO
and methanol, respectively. Firefly and Renilla luciferase signals were obtained using the dual-
luciferase reporter assay (Promega) according to manufacturer’s instructions.

Characterization of HBV transcripts, viral replication intermediates, viral
capsids, and HBcAg/p21 proteins

Transfected cells from a single plate were divided equally and used for the preparation of total
cellular RNA, cytoplasmic protein, and viral DNA replication intermediates as described
[37,73]. RNA (Northern) and DNA (Southern) filter hybridization analyses were performed
using 10 pg of total cellular RNA and viral DNA replication intermediates derived from one
third of the cells per 10 cm plate. Intracapsid HBV DNA replication intermediates were ana-
lyzed as described [74].

Transcription initiation sites for the HBV 3.5 kb transcripts were examined by primer
extension analysis using 4 units of avian myeloblastosis virus reverse transcriptase (Promega),
10 ng **P-labeled HBV oligonucleotide probe, 5-GGAAAGAAGTCAGAAGGCAAAAACG
AGAGTAACTCC-3’ (HBV nucleotide coordinates 1976 to 1941) and 10 pg of total cellular
RNA as described [75]. Filter hybridization and primer extension analyses were quantified by
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phosphorimaging using a Molecular Dynamics Typhoon 8600 Phosphor Imager system. Cyto-
plasmic lysate was prepared by lysing cells in 50 mM HEPES pH 7.5, 150 mM NaCl, 1% Igepal
CA-630 (Sigma Aldrich), 5% glycerol, 1x complete protease inhibitor cocktail (Roche), and 1x
phosphatase inhibitor cocktail set IT (Millipore). The lysate was clarified by centrifugation at
19,000g for 10 minutes at 4°C and protein concentration was determined using the BCA assay
(Thermo Fisher). For western blot analysis of viral capsids, 50 ug of cytoplasmic lysate was
loaded onto an 0.8% agarose gel in TAE and electrophoresed at 75V for 2 hours. The gel was
transferred to PVDF membrane by capillary transfer in TNE buffer (10 mM Tris pH 7.5, 150
mM NaCl, and 1 mM EDTA) overnight as described previously [76]. For detection of HBcAg/
p21 polypeptide, 50 ug of cytoplasmic lysate was loaded onto 4-12% Bis-Tris SDS-PAGE
(Thermo Fisher) and electrophoresed for 2 hours at 100V. Proteins were transferred to nitro-
cellulose membrane using the iBlot2 dry transfer system (Thermo Fisher) for 7 minutes (mode
P3). Viral capsids were detected with 1:200 mouse anti-HBcAg antibody 1-5 (Santa Cruz) in
5% milk in TBST (10 mM Tris pH 7.5, 140 mM NaCl, and 0.1% v/v Tween 20). The core poly-
peptide (p21) was detected with 1:100 mouse anti-HBcAg antibody 10E11 (Santa Cruz) in
Odyssey blocking buffer PBS (Li-Cor). GAPDH was detected with 1:10,000 mouse antibody
ab128915 (Abcam) in Odyssey blocking buffer PBS (Li-Cor). FLAG epitope tagged polypep-
tides were detected with 1:1,000 mouse OctA H-5 antibody (Santa Cruz) in Odyssey blocking
buffer PBS (Li-Cor). HDACS was detected with 1:200 mouse antibody C-11 (Santa Cruz) in
5% milk in TBST. Western blot analysis was conducted as described [76,77]. For detection of
viral capsids and HDACS, horseradish peroxidase-labeled goat anti-mouse IgG (Cell Signaling
Technology, 1:5000 dilution) was used and imaged using enhanced chemiluminescence sub-
strate (Thermo Fisher) and the ChemiDoc MP Imaging System (BioRad). For detection of all
other proteins, anti-mouse or anti-rabbit (1:10,000 dilution) IRDye conjugated secondary anti-
bodies (Li-Cor) were utilized and imaged using the Odyssey Sa imager (Li-Cor).

Polysome profiling analysis of HBV RNAs

Polysome profiling was conducted as described previously [59,78] with modifications.
HEK293T cells were grown to 30% confluence in a 10 cm plate and transfected with 3 pg
pCMVHBYV with or without 10 ug HDACS expression vector and incubated for 48 hours at
37°C to 70-80% confluency. Cycloheximide (Sigma Aldrich) was added to 350 uM and the
cells were incubated for an additional 10 minutes at 37°C. The cells were then washed with 4
mL of PBS (154 mM NaCl, 1 mM KH,POy,, 5.6 mM Na,HPO4, pH 7.4) + 350 uM cyclohexi-
mide and collected in 4 mL of the same solution. The cells were lysed in 200 uL of polysome
extraction buffer (250 mM KCl, 10 mM MgCl,, 20 mM HEPES pH 7.5, 0.5% NP40 (Sigma
Aldrich), 0.5% SDC (Sigma Aldrich), 2 mM dithiothreitol (Bio-Rad), 350 uM cycloheximide,
1x cOmplete protease inhibitor cocktail, 1x phosphatase inhibitor cocktail set II, and 5% v/v
RNaseOUT (Thermo Fisher)). The cells were lysed by vortexing briefly and then were left on
ice for 10 minutes with additional brief vortexing every 2-3 minutes. The lysate was clarified
by centrifugation for 2 minutes at 19,000g at 4°C and the supernatant clarified again for an
additional 5 minutes. Lysate (7.5 OD,¢ units) was loaded onto a preformed 10-50% sucrose
gradient in lysis buffer (without protease, phosphatase, and RNase inhibitors) and centrifuged
at 35,000 rpm for 3 hours at 4°C in an SW41 Ti rotor (Beckman Coulter). The gradient was
fractionated (500-pL fractions) using a piston gradient fractionator (Biocomp Instruments)
coupled to UV detector (Bio-Rad). Fractions were extracted with an equal volume of phenol:
chloroform:isoamyl alcohol (50:49:1) (Millipore). RNA was ethanol precipitated and analyzed
by RNA (Northern) filter hybridization and primer extension analyses as described.
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RT-qPCR analysis and sequencing of PCR product

RT-qPCR analysis of HBV RNAs was conducted as described previously [34]. Semi-quantita-
tive PCR was conducted using a 15-sec extension phase and 40 cycles. The products were run
on a 6% nondenaturing acrylamide gel and visualized with ethidium bromide. The 163 bp
PCR product was recovered from the gel [72] and sequenced [41].

Supporting information

S1 Fig. HDACS expression correlates with HBV biosynthesis across the liver lobule. (A)
Immunohistochemical staining of an HBV transgenic mouse liver showing the presence of
nuclear HBcAg throughout the liver whereas cytoplasmic staining is located primarily in the
centrolobular hepatocytes (adapted from [34]). (B) Single-cell RNAseq analysis of mouse liver
tissue for HDACs and sirtuins (SIRTs) demonstrating that HDACS is highly expressed in the
liver and exhibits zonation towards the pericentral area of the liver lobule (adapted from [33]).
(C) Western blot analysis of HDACS5 expression in HEK293T and HepG2 cells. Cells were
transfected with the HDACS expression vector, PCMVHDACS5, and whole cell lysates were
analyzed for HDACS expression after 72 hours using the mouse anti-human HDAC5 mono-
clonal antibody (C-11, Santa Cruz). The level of HDACS5 expression relative to GAPDH is pre-
sented.

(TIF)

S2 Fig. HDAC5-induced upregulation of HBV biosynthesis is mediated by HBV core pro-
tein. (A) HepG2 cells were transfected with the pPCMVHBV construct lacking expression of
the polymerase and surface proteins as well as the packaging signal € (S-P-¢-). This construct
was complemented with pPCMVHBYV constructs that lack expression of the core polypeptide
but express the polymerase polypeptide (C-S- and C-S-g-) or the polymerase and surface poly-
peptides (C-), in the presence or absence of the HDACS5 expression vector. The viral proteins
were analyzed from cytoplasmic or whole cell extracts by Western blot analysis for native viral
capsids and core polypeptide (p21). (B) HepG2 or HEK293T cells were transfected with the
HBV DNA (4.1 kbp) construct or mutant constructs that lack production of the precore (4.1
PC-), X (4.1 X-), or both proteins (4.1 X-PC-) with or without the HDAC5 expression vector.
The viral proteins were collected from the cytoplasm and examined by Western blot analysis
for native viral capsids.

(TIF)

S3 Fig. HDACS expression does not alter transcription from the HBV core promoter.
HepG2 and HEK293T cells were transfected with the HBV core promoter firefly luciferase
reporter gene (CpLuc and CpLucA1879-129) and the CMV-driven Renilla luciferase reporter
gene (pPRLCMYV) constructs [70]. HBV core promoter activity was normalized to Renilla lucif-
erase activity and reported relative to the signal obtained in the cells transfected with 0.3 pg of
the CpLuc construct and 0.1 pg of the pRLCMYV construct which is designated as a relative
activity of 1.0.

(TIF)

S1 Data. Excel file containing, in separate sheets, the underlying numerical data for figure
panels 1A, 1B, 2A, 2B, 3B, 4A, 4D, 5B, 6, 7B, S1B, S1C and S3.
(XLSX)
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