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Background & Aims: HBV persists in the nucleus of infected hepatocytes as a covalently closed circular DNA (cccDNA)
episome that constitutes the template for viral RNA and protein synthesis. Both HBx and HBc (core) viral proteins associate
with cccDNA but, while HBx is required for viral transcription, the role of HBc is still unclear. The aim of this study was to
determine if HBc derived from incoming nucleocapsid can associate with cccDNA before the onset of viral transcription and
protein production.

Methods: Chromatin immunoprecipitation assays were performed in native conditions. In addition, differentiated HepaRG
(dHepaRG) cells infected with HBx-deficient HBV were used to investigate if HBc delivered by incoming virions can associate
with cccDNA.

Results: Our results indicate that HBc can associate with cccDNA in the absence of viral transcription and de novo protein
synthesis. In dHepaRG cells, this association is stable for at least 6 weeks.

Conclusion: These results suggest that virion-delivered HBc may participate at an early stage of cccDNA formation and/or
transcription.

Lay summary: The hepatitis B virus genome is released into the nucleoplasm of infected cells after disassembly of the viral
nucleocapsids at the nuclear membrane. Herein, we show for the first time that virion-delivered hepatitis B core protein, a
component of the viral capsid, can stably associate with integrated viral DNA.

© 2021 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

HBV functionally persists in the nucleus of hepatocytes as a DNA
episome (covalently closed circular DNA [cccDNA]) that is orga-
nized into a chromatin-like structure to which host and viral
proteins associate to regulate its transcription, as shown by
chromatin immunoprecipitation (ChIP) analyses."”> Among the
viral proteins, HBx associates with cccDNA and is essential for
HBV RNA synthesis.>* HBV core protein (HBc), the structural
component of the capsid, can also associate with cccDNA and is
believed to contribute to its structure and/or transcriptional
activit.>® The origin of cccDNA-associated HBc is currently un-
clear. In particular, it is not known whether HBc derived from
incoming capsids - delivered to the nucleus together with
relaxed circular DNA (rcDNA) - can associate with cccDNA.
Herein, we developed a sensitive ChIP method to efficiently
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detect the association of virion-delivered HBc to cccDNA in hu-
man primary hepatocytes in vitro and in vivo. Using this pro-
cedure, we show that HBc derived from incoming capsids can
associate with cccDNA in the absence of de novo synthesis of viral
proteins.

Materials and methods

In vitrofin vivo HBV infections and virologic analyses

HepaRG and derived cell lines, primary human hepatocytes
(PHHs) and liver-humanized FRG mice were maintained and
infected with HBV as previously described.”® PHHs were isolated
from hepatic resections obtained in collaboration with surgical
departments of Lyon (Centre Léon Bérard) with the French
ministerial authorizations (AC 2013-1871, DC 2013 - 1870,
AFNOR NF 96 900 sept 2011). All experiments with liver-
humanized mice (HuHeps) were performed in accordance with
the European Union guidelines for approval of the protocols by
the local ethics committee (Authorization Agreement C2EA-15,
“Comité Rhone-Alpes d’Ethique pour I'Expérimentation Ani-
male”, Lyon, France - APAFIS#1570-2015073112163780). Five 20-
week-old humanized female FRG (9 weeks post engraftment of
PHHs) mice were used. HBeAg was quantified by CLIA according
to manufacturer’s instructions (AutoBio, China). Hirt extractions
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Fig. 1. Cross-linking of samples prevents good nuclear purification and efficient anti-HBc IP. (A) Cells or liver samples from HuHep mice were cross-linked or
not with FA before nuclear fractionation and analyses by WB. (B, C) Liver samples from (B) HBV-infected or (C) HBV/HDV co-infected HuHep mice were either
cross-linked with 1 % FA or left untreated (0 % FA) before nuclei isolation and IP with indicated antibodies. IP efficiencies were analyzed by WB. (D) A liver sample
from a HuHep mouse was divided into 4 pieces before cross-linking with the indicated amount of FA. Cytoplasmic and nuclear extracts were prepared with
different concentration of SDS for nuclear lysis and analyzed by WB. (E) PHHs or dHepaRG cells were infected by HBV (500 vge/cell). Ten days later, nuclear
extracts were prepared in native conditions, sonicated or not and HBV DNA was analyzed by Southern Blot. (F) dHepaRG cells or PHHs were infected with HBV
wild-type for 10 days. HuHep mice were infected with HBV for 7 weeks. Half of each sample was either cross-linked with 1% FA or left untreated before nuclei
isolation and IP with the indicated antibodies from Thermofisher followed by DNA extraction. The % of HBc-associated cccDNA, relative to the amount in the
input, was assessed by qPCR. Results are the mean + SD of 2 experiments for dHepaRG cells and HuHep mice and 1 experiment for PHHs. cccDNA, covalently
closed circular DNA; dHepaRG, differentiated HepaRG cells; dsIDNA, double-stranded linear DNA; FA, formaldehyde; FT, flow through; IP, immunoprecipitation;
HBc, HBV core protein; HuHep, liver-humanized mice; PHHs, primary human hepatocytes; rcDNA, relaxed circular DNA; vge, viral genome equivalents.
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and Southern blot for the detection of HBV replication in-
termediates, as well as PCR and reverse-transcription quantita-
tive PCR (RT-qPCR) for cccDNA and total HBV RNA quantification
were performed as previously described.®

Chromatin immunoprecipitation assays

Frozen cells or liver pieces were chemically cross-linked with 1%
formaldehyde (FA) for 10 min at RT, quenched with 0.25 M
glycine for 5 min, and mechanically lysed at 4°C in lysis buffer
(PIPES 5 mM, KCL 85 mM, NP-40 0.5%), with protease inhibitors
(Sigma-Aldrich). After low-speed centrifugation, nuclei were
lysed in SDS-buffer (EDTA 10 mM, Tris-HCI pH8 50 mM, SDS 1%).
After sonication, clarified lysates were diluted in RIPA-buffer
(Tris-HCI pH-7.5 10 mM, NaCl 140 mM, EDTA 1 mM, EGTA 0.5
mM, 1% Triton-X100, 0.1% SDS, 0.1% Na-Deoxycholate). Native
samples were treated as above except that nuclei were lysed in
RIPA-buffer before sonication. Nuclear lysates were precleared
with magnetic beads (Dynabeads™ Protein G, Thermo-Fisher)
before immunoprecipitation with antibodies at 4°C. Magnetic
beads were added for 2 h to capture immune complexes. Flow-
through fractions were collected, and beads washed with RIPA-
buffer. Immunoprecipitated complexes were either boiled
in Laemmli 1X for western blot analysis or washed with TE
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(Tris-HCI pH-8 10 mM, EDTA 10 mM) and then incubated for 2 h
at 68°C in elution buffer (Tris-HCI pH-7.5 20 mM; EDTA 5 mM;
NaCl 50 mM; 1% SDS; Proteinase-K 50 pg/ml). DNA was then
extracted and quantified by qPCR.” DNA was similarly purified
from the flow-through fraction and used as input for calcula-
tions. We used the following antibodies for immunoprecipita-
tion: anti-mouse IgG (IgG-M) (Thermo-Fisher, MA5-14447), anti-
HBc (Thermo-Fisher, MA1-7607), anti-HBc (Abcam, ab8638), HBc
(Santa-Cruz, sc-23945), anti-HBc (DAKO, B0586), rabbit IgG (IgG-
R) (Cell Signaling, cs2729), anti-H3K27Ac (Diagenode, MAb-184-
050), polyclonal rabbit anti-HDAg antibody (a kind gift from
Janssen). We used the following antibodies for western blot:
anti-B-Tubulin (Abcam, Ab6046), anti-Lamin B1 (Abcam,
Ab16048), anti-H3 (Abcam, Ab1791), polyclonal rabbit anti-HBc
antibody (a kind gift from Dr Adam Zlotnick). Full blots are
shown at the end of the supplementary information file.

Results

The analysis of the specific association of HBc to cccDNA by ChIP
involves 2 critical steps. First, nuclei should be efficiently isolated
from the cytoplasmic fraction to optimize the ratio of cccDNA to
rcDNA and allow its selective quantification by PCR. Second,
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Fig. 2. HBc derived from incoming HBV capsids associates with cccDNA in a stable manner. (A, B, C) dHepaRG cells were infected with HBV WT or HBVAX
(1,000 vge/cell). Starting at day 7 pi, cells were either treated twice a week with RG7834 (0.1 uM) or left untreated. At the indicated time, (A) supernatants were
collected and levels of HBeAg assessed by ELISA. (B) At day 28, RNAs were extracted and the levels of HBV RNAs assessed by RT-qPCR analyses. Native ChIP assays
were performed at the indicated time and % of HBc associated to cccDNA assessed by qPCR analysis. Results are the mean + SD of 2 to 5 independent experiments
each performed with 2 biological replicates (2 experiments for 42 dpi, 3 experiments for cells treated with RG7834, 5 for the other conditions). cccDNA, covalently
closed circular DNA; ChIP, chromatin immunoprecipitation; dHepaRG, differentiated HepaRG cells; HBc, HBV core protein; HBVAX, HBx-deficient HBV; RT-qPCR,

reverse-transcription PCR; vge, viral genome equivalents; WT, wild-type.
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immunoprecipitation of HBc/cccDNA complexes should be very
efficient. In order to stabilize the interactions between DNA and
proteins, ChIP is usually performed on 1% FA-cross-linked sam-
ples. However, using this method we did not obtain a satisfactory
purification of nuclei from either HuHep mice livers, dHepaRG
cells or PHHs. In contrast, an improved cell fractionation was
achieved using native samples (0% FA) (Fig. 1A). In addition, we
observed that several anti-HBc antibodies currently used for ChIP
analyses showed a very good immunoprecipitation efficiency
with native but not cross-linked samples (Fig. 1B). This was not
observed with other antibodies, such as anti-H3K27Ac or anti-
HDAg antibodies, which showed equal immunoprecipitation ef-
ficiencies in both conditions (Fig. 1C). The need for high con-
centrations of SDS to efficiently lyse nuclei extracted from 1% FA-
cross-linked cells rather than the cross-linking itself may explain
why immunoprecipitation of anti-HBc was not efficient (Fig. 1D).
Importantly, supercoiled cccDNA was still detectable after soni-
cation of nuclear extracts (in the native condition as well as after
cross-linking) at levels (compared to rcDNA) allowing its specific
detection by qPCR (Fig. 1E, S1). Importantly, recovery of cccDNA
after immunoprecipitation of HBc was much higher in native
samples from HBV-infected HuHep mice livers, dHepaRG cells or
PHHs compared to samples cross-linked with 1% FA (Fig. 1F).
Even if nuclei purification and, consequently, discrimination
between cccDNA and rcDNA was not as good as that obtained
with 0% FA, mild cross-linking (i.e. using 0.2%-0.6% FA) that en-
ables nuclei lysis with low SDS concentrations can also be used
for anti-HBc ChIP (Fig. S2).

Having established this improved ChIP procedure, we asked
if cccDNA-associated HBc could be detected in the absence of
viral transcription and, therefore, of de novo protein synthesis.
The HBVAX virus can establish cccDNA after infection of he-
patocytes but cannot support the synthesis of viral RNAs and,
consequently, of viral proteins such as HBc or HBeAg> (Fig. S3,
Fig. 2A,B). Therefore, the HBc protein present in HBVAX-
infected cells can derive only from incoming capsids. Inter-
estingly, cccDNA-specific-ChIP assays performed in native
conditions revealed an HBc signal associated with cccDNA in
HBVAX-infected dHepaRG cells that lasted for as long as that
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observed in cells infected with wild-type HBV. To rule out any
possible contamination with newly synthesized HBc in the
HBVAX-infected cells, cells were treated with the HBV RNA
destabilizer RG7834 (Fig. 2B).° In this condition, no difference
in the HBc signal associated with cccDNA was observed
compared to mock-treated cells (Fig. 2C). HBc signals were also
detected using mildly cross-linked samples, strongly suggest-
ing that the association of HBc to cccDNA in native conditions
was not due to artificial binding during immunoprecipitation
(Fig. S4).

Discussion

Besides its role in the cytoplasm, the HBc protein is present in
the nucleus where it is believed to play important regulatory
functions by associating with cccDNA. Two studies performed in
hepatocytes infected with mutant HBV virions incapable of
producing HBc showed that the newly synthetized protein was
not required for the maintenance and transcriptional activity of
cccDNA.'*! However, these studies did not examine whether
HBc derived from incoming virions was associated with cccDNA,
leaving open the possibility that, by doing so, it could play a role
during cccDNA establishment and/or transcription.

Our results indicate that, in dHepaRG cells, HBc derived from
incoming HBV capsids can associate with cccDNA without the
need for viral transcription and de novo protein synthesis.
Whether this association occurs immediately with rcDNA, as
soon as it is released into the nucleoplasm or after its conversion
on cccDNA is presently unknown. An attractive hypothesis is that
by associating to rcDNA, input HBc may participate in its con-
version into cccDNA. We observed an extremely stable associa-
tion of HBc derived from incoming HBV capsids with
transcriptionally inactive cccDNA (with HBVAX). It remains to be
investigated if active viral transcription results in a dynamic
replacement of virion-derived HBc with newly synthetized pro-
teins. These questions are of particular relevance as several drugs
targeting HBc (capsid assembly modulators) are being clinically
evaluated and will likely become the next approved class of anti-
HBV antivirals.'>!3
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