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ABSTRACT
HBV cccDNA stably exists in the nuclei of infected cells as an episomal munichromosome which is responsible for viral
persistence and failure of current antiviral treatments. However, the regulatory mechanism of cccDNA transcription by
viral and host cellular factors is not well understood. In this study, we investigated whether cccDNA could be recruited
into a specific region of the nucleus via specific interaction with a cellular chromatin to regulate its transcription activity.
To investigate this hypothesis, we used chromosome conformation capture (3C) technology to search for the potential
interaction of cccDNA and cellular chromatin through rcccDNA transfection in hepatoma cells and found that cccDNA is
specifically associated with human chromosome 19p13.11 region, which contains a highly active enhancer element. We
also confirmed that cellular transcription factor Yin-Yang 1 (YY1) and viral protein HBx mediated the spatial regulation of
HBV cccDNA transcription by 19p13.11 enhancer. Thus, These findings indicate that YY1 and HBx mediate the
recruitment of HBV cccDNA minichromosomes to 19p13.11 region for transcription activation, and YY1 may present
as a novel therapeutic target against HBV infection.
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Introduction

Hepatitis B virus (HBV) is the major causative agent of
chronic hepatitis B (CHB), cirrhosis and hepatocellu-
lar carcinoma. Currently, 257 million people are
chronically infected by HBV, and 887,000 people die
from HBV infection-related liver diseases annually
[1, 2]. During HBV replication, the converted into
covalently closed circular (ccc) DNA of HBV serves
as the template for transcription of viral RNAs,
which can be assembled into an episomal minichro-
mosome in the nuclei of infected hepatocytes by
hijacking host factors. It has been reported that the
pre-existing cccDNA reservoir is responsible for
viral persistence. The failure of curing the CHB by
the current standard of care medication is primarily
due to the lack of direct effects against cccDNAmetab-
olism and function [3]. As a result, viral replication
rebound usually occurs upon the discontinuation of
antiviral therapy. Therefore, elimination or functional
inactivation of cccDNA from infected hepatocytes, to
achieve viral clearance, has become a major issue in
the cure of chronic hepatitis B (CHB).

HBV has a complicated, but unique life cycle. The
infection of HBV in hepatocyte begins from binding
to the sodium taurocholate co-transporting polypep-
tide (NTCP) receptor and delivering its nucleocapsid
into the cytoplasm. The relaxed circular DNA
(rcDNA) genome is then transported into the nucleus
and formed cccDNA. The cccDNA genome contains
four coding genes(S, P, C and X), four promoters
(CP, SP I, SP II, and XP) and two enhancers (EN I
and EN II) [4]. Though employing the cellular tran-
scription machinery, cccDNA acts as the transcrip-
tional template for viral mRNA and pregenomic
RNA(pgRNA). Upon translation of viral proteins,
pgRNA and DNA polymerase are packaged into
nucleocapsids where reverse transcriptional viral
DNA synthesis takes place. The progeny cytoplasmic
nucleocapsids are subsequently enveloped and
secreted out of the hepatocytes as infectious virions
[5]. As we know, the cccDNA associates with nucleo-
somes and non-histone proteins and exists as an epi-
somal minichromosome. Viral HBx and core
proteins have also been demonstrated to be recruited
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to cccDNA minichromosome and regulate its tran-
scription activity [6]. Additionally, similar to host cel-
lular chromatin, cccDNA minichromosome can be
epigenetically modified to regulate viral genes
expression, including DNA methylation and post-
translational histone modifications, such as methyl-
ation and acetylation [7–9]. However, the regulatory
mechanism of cccDNA transcription by viral and
host cellular factors is not fully understood.

In the nucleus, both intrachromosomal and
interchromosomal long-range associations have
been demonstrated to bring widely separated func-
tional DNA elements into close spatial proximity
and create interactions between these elements
[10, 11]. For instance, the expression of human
neuroglobin gene is controlled by a distal regulatory
element located −70 kb upstream from the gene in
neuroblastoma cells [12]. Our previous study also
demonstrated a long-range chromatin interaction
between integrated HPV DNA fragments, the
proto-oncogene MYC, and the 8q24.22 chromoso-
mal region in HeLa cells [13]. The interaction
between chromosome elements requires one or
multiple cellular proteins, such as CTCF, cohesion
and Yin-Yang 1 (YY1) [14–16].

As an episomal minichromosome, we speculated
whether cccDNA in nucleus can be recruited to
specific nuclear regions. Currently, two studies
had demonstrated that HBV cccDNA is associated
with highly active transcription sites on host
chromosomes [17, 18], but the role of one specific
host chromatin on HBV cccDNA has never been
mentioned or analysed. In the present study, we
are interested in determining whether cccDNA
can make interaction with a cellular chromatin to
regulate its transcriptional activity. Interestingly,
we identified that cccDNA specifically associated
with chromosome 19p13.11 region, which contains
a highly active enhancer element, leading to
cccDNA transcription activation mediated by YY1
and viral protein HBx. Thus, our findings provide
new insights into the mechanism by which the
spatial interaction of cccDNA minichromosome
with cellular chromosome promotes cccDNA tran-
scription and HBV replication.

Material and methods

Cell culture

Huh7 and HepG2 cells were obtained from the Amer-
ican Type Culture Collection (Manassas, VA, USA)
and cultured by Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS),
100 IU/ml penicillin and 100 μg/ml streptomycin
(Gibco, Carlsbad, CA, USA). Cells were placed at 37°
C in 5% CO2 humidified incubators.

Plamids and siRNA

PrcccDNA and pCMV-Cre plasmids were provided
by Professor. Deng Qiang at Fudan University,
Shanghai, China. A loxP-chimeric intron was engin-
eered into a monomeric HBV genome in a precur-
sor plasmid (prcccDNA), which was excised using
Cre/loxP-mediated DNA recombinationin to a 3.3-
kb rcccDNA in the nuclei of hepatocytes. In cul-
tured hepatoma cells, cotransfection of prcccDNA
and pCMV-Cre (en-coding Cre recombinase)
resulted in accumulation of nuclear rcccDNA that
was heat stable and epigenetically organized as a
minichromosome [19, 20]. The siRNA-YY1 and
siRNA-mock were obtained from Guangzhou Ribo-
Bio Co., Ltd (Ribobio, GuangDong, China). The
HBx-mutated prcccDNA plasmid without HBx
protein expression was constructed from C base
to T base at HBV 1397nt.

Chromosome conformation capture (3c)

PrcccDNA and pCMV-Cre plasmids were co-trans-
fected at a molar ratio of 1:1 into Huh7 or HepG2
cells using lipofectamine™ 2000 (Invitrogen, Carls-
bad, CA, USA). The cells were harvested at 3 days
post transfection for 3C analyses by following the
published procedure [21]. Chromosomal DNA and
mini-chromosomal HBV cccDNA were fragmented
by TaqI restriction enzyme (NEB, Ipswich, MA,
USA) digestion at 65°C for 16 h, and inactivated
by incubation at 80°C for 30 min. The DNA frag-
ments were ligated by T4 DNA ligase (NEB, Ips-
wich, MA, USA) and extracted by phenol–
chloroform extraction. Finally, PCR amplification
were performed by combined use of primers
specific for HBV and those specific for, human
chromosome Alu and or 19p13.11 sequences.
ACTB DNA was used as a loading control for the
3C assay. HBV-ACTB ligation was used as a nega-
tive control for the specificity of the assay. The
sequences of primers used in 3C assays are shown
in supporting information Table S1.

Chromatin immunoprecipitation (ChIP)

Huh7 or HepG2 cells were co-transfected with
plasmids prcccDNA and pCMV-Cre at a molar
ratio of 1:1 and harvested at 3 days post transfec-
tion. Chip assays were performed by using Simple-
ChIP® Enzymatic Chromatin IP Kit (CST, Danvers,
MA, USA) according to the manufacturer’s instruc-
tions. PCR assays were performed by using pri-
mers specific to HBV or 19p13.11 sequences,
respectively. The sequences of primers used in
Chip assays are shown in supporting information
Table S1.
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Establishment of 19p13.11-ko Huh-7 and
HepG2 cells

LentiCRISPR V2 plasmid was digested by BsmBI
enzyme (NEB, Ipswich, MA, USA) and constructed
with gRNA-19p13.11. gRNA sequences targeted 5′ or
3′ end of 19p13.11 enhancer was shown in supporting
information Table S1. Supernatant was collected from
293FT cells transfected LentiCRISPR V2 plasmids
together with packaged plasmids 2 days later and
added into Huh7 or HepG2 cells in culture. Cells
were continuingly cultured with 1 mg/ml puromycin
for another two weeks, and the positive clones that
19p13.11 enhancer region was knock out were ident-
ified by PCR assays.

Cell counting with CCK8 kit

2×103 cells were cultured with 200μl medium in a well
of one 96 well plate, and the wild or 19p13.11-ko cells
of Huh7 and HepG2 were seeded in quintuple,
respectively. According to the instruction manual of
cell counting kit (cck-8) (Solarbio, Beijing, China),
20μl cck-8 solution was added into each well with
cells, and incubated for another hour at 37°C in the
5% CO2 humidified incubator. Then the absorbance
value was detected under the wavelength of 450 nm
by use of iMark enzyme standard instrument (Bio-
Rad, Hercules, CA, USA).

Detection of HBsAg, HBeAg and HBV total RNAs

The supernatant and cells co-transfected by
prcccDNA and pCMV-Cre plasmids (1:1 in ratio)
were collected 3 days later. For the supernatant, the
levels of HBsAg and HBeAg were measured by the
diagnostic kit for the quantitative determination of
HBsAg or HBeAg (time-resolved Immunofluoro-
metric Assay) (PerkinElmer, Waltham, MA, USA) fol-
lowing the manufacturer’s instructions. For the cells,
Total RNAs were extracted by trizol. And RNAs
were reverse-transcribed using First Strand cDNA
Synthesis Kit (Roche, Basel, Switzerland) with random
primers. Then the expression level of HBV total RNAs
was measured by specific primers designed by our pre-
vious work [22].

Engineered DNA binding molecule mediated
chromatin immunoprecipitation (enChIP)

PrcccDNA, pCMV-Cre and px330-gRNA-HBV-Flag-
dCas9 plasmids (Addgene, Cambridge, MA, USA)
were co-transfected into Huh7 cells, and enChip
assays were developed 3 days later according to the lit-
erature [23] and the above ChIP protocol. Briefly,
DNAs-proteins were cross-linked by 1% formal-
dehyde and stopped by 127 nm Glycine solution.

Then the nuclear pellets were collected by lysis
buffer, and chromatin was sonicated by ultrasound.
Next, Anti-Flag antibody (Sigma-Aldrich F1804,
1:50, St. Louis, MO, USA) was added to the above con-
tents and incubated at 4°C for overnight. Proteins
were received by adding appropriate amount of
sample buffer to the beads together with incubating
at 100°C for 30 min, and DNAs were eluted by adding
chip elution buffer to the beads and received by phenol
chloroform extraction. Finally, proteins were detected
by anti-cas9 (CST 65832, 1:1000) or anti-YY1 anti-
body (CST 63227, 1:1000, Danvers, MA, USA)
through western blots, and DNAs were measured
through PCR by the same primers of HBV and
19p13.11 in Chip assays.

Co-IP experiments

pCMV-vector was bought from Beyotime technology
(Shanghai, China). YY1 (HA tag in N terminal) and
HBx (His tag in N terminal) sequences were con-
structed into pCMV-vectors through KpnI and XbaI
enzyme (NEB, Ipswich, MA, USA) digestion.
PCMV-HA-YY1 and pCMV-His-HBx vectors were
co-transfected into Huh7 cells and co-IP assays were
proceeded 2 days later. Briefly, 500μl cell lysis buffer
(Beyotime, Shanghai, China) was used and then 1:50
diluted anti-HA (CST 3724, Danvers, MA, USA) or
anti-His antibody (CST 12698, Danvers, MA, USA)
was added into the solution at 4°C for overnight.
Then magnetic beads were added and incubated for
another 2 h. Later, beads were collected by magnetic
separation rack and washed by lysis buffer mentioned
above for five times. And finally, proteins were
received by adding sample buffer to the beads with
blending and incubating at 100°C for 30 min. The col-
lected proteins were detected through western blots by
anti-YY1 (CST 63227, Danvers, MA, USA) or anti-
HBx antibody (Abcam ab2741, Cambridge, UK) in a
concentration of 1:1000 dilution.

Statistical analyses

The difference of relative expression between two
groups was analysed by t test in GraphPad and the P
value <0.05 was considered to be significant.

Results

HBV cccDNA in nucleus is close to chromosome
19p13.11 enhancer locus in term of spatial
proximity

To produce enough rcccDNA, we co-transfected
prcccDNA and pCMV-Cre plasmids into Huh7 cells
which could induce the accumulation of nuclear
rcccDNA that was heat stable and epigenetically

Emerging Microbes & Infections 2457



organized as a minichromosome [19, 20]. Then we
performed Chromosome conformation capture (3C)
technique to identify the potential human chromo-
some regions close to cccDNA spatially. The sche-
matic diagram of 3C procedure was shown in Figure
1(A) [21]. HBV genome specific primer in combi-
nation with primer homologous to the highly fre-
quently repeated Alu sequences in human genome
was used to detect viral-host junctions [24]. If HBV
cccDNA has close spatial proximity with a cellular
chromosome region containing Alu sequence, the
PCR assay of 3C would amplify the corresponding
cross-linked DNAs as PCR template. As shown in
Figure 1(B), we obtained a unique PCR product in
crosslinked cells by using primer pair of HBV F and
Alu R. The subsequent sequencing analysis revealed
that this product was a fusion fragment consisted of
partial HBV and partial human genome sequences
mediated by TaqI enzyme digestion sites. When we
searched the database of human genome (http://
genome.ucsc.edu) for sequence homologous to this
fragment, it came out that this fragment mapped to
chromosome 19p13.11 region.

Next, to confirm the close co-location in spatial
structure between HBV genome and chromosome
19p13.11 region, primer specific to 19p13.11 region
was designed in pair with the HBV specific primer
F. Again, a unique PCR product was obtained in the
crosslinked cells, and subsequent sequence analysis
of the PCR product confirmed the close spatial

proximity of HBV cccDNA with cellular chromosome
19p13.11 region in Huh7 and HepG2 cells, respect-
ively (Figure 1C). Moreover, the contamination of
prcccDNA could be simply excluded by the size of
3C-PCR products because of the unique position of
HBV primer F on HBV genome (Fig S1A). Taken
together, these results indicated that the HBV cccDNA
genome in nucleus located quite close to 19p13.11
region in spatial distance.

The enhancer sequence in 19p13.11 region
could spatially regulate the transcriptional
activity of HBV cccDNA

Based on the annotation of database (http://genome.
ucsc.edu), we found that there is no protein-coding
gene in or near (<10 kb) this 19p13.11 region. How-
ever, a 7106 bp long potential enhancer element (Gen-
eCards: GH19J018966) is identified in this region,
which has high intensity of H3K4me1 and H3K27ac
modification (Figure 2A). As we know, intensive
H3K27ac binding represents active enhancer activity
[25]. Indeed, through ChIP assays, we confirmed the
obvious H3K27ac binding in this enhancer region in
both HepG2 and Huh7 cell lines originally derived
from human liver cancer, suggested that this region
is a real active enhancer element in hepatocyte, or at
least in malignant transformed hepatocyte
(Figure 2B).

Figure 1. Physical proximity of 19p13.11 region and HBV cccDNA detected by 3C assays. A: Schematic diagram of 3C procedure. B:
HBV-Alu ligation fragments detected by 3C assays. The PCR products were obtained from cross-linked Huh7 cells with specific
pairs of primers of HBV and Alu sequence: HBV F + Alu F, HBV R + Alu F, HBV F + Alu R, HBV R + Alu R. Among them, a unique
PCR product was shown by using HBV F + Alu R primers. C: 19p13.11-HBV ligation fragments detected by 3C assays. The PCR
products were obtained from cross-linked Huh7 and HepG2 cells respectively with a specific pair of primers of 19p13.11 and
HBV sequence: 19p13.11 R + HBV F (540bp) (upper). The sequencing of these fragments identified 19p13.11 – HBV piecing
sequences mediated by TaqI enzyme site (TCGA) (lower). HBV + ACTB (350bp) was used as a specificity control, and ACTB
gene (288 bp) was used as a loading control.
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Next, we wondered whether this enhancer is
involved in the regulation of HBV cccDNA transcrip-
tion activity via spatial interaction. To address this
question, firstly two gRNA sequences respectively tar-
geting the 5′ and the 3′ ends of 19p13.11 enhancer
were designed by use of Lentivirus-CRISPR-Cas9 sys-
tem. And then, using Huh7 and HepG2 cell lines, we
established 19p13.11 enhancer stably knockout cell
strains (19p13.11-ko cell) (Figure S1B). We demon-
strated that the proliferation rate of these 19p13.11-
ko cells showed no statistical difference compared
with each’s wild type cells (Figure 2C). Then,
prcccDNA and pCMV-Cre plasmids were co-trans-
fected into the wild type as well as 19p13.11-ko
Huh7 and HepG2 cells and the intracellular HBV
total RNA level, as well as the abundance of HBsAg
and HBeAg in supernatant, were quantitatively
measured 3 days post co-transfection. The results
showed that HBV total RNA was reduced to 77.63%
in 19p13.11-ko Huh7 cells compared with the wild

type counterpart(P<0.01). Consistently, the expression
of HBsAg and HBeAg in 19p13.11-ko Huh7 cells was
decreased to 75.75%, and 80.12% (P<0.05, P<0.05),
respectively. Similar results were also observed in
HepG2 cells (Figure 2D). In addition, to establish
the specificity that only cccDNA can be recruited to
19p13.11, not a plasmid linked to a small part of the
HBV genome, we performed such additional exper-
iments with transfecting pcDNA3.1-precore plasmid
(including HBV genome from 1814nt to 2452nt) or
pcDNA3.1-HBs plasmid (including HBV genome
from 2848nt to 835nt) into wild type or 19p13.11-ko
Huh7 and HepG2 cells respectively. And the abun-
dance of HBeAg in supernatant as well as intracellular
L-HBsAg were quantitatively measured two days post
transfection. As expected, the expression of HBeAg or
L-HBsAg was not affected by 19p13.11 knock out in
both Huh7 and HepG2 cells (p=0.32, p=0.71) (Figure
S1C), Which further confirmed the specific interaction
between 19p13.11 and HBV cccDNA. These results all

Figure 2. 19p13.11 enhancer could regulate the transcriptional activity of HBV cccDNA. A: Analysis of 19p13.11 enhancer in UCSC
database. Scale: the length of the enhancer, 7106bp. Chr19: the location of the enhancer, from 18966372 to 18973477 in hg38.
Layered H3K4me1, H3K4me3, H3K27ac: the intensity of H3K4me1, H3K4me3, H3K27ac modification of the enhancer in seven cell
lines distinguished by different colours including GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK and NHLF cells. The high inten-
sity of H3K4me1 and H3K27ac were mostly shown in HSMM, HUVEC, K562, NHEK and NHLF cells. GH19J018966: the ID card of the
regulatory element in GeneCards database and colours are used to distinguish promoters and enhancers. Red: promoters, Grey:
enhancers. DNase clusters: clusters of DNaseI hypersensitivity derived from assays in 95 cell types. Regulatory regions in general,
and promoters in particular, tend to be DNase-sensitive. B: Chip-PCR shows obvious H3K27ac binding in 19p13.11 site in Huh7 and
HepG2 liver cancer cells. The intended PCR product is 228bp. C: The value of CCK8 absorbance of wild type or 19p13.11-ko Huh7
and HepG2 cells from first to fifth day. Three independent experiments were performed for each assay. D: The relative expression
of HBsAg and HBeAg in supernatant detected by ELISA and HBV total RNAs intracellular detected by q-PCR of wild type or
19p13.11-ko Huh7 and HepG2 cells co-transfecting prcccDNA and pCMV-Cre plasmids three days later. Three independent exper-
iments were performed for each assay. * P<0.05. ** P<0.01.
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indicated that 19p13.11 enhancer might play an
important role in regulating the transcriptional
activity of HBV cccDNA.

YY1 could combine with 19p13.11 and HBV
genome and regulate HBV cccDNA transcription

Previous studies have reported that cellular proteins
including CTCF, cohesion and YY1 were involved in
the spatial interaction between different chromosome
elements [14–16]. Therefore, we searched the poten-
tial binding motif of these cellular proteins in HBV
genome as well as enhancer element at chromosome
19p13.11. We identified the presence of YY1 potential
core binding motif (http://jaspar.genereg.net/) in both
HBV genome (genotype D, NC_003977 in Genbank)
and the 19p13.11 enhancer element, implicated that
transcription factor YY1 might have the capability to
bind to each of them (Figure 3A). Then, we randomly
selected 30 sequences of HBV from A-I genotypes and
found that the YY1 binding site was pretty conserva-
tive (supporting information Table S2) in HBV gen-
ome. Next, ChIP-PCR experiments confirmed the
binding of YY1 with 19p13.11 enhancer site and
HBV genome. To further confirm that the binding
of YY1 to HBV DNA is sequence dependent, the
potential binding site of YY1 was mutated without
affecting the amino acids of P protein in HBV genome
1220–1230nt. As expected, the binding of YY1 binding
to HBV DNA was significantly decreased when the
potential binding site of YY1 was mutated.

Importantly, the expression of HBsAg, HBeAg and
total RNA was reduced to 72.49%, 83.50% and
73.30% (P<0.05, P<0.05, P<0.05), respectively, when
YY1 was knocked down in Huh7 cells. Similarly, the
expression of HBsAg, HBeAg and total RNA in
siRNA-YY1 HepG2 cells reduced to 78.86%, 85.30%
and 74.96% (P<0.05, P<0.01, P<0.05), as compared
to that in HepG2 cells with siRNA-mock (Figure 3C).

YY1 protein mediated the spatial interaction
between 19p13.11 enhancer and HBV genome

To further confirm whether YY1 protein mediated the
spatial interaction between 19p13.11 enhancer and
HBV genome, another technique called engineered
DNA binding molecule mediated chromatin immuno-
precipitation (enChIP) was performed [23]. The sche-
matic diagram of enChIP procedure was shown in
Figure 4(A). In the form of enChIP, genomic regions
are immunoprecipitated with anti-Flag antibody
against the Flag tag fused to dCas9 protein, which is
co-expressed with a gRNA to recognize endogenous
DNA sequence of interest in the genomic regions.
Considering that the gRNA-targeted site cannot be
too far away from the binding site of YY1 on HBV,
we used a gRNA targeted to HBV 1180–1199nt
which has been proved to identify HBV effectively
and specifically in our previous work [26]. Meanwhile,
a gRNA targeted no sequence of human or HBV gen-
ome was used as negative control. As expected, we dis-
covered the existence of HBV and 19p13.11 DNA

Figure 3. YY1 could combine with 19p13.11 enhancer as well as HBV genome and regulate the transcriptional activity of HBV
cccDNA. A: core motif of YY1 binding sites from JASPAR database. B: ChIP-PCR by anti-HA antibody shows obvious YY1 binding
in potential 19p13.11 site (189bp) and HBV wild or mutated genome (130bp) in Huh7 cell line. Nucleotides underlined present
core motif of YY1 binding and nucleotides marked red present mutation. C: The relative expression of HBsAg and HBeAg in super-
natant detected by ELISA and HBV total RNAs intracellular detected by q-PCR of siRNA-mock or siRNA-YY1 as well as prcccDNA and
pCMVCre plasmids transfected Huh7 and HepG2 cells 48 h later. Three independent experiments were performed for each assay. *
P<0.05. ** P<0.01.
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sequence, together with dCas9 and YY1 protein in the
same pull-down sample in Huh7 cells (Figure 4B).
Moreover, the abundance of 19p13.11 DNA was
obviously decreased, along with the reduced YY1
binding by core binding motif mutation (Figure 4C)

or siRNA mediated expression reduction
(Figure 4D). These results indicated that YY1 might
act as a structural and functional regulator to mediate
the spatial proximity and interaction between
19p13.11 enhancer and HBV genome. Furthermore,

Figure 4. YY1 is the structural regulator of 19p13.11 enhancer and HBV cccDNA. A: Schematic diagram of enChIP technique. B:
dCas9 protein (170kDa) – HBV DNA (130bp) – YY1 protein (65kDa) – 19p13.11 DNA (189bp) complex was detected by gRNA-HBV,
and the abundance of YY1 protein and 19p13.11 DNA were both reduced when the binding site of YY1 was mutated in HBV (C) or
the expression of YY1 was knock down (D) in Huh7 cells. The most obvious print in WB-YY1 was the heavy chain of antibody
(55kDa).

Figure 5. HBx could interact with YY1 and promote the expression of YY1. A: co-IP experiments show that HBx protein (17kd)
could be detected by anti-HA antibody and YY1 protein (65kd) could be detected by anti-His antibody. B: Chip-PCR experiments
show the binding of YY1 on HBV cccDNA in Huh7 cells transfecting wild HBV plasmid, HBx-mutated plasmid with or without His-
HBx plasmid (130bp). * P<0.05. ** P<0.01. C: Schematic diagram of spatial interaction between 19p13.11 enhancer and HBV
cccDNA.
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we knocked down the expression of YY1 in 19p13.11-
ko Huh7 and HepG2 cells, as well as transfecting
prcccDNA and pCMV-Cre plasmids, to see whether
the expression of HBV cccDNA was affected. The
abundance of HBeAg in supernatant was measured
by ELISA two days later. Compared to that in
19p13.11-ko Huh7 cells with siRNA-mock, the
expression of HBeAg decreased to 88.06% (p<0.05)
in 19p13.11-ko Huh7 cells with siRNA-YY1. Similarly,
the expression of HBeAg decreased to 91.92%
(p<0.05) when YY1 was knock down in 19p13.11-ko
HepG2 cells (Figure S1D). The further reduction of
HBV expression suggested that YY1 might have role
(s) in regulating HBV replication other than mediat-
ing the combination between 19p13.11 enhancer and
HBV cccDNA.

HBx could interact with YY1 and prompt the
binding of YY1 to HBV genome

HBx has been reported to affect HBV cccDNA trean-
cription by interacting with cellular factors. To explore
whether HBx could interact with YY1, and particu-
larly, the spatial proximity between HBV DNA and
19q13.11 enhancer element, pCMV-HA-YY1 and
pCMV-His-HBx plasmids were co-transfected in
Huh7 cells and Co-IP assay was conducted. The
results showed that YY1 could bind to HBx protein
whenever by anti-HA, or vice versa, by anti-His anti-
body. Moreover, when we transfected Huh7 cells with
a prcccDNA plasmid containing a point mutation pre-
venting HBx expression, the binding of YY1 on HBV
cccDNA was decreased. And when the HBx protein
was re-provided, the binding of YY1 on HBV cccDNA
was partially recovered (Figure 5B). These data
suggested that HBx might play an important role on
the binding ability of YY1 to HBV cccDNA.

Discussion

Due to its long half-life and internal supplement
mechanism of cccDNA, CHB is difficult to be cured.
It has been accepted that, in addition to eradication,
the permanent silence of cccDNA might be an effec-
tive andmore realistic way for the cure of CHB. There-
fore, it is important and worthwhile to explore the
regulatory mechanism of cccDNA transcription and
replication. More complicated, numerous studies
had found that chromosomes of eukaryotic cells or
yeast cells would present a highly complex three-
dimensional structure, which may bring widely separ-
ated functional elements into close spatial proximity
and create interactions among these elements located
in the same or even different chromosome. Interest-
ingly, HBV cccDNA could also be organized into
viral-minichromosome similar with host chromo-
somes in structure and function, though the

minichromosome is so small and the nucleosome spa-
cing (repeat length) is 180 bp, instead of 200 bp repeat
length for the chromatin of eukaryotic cells. Conse-
quently, it is reasonable to speculate whether HBV
cccDNA in minichromosome form has the same
spatial interaction with the host chromosomes.

The 3C technique (chromosome conformation cap-
ture), via sequential formaldehyde cross linking, frag-
mentation and re-ligation of the cross-linked
chromatin, allows identification of chromosomal
elements interacted with each other in term of spatial
proximity [21]. Considering the difficulty to establish
HBV infection cell models for continues passage,
even by using of HepG2-NTCP and PHH under our
conditions, in this study we took the advantage of
the recombinant covalently closed circular DNA
(rcccDNA) cell model for producing a cccDNA surro-
gate [10–20]. By 3C technique, we did detect the
spatial interaction between HBV minichromosome
and 19p13.11 locus of host chromosome in Huh7
and HepG2 cells. Further analysis showed that the
19p13.11 locus is an active enhancer element and
knockout of the ∼7 kb 19p13.11 enhancer region lead
to reduced expression of HBV total RNA HBsAg and
HBeAg in Huh7 and HepG2 cells (Figure 2D). We
also conducted pcDNA3.1-precore plasmid or
pcDNA3.1-HBs plasmid transfection in wild type or
19p13.11-ko Huh7 and HepG2 cells respectively to
confirm the specificity that only cccDNA can be
recruited to 19p13.11, not a plasmid linked to a small
part of the HBV genome. Alternatively, in future
studies the 19p13.11 enhancer element can be knocked
out from HepG2.2.15 cells where the HBV DNA is sta-
bly integrated into the host chromosome, which could
test the specific interaction between 19p13.11 and HBV
cccDNA once again. Thus, we concluded that 19p13.11
enhancer might play an important role in regulating the
transcriptional activity of HBV cccDNA.

YY1 is a very known DNA binding factor involved
in chromatin spatial interaction. As a transcript factor
with high abundance in many different types of tissues
and cells, YY1 could promote or repress the transcrip-
tional activity of targeted sites via regulating histone
acetylation or deacetylation [27, 28]. Previous studies
have found that YY1 is a structural regulator of enhan-
cer-promoter chromatin loops [16,29], and the
expression of YY1 was increased during HBV infec-
tion [30]. Additionally, YY1 could prompt the for-
mation of HBV cccDNA [31]. However, whether
YY1 protein involved in chromatin spatial interaction
between HBV cccDNA and human genome has not
been reported before. In this study, we demonstrated
that YY1 protein mediated the spatial close of HBV
cccDNA to 19p13.11 enhancer by a series of exper-
iments, which was consistent to the results from 3C
technique. Moreover, the binding site of YY1 in
HBV genome is located at enhancer I region, which
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is quite conservative among different genotypes of
HBV, showing the key role of YY1 on HBV cccDNA
during its evolution progress. And correspondingly,
when the expression of YY1 was knock down, the
transcription activity of HBV cccDNA was also
decreased. Thus, we demonstrated that YY1 could
regulate the spatial distance of 19p13.11 enhancer or
other host DNA elements to HBV cccDNA.

Though lacking of DNA binding capacity, HBV x
protein is also involved in the activity of HBV cccDNA
through interacting with other factors such as p300
and HDAC1 [32]. In this study, we found that HBx
could interact with YY1, and promote the binding of
YY1 on HBV cccDNA. Since HBx also comes from
cccDNA transcription, it seems that YY1 forms a posi-
tive feedback loop with HBV cccDNA to regulate HBV
replication, suggesting the complexity and adaptability
in the interaction between HBV and host (Figure 5C).

However, the current work was based on human
hepatoma cell lines, with rcccDNA (not true cccDNA)
produced at very high (not physiological) level. It’s
well worth using liver biopsies or HepG2-NTCP cells
infected with HBV, where true cccDNA is formed at
low copy numbers per cell, to validate our results
and look forward to more discoveries in future studies.

In summary, we demonstrated that the enhancer
element in 19p13.11 region could up-regulate the
transcriptional activity of HBV cccDNA through
spatial interaction mediated by host YY1 protein and
viral protein HBx, which will further refine the tran-
scriptional regulation mechanism of HBV cccDNA.
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