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Abstract 

Integration of hepatitis B virus (HBV) DNA into host’s genome is evident in all stages and 
models of HBV infection. Investigations of the initial virus-host junctions have been just recently 
initiated since their nature may promote liver oncogenesis immediately following infection. We 
examined the time-frame and host sites at which HBV integrates in HepG2 cells overexpressing 
sodium taurocholate co-transporting polypeptide (NTCP) receptor mediating HBV entry. HepG2- 
NTCP cells were analyzed from 15 min to 13 days post-infection (p.i.). The results showed that 
except for 15 min p.i., HBV-host integrations were detected at all time points thereafter. At 30 min 
p.i., virus junctions with retrotransposon SINE and with neuroblastoma breakpoint family member 
1 gene were detected. At one-hour p.i., HBV integration with retrotransposon THE-1B-LTR was 
identified, while virus insertions into proline-rich protein and protein kinase cGMP-dependent type 
1 encoding genes were found at 3 h p.i. Fusion with runt-related transcription factor 1 was detected 
at 24 h p.i. and merges with 9 different genes at 13 day p.i. The data showed that retrotransposon 
elements are frequent among first-hit sites of HBV insertion. This may suggest a mechanism by 
which HBV DNA may spread across host’s genome from earliest stages of infection. 

Keywords Hepatitis B virus, Hepatocellular carcinoma, Sodium taurocholate co-transporting 
polypeptide receptor, Virus initial integration sites, Retrotransposon, Chromatin marks. 
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Introduction 

Hepatitis B virus (HBV) is one of the most common and de-
ceitful human pathogens that causes liver injury ranging from
an asymptomatic disease through acute and chronic hepati-
tis type B, to liver cirrhosis and primary hepatocellular carci-
noma (HCC) [1] . HBV is recognized as the most potent viral
oncogene responsible for thousands of liver cancer-related
deaths annually [2] . Its oncogenic potency has been pr imar ily
aligned with integration of viral DNA into hepatocyte genome
capable of compromising cell genome stability and modify-
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ing expression of individual genes [3] . In this regard, HBV-
host DNA fusions have been identified in all the stages and
in both in vitro and natural animal models of HBV infection
investigated to date [4,5] . From the beginning of studies on
the HBV-associated carcinogenesis, it has been hypothesized
that HBV integrates in early stages of infection and this can
culminate in liver cancer after prolonged periods of virus la-
tency [6-8] . By applying in vitro models of HBV infection, re-
cent findings supported this hypothesis by showing that HBV-
host DNA fusion can be indeed a very early event [9,10] . The
same was found in the woodchuck model of hepatitis B soon
after de novo infection with woodchuck hepatitis virus (WHV)
[9] . In addition, a direct oncogenic role for integrated hepad-
naviral DNA in the development of HCC was substantiated
by demonstrating HCC development in the course of primary
occult infection in the absence of chronic liver inflammation in
the woodchuck model [11] . 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cancergen.2019.04.060&domain=pdf
https://doi.org/10.1016/j.cancergen.2019.04.060
mailto:timich@mun.ca
https://doi.org/10.1016/j.cancergen.2019.04.060
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It was reported that HBV DNA integration occurs sponta-
neously in approximately 1–5% of HBV-infected hepatocytes
when evaluated by inverse-polymerase chain reaction (inv-
PCR) [12] . Assuming that relatively small number of hepato-
cytes harbour HBV DNA integration, it is crucial to determine
the host’s genomic sites at which HBV initially integrates since
this could be of a paramount importance to the initiation and
spread of pro-oncogenic perturbations in hepatocytes which
may underline cancerous growth. Most of the studies search-
ing for sites of HBV-host fusions were done on HBV-infected
HCC and adjacent non-cancerous tissues or liver biopsies col-
lected during chronic stages of HBV infection, but they proved
inconclusive in determining the sites involved in the virus early
integration events [13,14] . However, with the advent of liver
cell lines capable of supporting productive virus replication
after exposure to either authentic (naturally occurring) or cell
culture-derived infectious HBV, such studies became feasible
and they already generated valuable data [9,10] . 

In the previous study utilizing human hepatocyte-like Hep-
aRG cells infected with authentic HBV and woodchucks in-
fected with wild-type WHV, sequences of some early integra-
tions were dissected on the single-nucleotide-level [9] . Both
the culture and the natural in vivo model investigated revealed
hepadnavirus DNA fusions with variety of host’s genes as
early as one-hour post-infection. Interestingly, mobile genetic
elements in a form of tandemly repeating non-coding DNA se-
quences were found among the sites targeted by HBV DNA
for integration in the early stages of infection. In the current
work, we explored HepG2 cells stably transfected with sodium
taurocholate co-transporting polypeptide (NTCP), a molecule
serving as a HBV receptor [15] , to advance characterization
of the host’s genomic sequences forming initial fusions with
HBV. HepG2-NTCP cells demonstrate a high susceptibility to
HBV infection and an efficient production of biologically com-
petent virions. Their applicability for studies on HBV patho-
biology and testing efficacy of cell HBV entry inhibitors and
antivirals has been documented [16] . 

The role of chromatin modifications in transcription of cel-
lular and HBV genes, including covalently closed circular
DNA (cccDNA), has been investigated and to some degree
deciphered [17–19] . Nevertheless, there is no data regard-
ing the status of chromatin marks at the initial time points
post-infection when HBV become integrated into the host’s
genome. Thus, in addition to the main purpose of the study,
we performed in silico analysis to identify whether common
chromatin modifications may characterize targets of HBV in-
tegration in HepG2 cells. Respectively, the presence or the
absence of the marks suggesting the host’s sequence acety-
lation, methylation and DNase hypersensitivity, as well as po-
tential enhancer properties were assessed [20–22] . 

Application of the HepG2-NTCP cell-based HBV infection
system in our study resulted in new finding that the first fu-
sions of HBV with host’s genome may take place as early
as in 30 min after exposure to virus. The results further con-
firmed the fact that integration of virus DNA into retrotranspo-
son sequences is a common event in the initial stages of in-
fection. The results also suggested apparent lack of the com-
mon chromatin marks possibly modifying transcription of the
host sequences targeted by HBV integration. Overall, the data
obtained indicate that unlocking the intertwined interactions
between HBV and retrotransposon elements and delineating
consequences of these interactions could be one of the key
factors in deciphering the mechanism initiating HCC develop-
ment in HBV infection. 

Materials and methods 

HepG2-NTCP cells and HBV infection 

HBV infection exper iments were carr ied out in HepG2-NTCP
cell line created by stably transfecting and overexpressing
HBV receptor NTCP in these cells [16] . HepG2 cell line is
universally used for liver and liver-related research and is cat-
alogued in American Type Culture Collection (ATCC) reposi-
tory with catalogue number ATCC HB-8065. The HepG2 cells
were obtained from and authenticated by Cellular Engineer-
ing Technologies Inc. (Coralville, IA). HepG2-NTCP-C4 cell
line was established in the National Institute of Infectious Dis-
eases Japan in 2013. The parental cells were authenticated at
that time according to the instruction from Cellular Engineer-
ing Technologies Inc. Clone C4 showed the highest efficiency
of supporting HBV infection and the cell line derived from this
clone was designated as HepG2-NTCP-C4. 

The HepG2-NTCP-C4 cell line was found to be suscep-
tible to infection with both authentic patient-derived HBV at
100 virus genome equivalents vge (vge)/cell and cell culture-
derived HBV at 6 ×10 

3 vge/cell as has shown in the previous
studies [16,23] . 

HBV of genotype D secreted by HepG2.2.15.7 cell line
served as inoculum [24] . HBV virions were concentrated
by Amicon Ultra-15 Centrifugal Filters (Merck Millipore Ltd.,
Cork, Ireland) and stored in 10% fetal calf serum (FCS)
at −80 °C until use. Infection was carried out in infection
medium (IM) comprised by Dulbecco’s modified Eagle’s
medium (DMEM)/F12 with GlutaMAX, 10% FCS, 10 mM
HEPES, 200 units/mL penicillin, 200 µg/mL streptomycin,
5 µg/mL insulin, 4% polyethylene glycol-8000 (PEG-8000),
and 3% dimethyl sulfoxide (DMSO). HepG2-NTCP-C4 cells
were plated at the density of 5 ×10 

5 cells/well in collagen-
coated 6-well culture plates. After achieving 50–60%
confluence, the cells were infected with HBV at estimated
1000 vge/cell in 1 mL of IM per well, and incubated in a cell
culture incubator for 15 min, 30 min, 1 h, 3 h, 24 h and 13 days.
HBV infection was carried out in duplicate for each time point
investigated. HepG2-NTCP-C4 cells cultured for 15 min, 1 h
and 24 h in the absence of virus served as mock infection
controls. After completion of infection and control experi-
ments, cells were washed five times with serum-free DMEM
by slow-speed centrifugation. Total DNA was extracted from
the final cell pellets using Blood/Cultured Cell Genomic DNA
Extraction Mini Kit (FAVORGEN Biotech Corp., Pingtung City,
Taiwan). 

Inv-PCR for detection of HBV-host DNA junctions 

The inv-PCR was applied to identify HBV-host junctions using
HBV X gene-specific primers capable of amplifying all HBV
genotypes and conditions reported in detail previously [9,11] .
Two rounds of amplifications, direct and nested, were nor-
mally performed. The exception was a situation when ampli-
con bands were detectable on agarose gel after the first (di-
rect) run of inv-PCR. As controls, DNA from cells subjected
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to mock infection, and water added to the inv-PCR mixtures
instead of test DNA or to the amplicons after direct inv-PCR
were used [9,11] . 

Validation of inv-PCR products by NAH 

After visualization of inv-PCR amplicons on the agarose gels
and documentation, the products were transferred onto Amer-
sham Hybond-N + membrane (GE Health Care Bio-Sciences,
Piscataway, NJ) and analyzed by nucleic acid hybridization
(NAH). As a probe, radiolabelled, full-length recombinant HBV
DNA was used [9,11] . It is important to note that only the
NAH-positive bands carrying virus-specific sequences were
excised from agarose gels and processed for analysis, sim-
ilar as in our previous studies [9,11] . The subsequent steps
included the amplicon DNA purification, digestion, circulariza-
tion with T4 DNA ligase, and linearization, as detailed previ-
ously [9] . 

Verification of HBV-host DNA junctions by clonal 
sequencing 

The resulting DNA were cloned using the TOPO-TA system
(Invitrogen Life Technologies, Burlington, Canada). Screen-
ing of the clones for the insert was done, in this first instance,
by their sub-cloning into the second LB agar plate. Then, each
clone was further expanded in the LB Luria broth overnight.
Screening of the resulting clones was done by colony PCR
with inv-PCR nested primers. Clones showing amplification
bands on agarose gel were purified using Qiagen gel purifi-
cation kit (Invitrogen). The amplicon DNA was sequenced bi-
directionally using inv-PCR nested primers [11] . 

Identification and analysis of joined HBV and 

human DNA sequences 

HBV sequences were aligned using the BioEdit software
(Ibis Biosciences, Carlsbad, CA) and GenBank reference se-
quence X72702 (genotype D) as a reference. Human DNA
sequences were mapped using NCBI BLAST (National Cen-
ter for Biotechnology Information, Bethesda, MD) and coor-
dinates assigned with BLAST genome browser (University
of California at Sacramento, UCSC) using human GRCh38
as reference sequence. Retrotransposable sequences were
identified using Dfam browser for repetitive elements and
SINEBase online software for short interspersed sequences,
as indicated previously [9] . To determine the presence of chro-
matin marks indicative of the HepG2 sequences with potential
enhancer activity, and those methylated, acetylated and hy-
persensitive to DNase, each of the host nucleotide sequences
found to be joined by HBV DNA (see Table 1 ) was fed into
the UCSC server with ENCODE program [25] to track for the
CCCTC-binding factor (CTCF ) clusters, Tri-methylation of ly-
sine 4 on histone H3 (H3K4me3) hot spots , enhancer of Zeste
homolog 2 (EZH2) sequences, histone H3 lysine 27 demethy-
lase (H3K27ac) clusters, and DNase binding regions [26] . 

Deposition numbers for HepG2 cells in the EN-
CODE database used for analysis were ENCSR575RRX,
ENCSR000DUF, ENCSR00AMP, and ENCSR000AMO. In
addition, to precisely determine the nucleotides where CTCF
may bind on the genes targeted by HBV integration, analysis
utilizing the CTCFBSDB 2.0 online software was performed
[27] . 

Results 

Overall profile of HBV integration in HepG2-NTCP 

cells 

Hepatocyte-like HepG2-NTCP-C4 cells exposed to infectious
HBV derived in vitro from HepG2.2.15.7 cells have displayed
signals indicative of virus-host genome fusions from 30 min
post-infection (p.i.) onwards, as became apparent by NAH
analysis of the inv-PCR products. The presence of HBV-host
DNA integrations was confirmed by clonal sequencing and
only the junctions successfully sequenced were accepted
and reported. There were no HBV DNA signals detected in
the nested inv-PCR mixtures containing DNA from HepG2-
NTCP-C4 cells collected at 15 min p.i. or the cells subjected
to mock infections carried out for 30 min, 1 h or 24 h. 

Overall, 15 distinctive sites of HBV DNA insertion into 9
different human chromosomes (Ch) were identified. The nine
chromosomes with HBV hits were Ch-1, Ch-2, Ch-4, Ch-5,
Ch-8, Ch-10, Ch-11, Ch14, and Ch-21 ( Table 1 ). Considering
all sites identified in this study, single HBV integration sites
were detected in Ch-1, Ch-4, Ch-5, Ch-14, and Ch-21. Two
integrations per chromosome were found on Ch-2, Ch-8 and
Ch-11, and three on Ch-10. There also was a singular junc-
tion formed between HBV and host’s sequence which could
not be defined and, therefore, it was marked as unidentified
(UI). Based on the time of the detection in relation to the first
contact of cells with HBV inoculum, the junctions were cate-
gorized into two main categories, following the scheme pre-
viously proposed [9] . Hence, the junctions detected at 30 min
p.i. until 24 h.p.i. were designated as very early integration
sites (VEIS), while those at 13 dp.i. as late or not-early inte-
gration sites (NEIS). In the current study, the first virus-host
DNA fusions detected at 30 min p.i. were also designated as
the initial integration sites (IIS). Overall, there were 6 sites
classified as VEIS (i.e. , SINE (30 min), NBPF-1 (30 min), THE-
1B-LTR (1 h), PRR-16 (3 h), PRKG-1 (3 h) and RunX-1 (24 h))
and 9 as NEIS (i.e. , h AT-18-Ssa-LTR, DNTNP, FAM90A, PEB-
4, PCDH15, LINE2, UI, lnc101929653 and C14Orf29), as well
as two of the six VEIS also were IIS (i.e. , SINE and NBPF-1)
( Table 1 ). 

The initial sites of HBV DNA integration 

Twenty-one out of 40 bi-directionally sequenced clones, which
were selected by colony PCR after cloning of the inv-PCR
amplicons demonstrating NAH-detectable HBV DNA signals
at 30 min p.i. that carried virus-host junctions. Among these
clones, 17 showed HBV DNA integration at short-interspersed
nuclear element (SINE) ( Table 1 ). This element belongs to
non-tandem genomic repeats termed as retrotransposons.
The HBV sequence forming junction with SINE was 40 base
pairs (bp) in length and corresponded to nucleotides (nts) of
HBV X gene ( HBx ) at positions 1647–1687. The length of
the joined host sequence was 294-bp. The sequence was



42 R. Chauhan, Y. Shimizu and K. Watashi et al. 

Table 1 HBV DNA integrations detected in HepG2-NTCP cells at different time points post infection. 

Time post 
infection 

Virus-host 
junctions 
detected 
(no) 

Integrated 
HBV 

sequence 
(nt position) 

Host 
sequence 
(bp length) 

Chromosome 
number 

Sequence 
locus 

Host 
sequence 
(nt position) 

Gene Type of 
virus-host 
junction 

30 min 2 1647-1774 92 Ch-1 p36.13 16583566- 
16583474 

NBPF-1 HTJ 

1647-1774 92 Ch-1 p36.13 16583566- 
16583474 

NBPF-1 HTJ 

1647-1774 92 Ch-1 p36.13 16583566- 
16583474 

NBPF-1 HTJ 

1647-1774 92 Ch-1 p36.13 16583566- 
16583474 

NBPF-1 HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1647-1687 294 Ch-10 q23.2 87153862- 
87154156 

SINE HTJ 

1 h 1 1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

( continued on next page ) 
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Table 1 ( continued ) 

Time post 
infection 

Virus-host 
junctions 
detected 
(no) 

Integrated 
HBV 

sequence 
(nt position) 

Host 
sequence 
(bp length) 

Chromosome 
number 

Sequence 
locus 

Host 
sequence 
(nt position) 

Gene Type of 
virus-host 
junction 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

1647-1725 193 Ch-2 p12 82086308- 
82086501 

THE1B-LTR HTJ 

3 h 2 1647-1820 38 Ch-5 q23.1 119935846- 
119935,884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866–1945 54 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

1647-1820 38 Ch-5 q23.1 119935846- 
119935884 

PRR-16 HTJ 

1866-1945 23 Ch-10 q11.23 51769849- 
51769877 

PRKG-1 HTJ 

24 h 1 1647-1792 481 Ch-21 q22.12 35712645- 
35713126 

RunX-1 OHJ 

1647-1792 481 Ch-21 q22.12 35712645- 
35713126 

RunX-1 OHJ 

13 days 9 1647-1754 220 Ch-2 q33.1 199220298- 
199220518 

hAT -18 Ssa OHJ 

1647-1754 220 Ch-2 q33.1 199220298- 
199220518 

hAT -18 Ssa OHJ 

1647-1754 220 Ch-2 q33.1 199220298- 
199220518 

hAT -18 Ssa OHJ 

( continued on next page ) 
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Table 1 ( continued ) 

Time post 
infection 

Virus-host 
junctions 
detected 
(no) 

Integrated 
HBV 

sequence 
(nt position) 

Host 
sequence 
(bp length) 

Chromosome 
number 

Sequence 
locus 

Host 
sequence 
(nt position) 

Gene Type of 
virus-host 
junction 

1647-1754 220 Ch-2 q33.1 199220298–
199220518 

hAT -18 Ssa OHJ 

1605-1623 289 Ch-4 p16.3 1668784- 
1669073 

DNTNP HTJ 

1605-1623 289 Ch-4 p16.3 1668784- 
1669073 

DNTNP HTJ 

1605-1623 289 Ch-4 p16.3 1668784- 
1669073 

DNTNP HTJ 

1605-1623 289 Ch-4 p16.3 1668784- 
1,669073 

DNTNP HTJ 

1606-1664 19 Ch-8 p21.3 22796773- 
22796792 

PEB-4 HTJ 

1606-1664 19 Ch-8 p21.3 22796773- 
22796792 

PEB-4 HTJ 

1602-1622 214 Ch-8 p23.1 8016999- 
8017213 

FAM90A HTJ 

1647-1764 277 Ch-10 q21.1 476850- 
476573 

PCDH15 OHJ 

1647-1764 277 Ch-10 q21.1 476850–
476573 

PCDH15 OHJ 

1647-1818 542 Ch-11 q13.4 71323803- 
71323261 

L2 OHJ 

1647-1818 542 Ch-11 q13.4 71323803- 
71323261 

L2 OHJ 

1647-1818 542 Ch-11 q13.4 71323803- 
71323261 

L2 OHJ 

1647-1818 542 Ch-11 q13.4 71323803- 
71323261 

L2 OHJ 

1603-1659 93 Ch-11 p15.5 233-140 lnc101929653 OHJ 
1602-1620 206 Ch-14 q22.1 94423774- 

94423980 
C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1602-1620 206 Ch-14 q22.1 94423774- 
94423980 

C14Orf29 HTJ 

1615-1668 12 – – – UI HTJ 
1615-1668 12 – – – UI HTJ 
1615-1668 12 – – – UI HTJ 

Abbreviations: no, number; nt, nucleotide; bp, base-pair; Ch, chromosome; HTJ, head-to-tail junction; OHJ, overlapping homologous junction; 
NBPF-1, neuroblastoma breakpoint family member-1; SINE, short-interspersed nuclear element; THE1B-LTR, mammalian apparent LTR 

retrotransposon; PRKG-1, protein kinase cGMP-dependent type 1; PRR-16, proline r ich 16; RunX-1, r unt-related transcr iption factor 1; hAT- 
18-Ssa-LTR, hobo activator Salmo salar -18 long terminal repeat; DNTNP, dorsal neural tube nuclear protein; PEB4, phosphatidylethanolamine 
binding protein 4; FAM90, family with sequence similarity 90; PCDH15, protocadherin 15; LINE2, long-interspersed nuclear element 2; 
lnc101929653, long non-coding RNA 101929653; C14Orf29, alpha/beta hydrolase domain-containing protein-12B; UI, unidentified. 
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located on Ch-10, locus q23.2 at nts 87153862-87154156
( Fig. 1 A). The HBV-SINE junction was in a head-to-tail orienta-
tion referred to as head-to-tail junction (HTJ). The remaining
4 clones displayed HBV integration into the neuroblastoma
breakpoint family member 1 (NBPF-1) ( Table 1 ). NBPF-1 is a
pseudogene that functions as a tumor suppressor for neurob-
lastoma [28] . This fusion was of the HTJ type . It was formed
by a 127-bp-long HBV sequence matching HBx nts 1647-
1774 and a 92-bp-long host DNA spanning nts 16583566-
16583474 on Ch-1p36.13 ( Fig. 1 B). Collectively, among the
clones carrying IIS detected at 30 min p.i. prevailed (85%)
those in which HBV DNA merged with retrotransposon. 

HBV very early integration sites identified between
one and 24 h post-infection 

Sequencing of 48 clones derived following cloning of HBV
DNA-positive inv-PCR products from cells collected at one
h.p.i. resulted in identification of 7 clones with virus-host junc-
tions ( Table 1 ). In all 7 clones, a 78-bp fragment of HBV DNA
corresponding to nts 1647–1725 was integrated with a 193-bp
sequence of host DNA located on Ch-2p12 at nts 82086308–
82086501 ( Fig. 2 A). This sequence was identified as the
mammalian apparent retrotransposon long terminal repetitive
(THE-1B-LTR) element belonging to a mammalian apparent
LTR retrotransposon (MaLR) family [29] . This fusion was of
the HTJ type. 

Seventy one colonies were screened by colony PCR after
transfection with the inv-PCR products carrying HBV DNA sig-
nals obtained at 3 h.p.i. Among them, 36 were found suitable
for sequencing. The virus-host junctions were successfully
identified in 10 of them and all displayed the same integra-
tion pattern ( Table 1 ). The arrangement detected was com-
plex and contained two HBV DNA fragments and two host
DNA sequences intervolving with each other in the order:
vir us-host-vir us-host. The first HBV-host junction was created
by a 173-bp sequence of HBx corresponding to nts 1647-
1820 and by a host DNA fragment of 38-bp located between
nts 119935846-119935884 on Ch-5q23.1 ( Fig. 2 B). This was
HTJ fusion. The host DNA fragment was homologous with the
gene encoding for proline-rich protein-16 (PRR-16). The ex-
pression of this gene is known to be associated with cancer
development and regulation of cell size [30] . In the second
HBV-host fusion, a 79-bp HBV DNA sequence spanning nts
1866-1945 of HBx gene formed HTJ with a host gene en-
coding for protein kinase cGMP-dependent type 1 (PRKG-1).
The host sequence was located on Ch-10q11.23 and aligned
with nts 51769849-51769,877 ( Fig. 2 B). PRKG-1 is a cyclic
GMP-dependent protein kinase that regulates cell growth and
cell signaling, pr imar ily in neuronal and skeletal muscle cells
[31] . Further, the left-hand junction between PRR-16 and the
second HBV sequence detected was formed at nt 119935884
of PRR-16 and nt 1867 of HBx . This was again the HTJ type
fusion. 

Of the 138 colonies screened by colony PCR, 61 were
sequenced to detect virus-host DNA merges in cells col-
lected at 24 h.p.i. The virus-host fusions were evident in two
clones ( Table 1 ). The HBV integrant found had a 145-bp HBx
sequence matching nts 1647-1792 joined with a 481-bp host
DNA spanning nts 35712645-35713126 on Ch-21q22.12
( Fig. 3 ). This was overlapping homologous junction (OHJ)
formed by the 3-bp TAA sequence. The host’s sequence
corresponded to that encoding human runt-related tran-
scription factor-1 (RunX-1) . RunX-1 reportedly functions in
hematopoiesis and has been implicated in the pathogenesis
of acute myeloid leukemia and HCC [32] . 

The late HBV-host junctions identified at 13 days 

post-infection 

HepG2-NTCP cells exposed to HBV which were obtained at
13 dp.i. provided a total of 120 colonies which were screened
by colony PCR. Forty of them were sequenced and out of them
29 carried clearly identifiable HBV-host junctions. The virus-
host fusions were identified with 9 different genes, among
which two sequences belonged to retrotransposon or trans-
poson class. To simplify presentation, the description of these
junctions was arranged according to a chromosome num-
ber on which they were found. Thus, considering Ch-2, HBx
107-bp-long fragment spanning nts 1647-1754 was integrated
at q33.1 locus ( Table 1 ). The length of the host’s sequence
was 220 bp and corresponded to nts 199220298-199220518
( Fig. 4 A). The fusion was 3-bp OHJ and was identical in
four clones. The analysis showed that HBV integrated with
hobo activator-18 Salmo salar long terminal repeat (hAT-18-
Ssa). However, hAT-18-Ssa was joined downstream by non-
coding Ch-2 sequence and that by medium reiterated fre-
quency repeat 5B (MER-5B) forming complex host sequence
trimera ( Fig. 4 A). 

Another gene forming junction with HBV at 13 dp.i was that
located on Ch-4 encoding dorsal neural tube nuclear protein
(DNTNP) ( Table 1 ). There were four clones demonstrating
this fusion. The length of the host’s sequence was 289 bp and
corresponded to nts 1668784-1669073. The virus sequence
was 18-bp-long and spanned nts 1605-1623. The fusion was
in the HTJ orientation ( Fig. 4 B). 

Two different genes on Ch-8 formed junctions with
HBV DNA. The host sequences encoded phosphatidyl
ethanolamine binding protein 4 (PEB-4) on p21.3 arm and
primate-specific gene family with sequence similarity 90A
(FAM90A) on p23.1 arm of the chromosome. There were two
clones with HBx integration into PEB-4 gene and a singular
clone with virus sequence fused with FAM90A ( Table 1 ). In
the first case, the length of the HBV sequence was 58 bp (nts
1606–1664) and the PEB-4 19-bp sequence mapped at posi-
tions 22796773-22796792 ( Fig. 5 A). In the second case, HBV
sequence was of 20 bp (nts 1602–1622), while the FAM90
gene fragment was 214-bp-long and spanned nts 8016999-
8017213 ( Fig. 5 B). Both fusions were HTJ. 

Another HBV-host integration was detected at Ch-10q21.1.
There were two clones carrying this junction ( Table 1 ).
The host’s sequence was 277-bp-long and aligned with
protocadherin-related 15 (PCDH15) gene at nts 476850-
476573. The merge was formed by 3-bp OHJ and the over-
lapping nucleotides were AGG. PCDH15 is a member of the
cadherin superfamily involved in calcium-dependent cell-cell
adhesion [33] . 

Two genes with integrated HBV DNA were also identified
on Ch-11 ( Table 1 ). In the first instance, four clones with identi-
cal integration into the retrotransposon long-interspersed nu-
clear element 2 (LINE2) were identified ( Table 1 ). The LINE2
542-bp long sequence was located at positions 71323803-
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Fig. 1 Initial integration sites (IIS) of HBV identified at 30 min after exposure of HepG2-NTCP cells to HBV inoculum. (A) HBV junction 
with neuroblastoma breakpoint family member 1 (NBPF-1). (B) HBV DNA fusion with retrotransposon short-interspersed nuclear 
element (SINE). Sequencing electropherograms show HBx gene sequences underlined with continuous line and the host’s genomic 
sequences underlined by dashed line. The inserts presented in lower panels detail the breaking points between HBV and host gene 
sequences. Both junctions shown were the head-to-tail fusions. See Table 1 for more details. 
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Fig. 2 Very early sites of HBV integration (VEIS) in HepG2-NTCP cells found between one and 24 h after exposure to virus. (A) 
HBV DNA head-to-tail fusion with the mammalian apparent retrotransposon long terminal repetitive (THE-1B-LTR) element located on 
Ch-2 and identified at one hour after exposure to HBV. (B) HBV integration with proline-rich 16 protein (PRR-16) and protein kinase, 
cGMP-dependent type I (PRKG-1) encoding genes detected at 3 h post-infection. Electropherograms detail sequences of the HBV- 
THE-1B-LTR and HBV-RunX-1 junctions, as well as show the complex fusion of two HBx sequences with two different genes normally 
located on chromosomes 5 and 10, indicating a severe host genome rearrangement. All virus-host merges forming this complex virus- 
host fusion were head-to-tail joins, including that between PRR-16 and the second HBx gene fragment detected. For more details, see 
legend to Fig. 1 and Table 1 . 
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Fig. 3 HBV DNA forming an overlapping homologous junction 
with gene encoding runt-related transcription factor 1 (RunX-1) 
detected at 24 h after infection. Electropherogram showing HBx 
sequences underlined with continuous line and that of the hu- 
man gene underlined with dashed lines. Additional details are in 
Table 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

71323261. The HBx sequence was 171-bp-long and corre-
sponded to nts 1647-1818. This fusion was a 3-bp OHJ. In
the second case, a singular clone showed a 93-bp host’s
DNA sequence joined with a 56-bp long HBx fragment span-
ning nts 1603-1659. The host’s sequence aligned to nts at
positions 233-140 in the long non-coding RNA 101929653
(lnc101929653). The fusion was created by an overlapping
4-bp OHJ with AAGA sequence. 

Another site at which HBV integrated at 13 dp.i.
was alpha/beta hydrolase domain containing protein 12B
(C14Orf29) located on Ch-14 at locus q22.1 ( Table 1 ). The
host sequence was 206-bp-long and corresponded to nts
94423774-94423980. This sequence was fused with 18-bp
HBx fragment spanning nts 1602–1622. This was the HTJ
type of junction. 

Lastly, a short 12-bp host’s integrant was found in 3 clones
which, due to its short sequence and annealing with several
human chromosomes, was classified as UI (unidentified)
( Table 1 ). The left-hand HBx fragment joining the sequence
was located between nts 1615–1668. The junction was in the
HTJ orientation. 

Analysis of chromatin marks on HepG2 nucleotide 

sequences targeted by HBV integration 

Whether the HepG2 genes into which HBV integrated were
in poised quiescent or active state should depend on acces-
sibility of chromatin to transcription factors which, in turn,
depends on modifications of histone proteins. We performed
in silico analysis of the selected marks to find out the status
of histone codes on HBV integration sites. Five different
chromatin modification markers, such as CTCF, H3K4me3,
EZH2, H3K27Ac and DNAse, which were linked to insulator
activity, methylation, acetylation and sensitivity to DNase,
respectively, were examined . Table 3 is detailing detection or
absence of each of the marks. Analysis revealed presence
of the CTCF binding clusters on 10 (71.4%) and absence in
4 (28.6%) of the HBV targeted sequences. H3K27me3 and
H3K27Ac are linked to opposing states in gene transcription ,
i.e. , methylation and acylation, respectively. Thus, based on
the presence or absence of these marks, three scenarios
are possible: (1) inactive state, where H3K4me3 is present
and H3K27Ac is absent; (2) active state, where H3K27Ac
present but H3K4me3 is absent, and (3) neutral state, where
both H3K27Ac and H3K4me3 are present or absent [34] .
In this context, switch from H3K27me to H3K27Ac positivity
could be suggestive of a change from silenced to activated
state of a given gene [35] . Based on the above scheme
and the results obtained ( Table 3 ), SINE targeted by HBV
integration at 30 min p.i. was found to be only the one in active
transcriptional state. Conversely, THE-1B, PRR-16, PRKG-1,
RunX-1, h AT-18-Ssa, PEB-4 and PCDH-15 appeared tran-
scriptionally inactive. Both the methylation and acetylation
marks were absent on three targets, i.e. , NBPF-1, FAM90A
and lnc101929653. Furthermore, both the methylation and
acetylation marks coexisted on three host sequences, i.e. ,
DNTNP, LINE2 and C14Orf29 ( Table 3 ). We also analyzed
the presence of DNase sensitivity marks. Except for the
PEB-4, DNase marks were absent on all genes targeted by
HBV integration in this study. EZH2, which has prominent role
in methylation [36] , was present on 10 (71.4%) of the HBV-
targeted genes, while absent on 4 (28.6%). The genes on
which EZH2 binding sites detected were THE-1B, PRKG-1,
RunX-1, hAT-18- Ssa, DNTNP, PEB-4, PCDH-15, LINE2,
lnc101929653, and C14Orf29, whereas those on which these
sites were absent were NBPF-1, SINE, PRR-16, and FAM90.
We extended analysis by checking CTCF marks on the HBV
sequence (nt 1602-1945) which integrated with HepG2 genes
from 30 min to 13 day p.i. For this analysis, HBV with GenBank
accession number X72702 (genotype D) served as reference.
Contrary to expectation, a single CTCF binding motif of 9-bp
GGCACAGCT spanning nts 1602-1945 was only detected. 

Discussion 

Integration of HBV into host’s genome for long has been con-
sidered as an event closely coinciding with the life cycle of
the virus. The recent availability of efficient in vitro HBV in-
fection systems and advancements in techniques detecting
with virus-host genomic junctions showed that integration is a
consistent feature of infection with HBV and related viruses.
Importantly, our and others recent studies showed that HBV
integration occurs very early in the course of infection and
it could be identified even earlier than detection of virus co-
valently closed circular DNA (cccDNA) that is the canonical
marker of hepadnaviral replication [9,10,37] . In addition, it was
uncovered that even infection with very small quantities of
hepadnavirus, i.e. , 10 or 100 virions, leads to virus DNA inte-
gration into host’s genome [11] . 

The primary focus of this study was to identify the initial
sites of HBV integration and the time of their formation in
HepG2-NTCP cells which demonstrated superior sensitivity
to HBV infection and efficient HBV replication comparing to
the previous in vitro models. Our results showed that HBV
integrates as early as in 30 min p.i. in these cells. In gen-
eral, this finding is consistent with our previous study in which
hepadnavirus-host DNA junctions became detectable in one
hour p.i. in both HepaRG cells exposed to patient-derived
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Fig. 4 Examples of the late or not early HBV-host genome integrations (NEIS) detected in HepG2-NTCP cells at 13 days post-infection. 
(A) HBV DNA junction with the hobo activator Salmo salar -18 long terminal repeat (hAT-18 Ssa) fused with retrotransposon element 
called medium reiteration frequency interspersed repeat 5B (MER-5B) (sequence in box). (B) HBV junction with gene encoding dorsal 
neural-tube nuclear protein (DNTNP). Electropherograms showing HBx sequences underlined with continuous line and those of the 
human genes underlined with dashed lines. Both junctions were of the HTJ type. See Table 1 for more details. 
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Fig. 5 Other examples of the late or not early HBV-host genome integrations (NEIS) detected in HepG2-NTCP cells at 13 days 
post-infection. (A) HBV integration with gene encoding phosphatidyl ethanolamine binding protein 4 (PEB-4). (B) HBV integration 
with primate-specific gene family with sequence similarity 90A (FAM90A) encoding gene. Electropherograms showing HBx sequences 
underlined with continuous line and those of the human genes underlined with dashed lines. Both junctions were of the HTJ type. See 
Table 1 for additional details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HBV and woodchucks de novo infected with wild-type WHV
[9] . However, twice shorter time period from the first contact
with virus to detection of virus-host fusions suggests that the
HepG2-NTCP-HBV infection system is better predisposed to
facilitate virus integration than natural infection in the wood-
chuck model. The second major finding of our study was that
HBV initially preferably integrates into the host non-coding
“jumping” elements, especially into retrotransposons. This is
not entirely surprising as nearly 50% of the human genome
is constituted by the retrotransposon/transposon sequences
[38] . 

Considering the initial integration sites detected at 30 min
p.i., SINE sequence and NBPF-1 gene were identified as
the sites of HBV DNA insertion. SINE belongs to the retro-
transposon non-LTR category. Importantly, SINE sequences
constitute over one tenth of human genome [39] . The recent
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reports suggest that small transposons like SINE may have
significant influence on the overall size of genome [40] and
may drive oncogenic transformation [41] . Regarding NBPF-
1, it is a transcription factor and a suppressor linked to neu-
roblastoma [42] . NBPF-1 protein derives from a translocation
from Ch-1p36.2 to Ch-17q11.2 that coincides with a 5215-
bp deletion in Ch-17. Interestingly, the breakpoints in each
chromosome are located within the long interspersed nuclear
elements [43] . Thus, the breakpoint in Ch-1 is located within
the LINE1 retrotransposon and that in Ch-17 within LINE2.
When we reanalyzed our data for a sequence similarity with
LINE1 or LINE2, we didn’t found any homology. It is of note
that HBV integration into neuroblastoma genome has been
reported [44] . 

At one hour p.i., HBV formed junction with THE-1B-LTR
belonging to a MaLR family of the LTR retrotransposons. Ori-
gin of THE-1B-LTR is ancestral and was found at high copy
numbers in both new and old wor ld pr imates [45] . The pro-
carcinogenic role of THE-1B-LTR has been postulated in non-
Hodgkin’s lymphoma (NHL) where its hypomethylation acti-
vates colony stimulating factor 1 receptor (CSF1R), which acts
as a tyrosine kinase receptor [45] . The ectopic expression
of CSF1R protein has been detected in 39-48% of patients
with NHL [45] . Considering a possible pathogenic relevance
of the HBV-THE-1B-LTR fusion, the merged HBV sequence
spanned nts 1647-1725, which covers enhancer II (Enh-II)
region of virus genome. Enh-II regulates activity of virus pre-
genomic RNA and virus surface (S) gene promoter, as well
as it has long-range regulatory effects. In this regard, Enh-
II is recognized by transcription factors, such as hepatocyte
nuclear factor-1 and −4 enhancer II (Enh-II) [46] . Therefore,
HBV Enh-II when fused with THE-1B-LTR may modulate ac-
tivity of the retrotransposon and exert hepatocyte-specific reg-
ulatory effects. In this context, a relatively high incidence of
HBV infection in patients with NHL [47] and data suggest-
ing that HBV can enter B cells and infect them [48] could be
interpreted in support of a pathogenic role for the HBV EnhII-
THE-1B-LTR fusion at the extrahepatic location. 

At three hours post-infection, an interesting pattern of the
complex HBV-host genome integration was identified. The
merge had the HBV-host-HBV-host sequence order that ap-
peared as a single continuous nucleotide stretch which was
identical in 10 separate clones. The stretch contained two
host sequences encoding proline-rich-region-16 (PRR-16)
and cGMP-dependent protein kinase 1 (PRKG-1) proteins.
Regarding PRR-16, the protein family containing ankyrin re-
peat, SH3 domain, and proline-rich-region (i.e. , ASPP fam-
ily) was recently identified as apoptosis regulation proteins
and have role in increasing cell size [49] . These proteins are
frequently down-regulated due to DNA methylation in HBV
infection-associated HCC [50] . Considering PRKG-1, pro-
teins from this family play central role in regulating cardiovas-
cular and neuronal functions [51] . PRKG-1 phosphorylation
leads to perturbation of cellular calcium, specially lowering of
intracellular free calcium levels, controlling vesical trafficking
and myosin light chain phosphorylation. It was reported that
deletion of PRKG-1 resulted in complex metabolic phenotype
including liver inflammation and hyperglycemia [31] . 

HBV DNA integration with RunX-1 encoding gene was
identified at 24 h.p.i. The HBV sequence forming this junction
corresponded to nts 1647-1754 and, similar to that merging
with THE-1B-LTR at one hour p.i., covered virus Enh-II which
may play a part in regulating and enhancing expression of this
gene. Although we have not checked if expression of RunX-1
was upregulated, it is possible that it was due to fusion with
Enh-II. RunX-1 is a transcription factor and a dominant onco-
gene [52] . It is required for the generation and maintenance of
hematopoietic stem cells phenotype and their differentiation
into distinct lineages [53] . Importantly, RunX-1 has been iden-
tified as a target of leukemogenic chromosomal translocations
in acute myelogenous leukemia [54] . In this context, chromo-
somal translocations and inverted duplications frequently ac-
company integration of HBV DNA in HCC [55] . Further, avian
leukosis virus (ALV) induces B cell lymphoma by integrating
at several host chromosomal sites, including RunX-1 [56] . Al-
though, currently there is no data suggesting role of RunX-
1 in carcinogenesis coinciding with HBV infection, there are
reports showing that RunX-3 gene can be hypermethylated
in HBV-infected HCC patients [57] . Contradictory to RunX-1,
RunX-3 is a tumor suppressor gene and have been found
to be downregulated in HCC and RunX 1-3 genes are the
key player in cancer metastasis [58] . Interestingly, it has been
shown that RunX3 plays pivotal role in LINE1 transcription
and retrotransposition [59] . Therefore, it would be interesting
to know if expression of HBV EnhII-RunX-1 fusion could in-
fluence a metastatic potential of HBV-related HCC. 

Although the focus of the current research was to decipher
formation of the virus-host junctions soon after the first contact
of virus with susceptible cell, we also analyzed one later-time
point to assess dynamic of the merges and if the junctions de-
tected at early time points persisted. Thus, at 13 day p.i., nine
different junctions were identified and there was no similarity
between them and those found in the first 24 h.p.i., except that
host sequences in two of them represented retrotransposon
or transposon. We limited discussion of the HBV-host fusions
uncovered at 13 dp.i. to three most interesting examples. 

One of the most striking HBV-host junctions identified at
13 day p.i. was complex fusion of HBV with a tr imer ic host
sequence constituted by hAT-18-Ssa, noncoding Ch-2 se-
quence, and MER-5B (see Fig. 4 A). Both hAT-18-Ssa and
MER-5B belong to the transposon class. Although hAT-18-
Ssa-MER-5B fusion has been reported in one in silico study
[60] , this joint was separated by the Ch-2 sequence insert in
our data. There are approximately 70 different types of hAT
elements in human and they transpose via DNA-DNA fusions,
instead of via DNA-RNA merges as generally seen in retro-
transposons [61] . Following hAT-18 Ssa was Ch-2 sequence
which aligned to q33.1 arm of the chromosome at positions
199220298-199220518. The third element of the triad was
MER-5B that is known to play a role in controlling expression
of alpha fetoprotein (AFP) gene, which protein is abundantly
expressed in human fetal liver [62] . Interestingly, it has been
shown that persistence of AFP and H19 expression in liver
can be due to the retroviral insertion [63] . In this context, we
have previously documented WHV DNA integration into H19
gene [11] . These indirect evidence may together suggest a
connection between elevated AFP levels and hepadnaviral
insertional events, and future studies may explain molecular
foundation of this relation. 

Another gene into which HBV integrated at 13 dp.i. was
PEB-4 gene which encodes an anti-apoptotic protein [64] . Its
anti-apoptotic function was proven in prostate cancer, breast
cancer, as well as liver cancer cell lines. Although PEB-4
is ubiquitously expressed in most of the human tissues, its
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Table 2 Comparison of the findings on HBV-host genome integrations identified in the current study with those from two previous in 
vitro studies. 

Gene family HepG2-NTCP-C4 
(Current study) 

HepG2-NTCT or Huh7-NTCP ( Ref. 
[10 ]) 

HepaRG ( Ref. [9 ]) Comparison 

Retrotransposons/transposons 
SINE SINE (30 min) SINE (5 d,7 d) n.a. Common 
THE THE-1B (1 h) THE-Int (5 d) n.a. Similar 
MER MER-5B (13 d) MER52D/41A/90A/4E1/4A (7 d) n.a. Similar 
LINE LINE-2 (13 d) LINE-1 (1 d - 7 d) LINE-1 (1 d), LINE-2 (3 d), 

FLRT2-LINE-2 (1 d) 
Common 

Other genes 
NBPF NBPF-1 (30 min) -n.a. NBPF25P (14 d) Similar 
PCDH PCDH-15 (13 d) PCDH-15 (7 d) n.a. Common 
FAM FAM90A (13 d) FAM85B/183B (7 d) n.a. Similar 
C-Orf C14Orf29 (13 d) C1Orf27/C9Orf72/C20Orf196 (7 d) n.a. Similar 

Abbreviations: min, minutes; h, hour; d, day; n.a., not applicable (not found); SINE, short interspersed nuclear element; THE, mammalian 
apparent LTR retrotransposon; MER, medium reiteration frequency interspersed repeat; LINE, long interspersed nuclear element; NBPF, 
neuroblastoma family member; PCDH, protocadherin; FAM, family with sequence similarity; C-Orf, chromosome-open reading frame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

high expression was observed in tumorous part of the tis-
sues. It was demonstrated that PEB-4 promotes cellular re-
sistance to TNF α-induced apoptosis by inhibiting activation
of Raf-1/MEK/ERK pathway [65] . Using the hepatocyte-like
cell line, HepG2, it was also shown PEB-4 inhibited growth
of HepG2 cells in dose and time-dependent manner by in-
creasing caspase 3 expression [66] . Others found that PEB-4
is expressed in 90% of patients with B-cell lymphoma, but
only 16.7% in normal lymph nodes [67] . Interestingly, PEB-
4 over-expression inhibited Rituximab-mediated complement
dependent toxicity, while silencing of PEB-4 augmented effi-
cacy of Rituximab both in vitro and in vivo [67] . 

PCDH15 was yet another gene into which HBV found to
be integrated at 13 dp.i. (see Table 1 ). Several reports doc-
umented role of protocadherin in the development of HCC.
The protocadherin identified were PCDH-8, PCDH-9, PCDH-
10, PCDH-11, PCDH-15 and PCDH-20. One report detailed
association of decreased expression of PCDH-20 with poor
prognosis of HCC [68] . PCDH-8 was frequently found inacti-
vated due to promoter hypermethylation in liver cancer [69] .
PCDH-9 inhibits epithelial-mesenchymal transition and cell
migration through activation of GSK-3 β in HCC [70] . Loss
of PCDH-17 appears to promote metastasis and invasion
through hyperactivation of EGFR/MEK/ERK signaling path-
way in HCC [71] . PCDH-10 gene inhibits cell proliferation
and induces cell apoptosis by inhibiting the PI3K/Akt signal-
ing pathway in HCC [72] . Using the uPA-human hepatocytes
engrafted chimeric mice infected with HBV, the recent report
has identified HBV integration into PCDH-11 gene [73] . Since
this study identified the timing of HBV integration as late it
may collaborate with our finding of HBV integration with the
PCDH-15 gene at the later time point post-infection. 

Taking under consideration the above finding, we com-
pared the data from this study with those from two previous
studies in which HBV integration into host genome was in-
vestigated soon after de novo infection in vitro [9,10] . Eight
different genes were found to be comparable or belonged to
the same gene family among those identified in both our work
and at least one of the two studies ( Table 2 ). Among them,
four belonged to the retrotransposon/transposon class and in-
cluded genes within SINE, THE, MER and LINE families, and
other four corresponded to genes belonging to NBPF, PCDH,
FAM and C-Orf families. There were two genes found to be
HBV IIS in the current study, i.e. , NBPF-1 and SINE. It is of
note that the gene belonging to the same family as NFBF-1,
i.e. NBPF-25P, was identified as the HBV integration site at
14 dp.i. in our previous study utilizing HepaRG cells as infec-
tion targets [9] . As well, SINE was found as HBV integration
site in HBV-infected Huh7-NTCP cells from 5 dp.i. onwards by
another group [10] . Overall, there was relatively high degree
of uniformity in the findings from three independent studies in
which in vitro infection systems utilizing either patient-derived
or recombinant HBV produced in culture were used as inoc-
ula. This ascertained authenticity of the observations made. 

Recognition of the nature of epigenetic modifications at the
earliest time points post-infection when HBV integrate into
human genome could foreshadow whether those viral hits
might be transcriptionally active or latent. Accessibility of chro-
matin to transcription factors depends of the histone marks
H3K4me3 and H3K27ac as their activity peak in early phases
of the transcriptional elongation [74–76] . Enrichment of H3K4
methylation marks is characteristic of transcriptionally re-
pressed areas, whereas presence of H3K27 is attribute of
transcriptionally active state [77] . In addition to the H3K4me3
and H3K27ac, we expanded analysis to find additional marks
which may modify genome organization and its functionality,
and they were CTCF, EZH2 and DNase [78,79] . As presented
in Table 3 , the analysis showed commonalities in the status
of H3K4me3, EZH2 and DNAse marks at 30 min p.i., however
there was a difference in the presence of H3K27ac. In this con-
text, since SINE sequence demonstrated absence of methy-
lation mark but presence of H3K27ac, this may imply that the
sequence was transcriptionally active. From one to 24 h p.i.,
H3K4me3 was detected and acetylation mark H3K27Ac was
absent. Accordingly, this profile may imply that the sequences
forming junctions with HBV DNA during this time period were
transcriptionally inactive. At 13 day p.i., the acetylation marks
were either not detectable or accompanied by the methyla-
tion marks suggesting that these host’s sequences were in
the latent state considering transcription. 

CTCF is a master weaver of the genome and has reg-
ulatory functions [80] . CTCF forms complex topological 3D
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Table 3 In silico identification of chromatin motifs in sequences of the HepG2 cell genes found to be the sites of HBV integration. 

Time post infection Gene CTCF H3K4me3 EZH2 H3K27Ac DNase 

30 min NBPF-1 Present (1) Absent Absent Absent Absent 
SINE Present (3) Absent Absent Present Absent 

1 h THE1B-LTR Present (1) Present Present Absent Absent 
3 h PRR-16 Absent Present Absent Absent Absent 

PRKG-1 Present (2) Present Present Absent Absent 
24 h RunX-1 Present (3) Present Present Absent Absent 
13 days hAT-18 Ssa Present (1) Present Present Absent Absent 

DNTNP Present (1) Present Present Present Absent 
PEB-4 Absent Present Present Absent Present 
FAM90 Absent Absent Absent Absent Absent 
PCDH-15 Present (1) Present Present Absent Absent 
LINE2 Present (2) Present Present Present Absent 
lncRNA Absent Absent Present Absent Absent 
C14Orf29 Present (2) Present Present Present Absent 

Abbreviations: min, minutes; h, hour; CCCTC-binding factor, CTCF; Enhancer of Zeste homolog 2, EZH2; Tri-methylation of lysine 4 on histone 
H3, H3K4me3; Histone H3 lysine 27 demethylase, H3K27ac; Deoxyribonuclease, DNase. 
Numbers in parenthesis in the CTCF column represent numbers of CTCF binding clusters detected in a given sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

structures which are central to the long-range gene activa-
tion and have role in cell differentiation [81] . Its regulatory
functions includes transcriptional activation or repression, in-
sulation, imprinting and X chromosome inactivation [81] . As
CTCF is a sequence-specific DNA binding protein, its bind-
ing site can be altered by DNA methylation [81] . Therefore,
our analysis of CTCF binding clusters and interpretation of
its possible activity included determination of H3Kme3. As
shown in Table 3 and Supplementary Table 1 , the CTCF bind-
ing motifs were found on almost all host sequences detected
up to 24 h p.i., except PRR-16. Depending on the location
of CTCF binding sites in relation to methylation marks, their
existence may indicate a regulatory function. This might be
particularly relevant in the case of NBPF-1 and SINE which
sequences carried CTCF clusters but not H3K4me3 marks.
At 13 days p.i., CTCF binding sites were present on hAT-18-
SSa, DNTNP, PCDH-15, LINE2 and C14Orf29, and absent
on PEB-4, FAM90 and lnc101929653. However, all five se-
quences with CTCF clusters also carried methylation marks
( Table 3 ). 

Regarding of DNase hypersensitive sites, our analysis re-
vealed their absence on all the sequences examined except
PEB-4 ( Table 3 ). This may suggest that the sequence frag-
ments identified were in fact closed for chromatin modifica-
tions. Going further, we also determined presence of EZH2
marks, as it is a main catalytic subunit of polycomb repressive
complex 2 (PRC2) which plays important role in methylation
by activating methyl groups [82] . Notably, we could not find
EZH2 binding sites at the initial time of HBV integration, i.e. , at
30 min p.i. The absence of both EZH2 and H3K4me3 marks on
the initial HBV integration targets may suggest a strict control
of their methylation and upholding them transcriptionally ac-
tive. Since the analysis was done in silico on HepG2 genome
and not on the genome of HepG2-NTCP-C4 cells, which is not
yet determined, further studies might be required to confirm
our results. Nevertheless, the recent findings progressively
illuminate a role of key chromatin marks which may govern
HBV driven initiation of hepatocyte oncogenic transformation
finally leading to the development of liver cancer. 
 

The results from this study indicate that retrotransposon
elements are frequent among first-hit sites of HBV integra-
tion. This may suggest a mechanism by which HBV DNA
may spread across host’s genome from the earliest stages
of hepadnaviral infection, which could involve transposition
of the fused HBV-retrotransposon sequences across chro-
mosomes [83] . The results also showed that HBV integrates
as early as in 30 min p.i. into genome of HepG2-NTCP-C4
cells. This was at least twice shorter time period than that
found in the previous in vitro studies utilizing HepaRG cell
line and in woodchucks de novo infected with WHV [9] . This
indicates that the HBV-HepG2-NTCP infection model could
be better predisposed to facilitate HBV-host genome fusions
likely due to more efficient uptake of virus via NTCP receptor.
We also delineated profiles of the most important chromatin
marks on the HepG2 genomic sequences targeted by HBV
integrations. These marks may significantly influence orga-
nization and transcriptional activity of the host’s sequences
affected by HBV and their recognition should contribute with
time to our better understanding of the mechanisms underly-
ing HBV driven oncogenesis. The wealth of the data on the
HBV-host genome merges occurring from the earliest stages
of virus infection opens new opportunities for investigation on
the functional significance of virus-host interactions that pre-
dispose to the particular long-term pathological outcomes in
HBV-infected patients. 
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