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Abstract

Hepatitis B virus (HBV), one of the well-known DNA onco-
genic viruses, is the leading cause of hepatocellular car-
cinoma (HCC). In infected hepatocytes, HBV DNA can be 
integrated into the host genome through an insertional mu-
tagenesis process inducing tumorigenesis. Dissection of the 
genomic features surrounding integration sites will deepen 
our understanding of mechanisms underlying integration. 
Moreover, the quantity and biological activity of integration 
sites may reflect the DNA damage within affected cells or 
the potential survival benefits they may confer. The well-
known human genomic features include repeat elements, 
particular regions (such as telomeres), and frequently inter-
rupted genes (e.g., telomerase reverse transcriptase [i.e. 
TERT], lysine methyltransferase 2B [i.e. KMT2B], cyclin E1 
[CCNE1], and cyclin A2 [CCNA2]). Consequently, distinct 
genomic features within diverse integrations differentiate 
their biological functions. Meanwhile, accumulating evi-
dence has shown that viral proteins produced by integrants 
may cause cell damage even after the suppression of HBV 
replication. The integration-derived gene products can also 
serve as tumor markers, promoting the development of 
novel therapeutic strategies for HCC. Viral integrants can 
be single copy or multiple copies of different fragments with 
complicated rearrangement, which warrants elucidation of 
the whole viral integrant arrangement in future studies. All 
of these considerations underlie an urgent need to devel-
op novel methodology and technology for sequence char-

acterization and function evaluation of integration events 
in chronic hepatitis B-associated disease progression by 
monitoring both host genomic features and viral integrants. 
This endeavor may also serve as a promising solution for 
evaluating the risk of tumorigenesis and as a companion 
diagnostic for designing therapeutic strategies targeting 
integration-related disease complications.
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Introduction

There are still more than 250 million people infected with 
chronic hepatitis B virus (HBV) worldwide. Hepatocellular 
carcinoma (HCC) imposes a heavy socioeconomic public 
health burden. Among patients with cirrhosis, HBV infection 
has a reported annual incidence of 3%.1 In 1980, shortly 
after the discovery of HBV, its integration was reported into 
HCC tissue cells and hepatoma cell lines.2,3 There has been 
a long debate on the oncogenic roles of HBV integrations.4–6 
It is considered to be involved in the oncogenic process due 
to its intrinsic insertional mutagenesis (Fig. 1). Although 
current treatment using nucleoside or nucleotide analogs 
can efficiently suppress HBV replication, it is still not able to 
eliminate the virus from infected hepatocytes, mainly due 
to the persistent existence of covalently closed circular DNA 
(commonly referred to as cccDNA).7

Meanwhile, double-stranded linear DNA (dslDNA) is the 
alleged dominant substrate that gets incorporated into the 
host genome via repair of DNA double-stranded breaks 
(DSBs).8 Indeed, HBV integrations tend to locate at either 
sites of host genomic instability,9,10 or sites of cellular DNA 
damage.11 Meanwhile, the HBV genome does not encode ei-
ther integrase or other proteins recognizing specific genom-
ic regions for integration,9,12,13 and it is unlikely that HBV 
could deliberately “target” certain genes or regions. By far, 
only repeat elements or short homologous sequences, me-
diating the DNA repairing via non-homologous end joining, 
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are the main genomic feature of integration sites.14 It has 
been known for a long time that the ends of an integrant 
most likely terminate at a 11 bp repeat region (5′-TTCAC-
CTCTGC-3′), namely the cohesive-end regions termed DR1 
and DR2.15 About 37–40% of the reported viral breakpoints 
are mapped within the DR2-DR1 region,16–18 where tran-
scription and replication of the genome are initiated. During 
HBV replication, the reverse transcription from pregenomic 
RNA (commonly referred to as pgRNA) to cccDNA or dslDNA 
uses an 18 nucleotide RNA primer, which is the hydrolysate 
of pgRNA, to initiate the synthesis of the positive-sense DNA 
strand.12 In about 90% of nucleocapsids, the RNA primer 
translocates to the DR2, leading to the synthesis of relaxed 
circular DNA; while in the remaining 10%, it binds to the 
DR1, priming the synthesis of dslDNA as the main source of 
viral DNA incorporated into the host genome.12

The HCC risk due to viral integrations remains as long as 
viral replication continues in liver cells. However, the detailed 
processes underlying viral integration still need clarification 
by investigators attempting to identify novel options to cure 
HBV infection. Recently, much attention has been dedicated 
to reviewing biological processes and consequences related 
to viral integrations in the background of the HBV life cy-
cle.9,12 The development of high-throughput sequencing so-
lutions significantly facilitates resolving thousands of viral 

integration breakpoints.16,18–22 Our objective here is to sum-
marize the features of host genomic sequences surrounding 
integration sites and viral fragments as integrants. These 
features of distinct integrations may be crucial to unraveling 
their contribution to liver disease progression. Pinpointing 
their involvement may aid efforts to identify novel diagnos-
tic markers of disease progression and targets for improved 
therapeutic management of HBV infection.

HBV integration detection: Hybridization, cloning, 
amplification and next-generation sequencing (NGS) 
solutions

The short HBV DNA fragments are difficult to identify after 
being inserted into a large human genome (3Gb) in each 
affected cell. Meanwhile, these cells may also harbor limited 
integrations. In relative homogeneous populations of cell 
lines carrying HBV integrations, there are no more than 10 
dominant integrations. For instance, the HepG2.2.15 cell line 
may contain at most five integrations,21 and the PLC/PRF/5 
cell line had nine integration regions reported.23 Among the 
cell populations of the infected liver, it is estimated that 
there is about 1 integration per 103∼104 cells according to 
observations in an in vitro infection model.8 Therefore, it 

Fig. 1.  HBV integrations in the host nuclear genome. HBV DNA fragments are incorporated into sites in the host nuclear genome, which may include double-
stranded breaks due to diverse factors. Viral integrants can also be transcribed and translated to express viral proteins such as hepatitis B surface antigen and truncated 
X protein, which are involved in liver disease progression. It is well known that repeat elements are characteristic of the integration region, such as ALUs, SINE and 
LINEs. Recently, solutions based on the NGS platform directly determine all of the DNA fragments from the integration sites. Viral-host chimeric fragments are evidence 
of the integration events. Particularly, these chimeric fragments can be enriched by using viral probes to capture those containing viral DNA, which increases the sen-
sitivity of integration detection and extensively reduce the sequencing volume. The “breakpoints” of integrations refer to the position on the chimeric fragments where 
viral and human DNA fragments ligate with each other. They are also the boundaries of the integrations. Integrations may generate either a new promoter region to 
cis-activate the transcription of downstream genes, or directly interrupt the genes and potentially produce fusion transcripts. DNA methylation status in a nearby region 
may regulate the transcriptional activity of integrants.
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requires detection methods that have adequate sensitivity 
to identify such limited events in bulk tissue samples.

Early in the 1980s, the hybridization method was first ap-
plied to prove the existence of HBV integrations in cell lines 
and tumor tissues.2,24 In Southern blot hybridization, di-
gested DNA after a restriction enzyme treatment hybridized 
with 32P-labeled HBV DNA probes, and researchers took the 
autoradiograph of the bands of digested DNA in the separa-
tion gel to identify the fragment harboring HBV DNA. Target 
fragments could be ligated into plasmid as integrant clones, 
which can be further fragmented and radiolabeled as probes 
for in situ hybridization. Prior to Sanger sequencing of in-
tegrant clones,25 in situ hybridization was applied to see 
the cytogenetic locus of these probes binding to metaphase 
chromosomes and thereby determine the chromosome po-
sition of viral integrants.26 The hybridization strategy and 
clone sequencing without an NGS platform are inefficient 
and insensitive to profile integrations.

To improve the methodology of HBV integration profil-
ing, Minami et al.27 (1995) developed the Alu PCR strategy, 
which is more practical for integration screening. Briefly, 
Alu elements, which have over one million copies dispersed 
throughout the human genome,28 separate the entire ge-
nome into relatively small regions, the length of which is 
suitable for performing PCR amplification; the primer pair, 
one of which is Alu-specific and the other binds HBV se-
quences (X gene), may successfully amplify the virus-host 
chimeric regions. With this approach, Devrim et al.29 iden-
tified 21 viral integrations from 18 patients in one study. 
Likewise, Mason et al.30–33 first cleaved total liver cell DNA 
into fragments by NcoI, which cuts HBV DNA at nucleo-
tide 1374, and then ligated these fragments into circles 
for nested PCR of virus-cellular junctions. This sensitive 
inverse-PCR assay is a quantitative method for integration 
detection. Nevertheless, since not all integrations are next 
to an Alu element or the cleavage site of NcoI, some may be 
omitted in subsequent analysis.

NGS solutions, either by direct sequencing or target se-
quencing after viral DNA enrichment (Fig. 1), can presum-
ably achieve unbiased parallel analysis of tens to hundreds 
of samples. Extracted tissue DNA is randomly fragment-
ed for sequencing library construction, the bioinformatic 
analysis aims to identify the so-called “junction read” or 
“chimeric read” in sequencing data, which is composed of 
both HBV and human DNA together and originates from the 
boundaries of integration events. Considering the relatively 
low frequencies of integrations, directly sequencing the 
whole nuclear genome for bulk tissues requires adequate 
sequencing coverage/depth to capture these chimeric frag-
ments. Jiang et al.19 adopted deep whole-genome sequenc-
ing (80X, 240G per sample; and 240X, 720G per sample) 
and identified 255 integrations in paired tumor and adja-
cent liver tissues from three HBV-positive HCC patients. 
The high cost and data analysis requirement will limit its 
application at the population scale. Target DNA enrich-
ment has proven to be highly effective in exome sequenc-
ing of the human genome. It inspires the usage of viral 
DNA probes for HBV DNA enrichment prior to NGS analysis, 
which significantly reduces the sequencing volume to less 
than 2G per sample.16,21 With the increased throughput, 
Zhao et al.16 obtained 4,225 integration breakpoints (host–
virus boundaries at the integration site) from 426 patients 
to characterize a viral integration pattern in one study, fol-
lowed by other teams.17,34–37

Most NGS studies only took the single breakpoint as the 
indicator for one integration event. But one integration has 
two breakpoints (Fig. 1), and they may overestimate the 
number of integrations in each sample.21 Fortunately, dif-
ferent integration events are likely to be far apart from each 
other in the cellular genome of hepatocytes. Therefore, we 
developed a strategy to pair adjacent breakpoints in the 

human genome for the same integration event.21 After the 
breakpoints in the human genome have been successfully 
paired, the corresponding viral breakpoints can then be 
paired. The boundaries of integration events are indicated 
by the sharp and consistent positions of the mapped reads, 
the particular distribution patterns of which have shown di-
verse modes of integrations (Fig. 2A). This pairing strategy 
can be used to predict the integrants and show their pro-
tein-coding ability or harbored regulatory elements. It can 
also illustrate insertion orientation and HBV fragments with-
in the integration site. Besides, this strategy successfully 
uncovered the possibility of multiple fragments with differ-
ent orientations in the same site (Fig. 2B), which have been 
validated in long-read sequencing studies.38 The orientation 
of inserted fragments will determine their upstream and 
downstream directions and hence influence their regulatory 
roles for involved genes in the aforementioned biological 
effects of integrations. Therefore, further complicating the 
regulatory activity of the integration.

Viral integrations have been reported to locate at the 
boundaries of chromosome arrangements, such as large 
deletions, translocations, and inversions (Fig. 2C), which 
make the start and end of the same integrant distant from 
each other even in different chromosomes respectively.39,40 
Only when the structure variations of the host genome 
are dissected, can they have both breakpoints identified. 
Therefore, short-read sequencing will fail to predict the en-
tire integrant for integration sites with complicated local 
sequence rearrangement. To meet the requirement for the 
characterization of entire integrants, long-read sequencing, 
with the longest single read over 2 Mb, is able to directly 
read through the entire integration region.23 It can not only 
reveal integrations affected by large structure variations 
within the host genome but also characterize the organiza-
tion of multiple copies of HBV fragments within the same 
integration site.23

Recurrent genes interrupted by integration events

From the 1980s to the early 1990s, a few studies began to 
report HBV integration that affected the expression levels 
of a series of genes related to tumor development. They 
include HST-1,41 tumor protein p53 (i.e. TP53),25,42 cyc-
lin A2 (CCNA2),43 myc family oncogenes,44,45 retinoic acid 
receptor beta or erb-B-like genes,46,47 and mevalonate ki-
nase gene.48 With the accumulation of identified integration 
events, the frequencies of common recurrent genes affected 
by viral integrations become well characterized. The human 
telomerase reverse transcriptase (i.e. hTERT), which pre-
vents telomere shortening after cell division, is not only the 
first reported recurrent gene affected by HBV integrations 
but it is also the most common one in HCC samples, rang-
ing from nearly 20% (i.e. 17%, 14/82, Fujimoto et al.;49 
24%, 101/426, Sun et al.;18 24%, 101/426, Zhao et al.;16 
27%, 48/177, Péneau et al.50) to over 35% (36%, 34/95, 
Sze et al.37). The second most common recurrent gene was 
lysine methyltransferase 2B (KMT2B, also known as MLL4 
or MLL2), encoding histone methyltransferases, with a fre-
quency of about 10% (2%, Péneau et al.;50 7%, Zhao et 
al.;16 7%, Fujimoto et al.;49 12%, Sun et al.;18 12%, Sze et 
al.37). They were followed by CCNE1 (1%, Fujimoto et al.;49 
1.6%, Zhao et al.;16 2%, Péneau et al.;50 3%, Sze et al.;37 
5% Sun et al.18) and CCNA2 (1%, Fujimoto et al.;49 1.8%, 
Zhao et al.;16 2%, Sze et al.37).

Whereas, integrations seem to account for a relatively 
small proportion of crucial genomic changes of total HCC.51 
For instance, about 70% of all HCC carry TERT mutations, 
and HBV integrations contribute to about 7% of them.52 
In other words, 5% of HCC are due to TERT integration; 
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moreover, 58% of HCC have genomic changes affecting cell 
cycle control, and HBV integrations account for about 8% of 
those interrupting the CCNE1.52 Considering HBV infection 
contributing to 50% of HCC cases, the contribution of inte-
grations should be doubled in HBV-related HCC.53

HBV integration in gene promoter region: cis-activa-
tion effect

Integrations can influence the transcription of nearby genes 
by changing the promoter activity (Fig. 1; Gene Annota-
tion), contributing to phenotype changes of affected cells. 
The integration site can be either only hundreds of base 
pairs (e.g., 257 bp upstream of hTERT54) or over 100 kb 
(e.g., 2,582 kb upstream of CCNE155) from the genes in the 
vicinity along the human genome. In the first large-scale 
screening for HBV integrations in HCC, Sun et al.18 explored 
integrations in the promoter region which were from 0 to 
−5 kb relative to the transcriptional start site (commonly 
referred to as TSS), while Fujimoto et al.49 enlarged this 
region up to 10 kb upstream, which has become widely 
adopted. Nevertheless, the frequency and influence of inte-

gration in the promoter may be underestimated since some 
are located beyond the 10 kb region,56 and Ding et al.35 
further extended the annotation region to 150 kb. However, 
analysis of the effects of long-range integration on gene 
expression regulation may be challenging and need further 
extensive validation.

Meanwhile, both the insertion orientation and the inte-
gration-TSS distance may influence their effect on the pro-
moter activity of viral integrations. Telomerase expression 
was absent in mature hepatocytes, but 90% of the HCC57 
had TERT-related integrations, of which 80% are located in 
the promoter region.18 In 2001, Horikawa et al.58 first de-
scribed the HBV integrations in the cis-activated TERT pro-
moter in an orientation-independent manner. Recently, Sze 
et al.37 found that when the orientation of an inserted HBV 
fragment (harboring enhancer I) was opposite to the TERT 
transcription direction, the promoter activity was reduced 
by 40% in comparison to the same-orientation integration. 
In 2012, Toh et al.34 found that for TERT promoter inte-
grations within 3 kb upstream in HCC tumor samples, the 
nearer it occurred to the TSS, the higher was the level of 
downstream TERT transcription. In tumors, the transcrip-
tional levels of TERT could be over 10-fold higher, and this 

Fig. 2.  Integration identification based on short-read sequencing and cofounding factors. (A) In current solutions based on short-read sequencing, DNA 
samples will be fragmented into ideal size for subsequent library construction. Sequencing experiments will generate millions of reads, generally 150 bp in length, which 
need further bioinformatic analysis to map the reference host and viral genomes. Junction or chimeric reads, originating from an integration boundary, will be split into 
two pieces that are mapped to the host or viral reference genomes, respectively. Each integration event has two breakpoints, which can be paired according to their 
positions in the human genome. After successful pairing, read mapping patterns of paired breakpoints indicate the complicated rearrangement of viral integrants within 
the integration sites. (B) A single copy of an integrant may have either forward or reverse 5′-3′ orientations with the host genome. The multiple copies of viral fragments 
are joined at distinct orientations before being incorporated into the integration site. Their orientation will determine which of them are downstream and affected by the 
integrant due to the cis-activation effect. (C) Large deletions, translocations and inversions are capable of joining two distant regions together and integration events 
tend to occur at the boundary of these structural variations. Such interaction will prevent pairing two breakpoints far apart from one another in the same integration 
event without any information about structural variations.
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increase has been associated with poorer survival of af-
fected patients.16,35,37,49

Intragenic and intergenic integrations: fusion tran-
scripts and trans-activation

Fusion transcript detection from RNA-Seq has revealed 
that integration sites harboring a DR1 fragment, neigh-
bored by regulatory elements such as the enhancer II, 
the preC promoter and the hormone response element, 
may produce virus-host chimeric transcripts.19 This type of 
fusion transcript, commonly originating from interrupted 
genes, may have trans-acting effects on the regulation 
of gene expression (Fig. 1; Gene Annotation). In 1990, 
Takada et al.59 reported the 3′ truncated hepatitis B X gene 
(HBx)-cell fusion product; in 1995, Graef et al.60 showed 
that HBV-mevalonate kinase fusion protein may lead to 
abnormal phosphorylation of cellular proteins by the af-
fecting metabolism of mevalonate. Saigo et al.61 described 
several HBV integrations located within a 300 bp region 
within intron 3 flanked by the Alu element of MLL4, result-
ing in HBx/MLL4 chimeric transcripts and fusion proteins 
that suppressed expression of certain genes. Then, Dong 
et al.62 found integrations within MLL4 could also occur 
in exon 3 and intron 5. In their study, the exonic inte-
gration resulted in an over 5-fold up-regulation of MLL4 
transcription, while the intronic one did not lead to sig-
nificant changes in gene expression.62 Meanwhile, Jiang et 
al.19 observed the one integration, inserting two copies of 
HBV fragments in the 3′ end of the exon 3 of MLL4 gene, 
causing an over 20-fold up-regulation of its overall expres-
sion level; five HBV-MLL4 integrations interrupting exon 
3, 5 and 6 respectively in Furuta et al.’s63 study all led to 
increased MLL4 transcription in tumor samples. Viral inte-
grations within fibronectin 1 (i.e. FN1) are most frequently 
observed in adjacent, non-tumor samples, and those at 
intronic ones are in the majority.18 However, the frequen-
cy of HBV-FN1 integration differs greatly among studies 
(4%, 17/426, Zhao et al.;16 8%, 14/170, Péneau et al.;50 
12.5%, 5/40, Ding et al.;35 19%, 8/42, Furuta et al.;63 
40%, 15/41, Furuta et al.63). HBV-FN1 integrations were 
unlikely to significantly influence the expression level of 
FN1 revealed in all these studies, which indicates different 
transcriptional activity and subsequent biological effects of 
integrations. Furuta et al.63 speculated that HBV-FN1 fu-
sion transcripts might produce fusion protein, which can 
be involved in the pathogenesis of liver fibrosis, consider-
ing the regulatory roles of FN1 in fibrosis. Nevertheless, 
Péneau et al.50 argued that HBV-FN1 may not have a func-
tional effect since the FN1 was not overexpressed due to 
integration. Future efforts should be made to answer why 
non-neoplastic hepatocytes carrying this common integra-
tion are not more likely to transform into tumor cells.

Intergenic integrations possibly account for functional 
chimeric noncoding transcripts. The HBx-long interspersed 
nuclear elements 1 (i.e. LINE1) is another type of fusion 
transcript, acting as a non-coding RNA.10,64 Lau et al.64 
showed functions of HBx-LINE1 did not rely on the fusion 
protein and it may affect β-catenin trans-activity, which 
is suggestive of a role played by Wnt signaling activation. 
Subsequently, Liang et al.65 used the cell-line model to 
confirm that HBx-LINE1 can serve as a miR-122 sponge, 
which is a liver-specific miRNA and a key regulator in 
liver diseases.66 Lau et al.64 reported the incidence of 
HBx-LINE1 in HCC samples from the Chinese population 
reached 23.3% (21/90), but Trung et al.67 did not detect 
this transcript in their 119 Vietnamese patients with HBV-
associated HCC. Further efforts may need to clarify the 
underlying confounding factors, such as heterogeneity of 

tumor samples and diversity of inserted HBx fragments 
with different RNA production ability. LINE1-related genes 
have attracted more and more interest in their roles in 
tumorigenesis and have been proposed as novel targets in 
HCC treatment.10,68,69

Chimeric fragments of HBV DNA and mitochondrial 
DNA (mtDNA)

HBV-mtDNA integrations were observed, and the most 
frequently inserted site reported by Furuta et al.63 is hy-
pervariable region I (also known as HV I or HV1) in the 
control region of mtDNA, which contains the mitochondrial 
origin of replication and transcription. Although there is no 
evidence that HBV DNA can directly integrate into mtDNA, 
mtDNA can enter the cell nucleus via an uncharacterized 
process and is widely believed to integrate into the nuclear 
genome via non-homologous end joining at DSBs, forming 
nuclear copies of mtDNA (NUMTs).70 Therefore, either HBV 
DNA was incorporated into the NUMTs or mtDNA and HBV 
dslDNA could also be ligated together via the same mecha-
nism, but this possibility requires further validation by long-
read sequencing to read through the entire integration site 
to determine if HBV-mtDNA chimeric fragments were defi-
nitely incorporated into the nuclear genome. Similar to HBV 
integrations in hepatocytes, the NUMTs also have diverse 
orientations and multiple fragments within the same site.71 
Multiple mtDNA fragment insertional mutagenesis at a sin-
gle genomic site is unlikely. This is apparent since integra-
tion into a specific site is a random rather than a directed 
process. This consideration accounts for why DSB insertion 
is not likely to occur at a specific site (e.g., previous inte-
gration site) in a particular clone. They may originate from 
multiple copies of mtDNA fragments ligated or concatenated 
before being incorporated into the nuclear genome.71 Delin-
eating the similarities and differences between NUMTs and 
HBV integrations may provide more clues for clarifying the 
complicated underlying biological process.

Repeat elements: Alu PCR was first applied in HBV in-
tegration detection due to its ability to narrow the breadth 
of regions for analysis,27 while accumulated evidence has 
shown that viral integrations (>50%) tend to locate at re-
peat regions within the human genome.35,72 They include 
short interspersed nuclear elements (SINE) (including Alu 
repeats), LINEs and simple repeats (also termed micros-
atellites). The top repeat element is LINE, followed by LTR, 
SINE and SINE-VNTR-Alu according to Budzinska et al.’s73 
observation in chronic hepatitis patients and an in vitro cell 
model. Nevertheless, we found the most common repeat 
region, was directly interrupted rather than abutting the 
cancer-enriched human alpha satellite (ALR/Alpha) identi-
fied in over 40% of the HCC cases.21

(TTAGGG)n is the featured sequence of nucleotides in tel-
omeres, which are commonly affected by integrations. It in-
dicates that the insertion of viral fragments may change the 
telomere length. The telomeres are 8–10 kb long in young 
individuals, decreasing at a rate of 24.8–27.7 bp per year;74 
viral integrations may range from hundreds of base pairs to 
over 3 kb, that increase the length significantly. The elon-
gation of telomeres can prevent affected cells from replica-
tive senescence and sustain cell division activity, leading to 
genomic instability.74 This potential effect may need further 
experimental validation.

Besides, we found the L1ME1 of family LINE-1 (L1) (−20% 
cases) is the most frequently affected LINE element.21 Inter-
estingly, more evidence has been provided revealing that 
the activation of L1 contributes to hepatitis virus-related 
HCC.69,75 Particularly, HBV infection suppresses interferon 
signal transduction by disrupting either STAT1 nuclear im-
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port or phosphorylation.76 The inhibition of interferon is be-
lieved to activate the L1 retrotransposon,77 which subse-
quently creates DSBs in host cells.78 LINEs and SINEs are 
subtypes of transposable elements, which are attracting in-
creasing amounts of attention in recent studies. This inter-
est is due to the realization that they play roles in shaping 
genome structure by their insertional activity and alteration 
of transcriptional networks.79

DNA methylation of HBV integration sites

DNA methylation is one of the main epigenetic modifica-
tions regulating gene expression through chromosomal 
structural alteration, changes in both DNA conformation, 
and DNA stability.80 Aberrant methylations of a CpG island 
in the promoter and gene body are known to lead to tran-
scriptional changes of genes.81 HBV infection is known to 
cause changes in the DNA methylation status of hepato-
cytes, which may not only regulate the viral replication but 
also contribute to host immune responses.82,83 Transcrip-
tion activity at integration sites is likely to be also under 
epigenetic regulation of host cells, and most of “functional” 
viral integrations may have to remain “unsilenced” to con-
tinue their involvement in inducing phenotype changes in 
the infected cells. In 2015, Watanabe et al.84 described that 
the methylation status was consistent in the integrant and 
flanking regions in the host genome in PLC/PRF/5 cell lines 
and HBV-HCC tumor and adjacent tissues. In 2016, Wang 
et al.16 pointed out that HBV integrations in tumor tissues 
were significantly enriched in the CpG islands, which are 
crucial sites wherein changes in the DNA methylation status 
can alter gene expression regulation. In 2020, Zhang et 
al.85 found that, within 6,073 different previously identified 
integration regions, methylation levels of neighboring nu-
cleotides reflected the global hypomethylation in the tumor 
genome well, regardless of whether integration occurred. 
This agreement is supportive of the notion that the integra-
tion regions tend to be hypomethylated during HCC devel-
opment independent of integration occurrence. All of these 
findings point to the idea that the ability of integrations to 
induce altered biological functions may depend on the cor-
responding epigenetic status of inserted sites.

HBV integrants: Latent danger after HBV clearance?

Even after cccDNA clearance, viral integrants can still exist 
stably in the host nuclear genome and replicate along with 
the host genome, as well as most likely not being lost during 
cell divisions.86 To the best of our knowledge, there is so far 
no evidence for the spontaneous removal of viral integrants 
in affected cells. Genome editing technology is a feasible 
solution to eliminate the target fragment in the genome.87 
In 2017, Li et al.88 excised a full-length 3,175-bp integrant 
in a stable HBV cell line HepG2.A64 using the CRISPR-Cas9 
system and also disrupted HBV cccDNA. Assuming viral 
proteins produced by integrants act as neoantigens in tu-
mor cells, this possibility forms the basis of novel immune 
therapeutic strategies for HBV-related HCC.89,90 In 2019, 
Tan et al.91 proposed using expression profiling of HBV inte-
grants in HCC to select T cells for immunotherapy of HCC, 
and showed that even integrants, which encode not whole 
HBsAg but fragmented S genes, may produce hepatitis B 
surface antigen-derived epitopes for T cell receptor-engi-
neered T cell therapy. In 2020, de Beijer et al.92 attempted 
to identify the HBx and polymerase-derived T cell epitopes 
for effective HBV antigen-specific immunotherapies.

Most of the identified integrants only cover partial frag-
ments and no more than one copy of the entire HBV ge-

nome. At least a 1.1-fold over-length HBV genome is re-
quired to achieve viral replication when being cloned into 
plasmids.93 Therefore, natural HBV integrants are “defec-
tive”, which means they are not able to produce viruses.94 
Nevertheless, diverse integrants still have differential activi-
ties. In the aforementioned cis-activation effect of integra-
tions within gene promoter regions, regulatory elements in 
the viral genome, particularly enhancer I, are believed to 
play important roles. Meanwhile, HBV integrations always 
harbor the complete open reading frames pre-S/S, and a 
3′ truncated X gene.12 Without viral replication, they still 
can produce peptides of surface and X proteins, which play 
crucial roles in tumorigenesis during a long history of HBV 
infection. Oncogenic roles of HBx include its pleiotropic 
activities on DNA repair, cell cycle regulation, and diverse 
signaling pathways.95 Particularly, most of the integrated 
X genes are 3′ truncated and able to produce chimeric 
proteins.34 Meanwhile, COOH-terminally truncated HBx is 
known to regulate cell cycle and apoptosis,96,97 activate 
C-Jun/matrix metalloproteinase protein 10 to increase cell 
proliferation,98 and enhance tumor cell invasion and me-
tastasis.99 Early in 1987, Nagaya et al.94 summarized in-
tegrants in 31 reported cases, among which 4 were preS 
partially deleted. These mutants produce truncated surface 
proteins that accumulate in liver cells and may cause endo-
plasmic reticulum stress, with the consequent induction of 
oxidative DNA damage and genomic instability.100 In 2017, 
Wooddell et al.101 revealed that viral integrations may be a 
non-negligible source of hepatitis B surface antigen, which 
may interfere with the endpoint expectations of antiviral 
therapies, depending on the levels of viral proteins.

Indeed, not all integrations are active and some may be 
silenced with epigenetic modifications, consistent with sur-
rounding host genomic regions.84 Nevertheless, genome in-
stability and aberrant methylation of infected hepatocytes 
may lead to variant accumulation or DNA hypomethylation 
during liver disease progression. There would be newly-es-
tablished regulatory relations between integrations and af-
fected genes due to structure variations, or production and 
accumulation of viral proteins coding by an integrant after 
abnormal activation, which may act as a latent risk factor 
in HBV infection that may cause diverse damage to infected 
liver cells.

Reflection of integration events on clone expansion 
of affected hepatocytes

HBV integration may occur frequently in the chronic hepati-
tis stage. As early as 1981, Bréchot et al.102 pointed out that 
HBV integrations may occur early during infection,103 and 
other studies showed viral integrations are already present 
in acute or chronic hepatitis patients. By development and 
application of the inversed PCR, Summers and Mason31–33 
were first able to comprehensively investigate the clonal 
expansion by quantitative analysis of hepadnaviral DNA 
integrations in the woodchuck, chimpanzee, and human 
hepatocytes. Integration can occur immediately after infec-
tion, and large hepatocyte clones with viral integrations can 
be detected in all the stages of chronic hepatitis.8,21,104 For 
spontaneous DSBs required for viral integrations, the ma-
jority appear in the context of DNA replication,105 and about 
10 to 50 DSBs occur per cell per day in any given cell, de-
pending on cell cycle and tissue.106 Considering the sparse 
and random feature of DSBs, it may require adequate dslD-
NA as substrates or generate more DSBs in the host ge-
nome.107 In the chronic hepatitis stage, both hepatocyte 
clone expansion and high HBV replication levels are com-
mon, and studies have observed more integration events in 
relatively normal liver tissues.35,63 Mason et al.108 believe 
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that the existence of these kinds of hepatocyte clones and 
their high level of integration events reflect a substantial 
risk of hepatocarcinogenesis in the near future.

After tumor formation, HCC may not be able to accu-
mulate integrations with the same frequency as in normal 
hepatocytes. First, HCC has undergone down-regulation of 
HBV receptor expression, the Na+/taurocholate polypeptide 
cotransporter (i.e. NTCP),109 is not susceptible to infection, 
during which 10% of the viral particles introduce dslDNA 
into infected cells. Second, efficient HBV replication requires 
infected cells to maintain a state of cell differentiation,110 
which is missing in HCC. Therefore, the HBV replication 
level in HCC tissues is likely to be incompatible with that in 
normal tissues. Halgand et al.111 observed that HBV pgRNA 
was detectable in most (90%) HCC non-tumor tissues but in 
only 67% of the HCC in tumor tissues. Fewer new infections 
and reduced HBV replication reduce the integration possibil-
ity. Regardless of more clone expansion with increased ac-
cumulation of DSBs, fewer integration events were detected 
in HCC tissues.35,63

Integrations do not necessarily occur as driver mutations 
in tumorigenesis, but they can be found in 80–90% HBV-
related HCC.18 This makes HBV integration a novel marker 
to trace the clone evolution during tumorigenesis (Fig. 3). 
Some studies have compared the integrations in multiple le-
sions from the same patient to determine if they were intra-
hepatic metastasis or independent multicentric tumors.112 
Sequencing of cell-free DNA (commonly referred to as cfD-
NA), released from dead cells, will find the chimeric frag-
ments from the integration sites. Interestingly, only inte-
grants originating from tumor clones have been successfully 
identified, despite the coexistence of large clones carrying 
integrations in paired normal tissues, and thereby circulat-
ing chimeric fragments can aid the early detection of HBV-
related HCC.21,113 Chen et al.21 reported no viral integration 
in cfDNA from chronic hepatitis patients, and Wang et al.114 
claimed complete resection of the tumor was manifested by 
the disappearance of integrated fragments in cfDNA. All of 
these results indicate the limited cell death of relatively nor-

mal clones carrying viral integrations. It not only provides 
a non-invasive way to monitor the tumor clone expansion 
but also reminds us of the importance of further efforts to 
explore the interaction between host immune cells and rela-
tively normal hepatocyte clones harboring viral integrations.

Conclusions

HBV DNA integration within cell nuclei impedes the pro-
cess of DNA repair to correct damage due to diverse pres-
sures. This occurrence may directly lead to tumorigenesis 
or reflect the clone evolution history of affected hepatocytes 
during chronic infection. Most of the HBV integrations be-
have like gain-of-function mutations, being responsible for 
a variable phenotype of affected cells. Biological functions 
of HBV integrations within hepatocytes associate with their 
genomic positions within the host nuclear genome, which 
associate with interrupted genes, newly added promoters, 
and alterations of the methylation status mediating control 
of regions in close proximity to regions modulating gene 
promoter activity. HBV integrants possess gene promoter 
regulatory activity based on their ability to modify the cod-
ing of viral proteins, which also contributes to disease pro-
gression. The future profiling of viral integrations requires 
not only comprehensive efforts to combine multilevel fac-
tors in the host genome but also to develop solutions, such 
as long-read sequencing to read through the entire integra-
tion sites to map the entire profile of viral integrants. Taken 
together, these undertakings will make integration profiling 
a powerful tool to provide a more accurate evaluation of 
liver disease progression during HBV chronic infection and 
design personalized treatments targeting viral integrants.
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