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HBV integration and function has gradually been expanding. However, the exact mode of HBV integration re-
mains unclear. In our research, the high-throughput long-read sequencing was combined with bioinformatics to
study the complete mode of HBV integration in hepatocellular carcinoma (HCC) cells. The results demonstrated
that: 1) The HBV insertion sequences of HBV integration events accounted for 49.5% of the total HBV sequences.
2) Short insertion segments with the length of 0-1 kbp accounted for 50% and the long insertion segments (>3
kbp) accounted for 25% of HBV insertion events. 3)There were different HBV insertion length in the breakpoints

formed within different regions. 4) The occurrence of HBV integration events was accompanied by more frequent
structural variations. 5)Furthermore, multiple HBV integration patterns were confirmed based on complete HBV
insertion sequences. Our research not only clarified a variety of perfect HBV integration models but also
determined multiple specific features of HBV integration.

1. Introduction

In recent years, more and more attention has been paid to the role of
hepatitis B virus (HBV) integration events in the occurrence and
development of hepatitis and liver cancer. Previous studies have shown
that HBV integration events can lead to the occurrence and development
of tumor through at least four aspects: 1) HBV integration can lead to the
misfunction of the transcription and changes in expression of key genes;
2) The integration of HBX(Hepatitis B virus X protein) region itself has
carcinogenic function; 3) After virus integration, virus protein is
continuously expressed, which can induce tumor formation; 4) Virus
integration can lead to changes in genome structure and induce struc-
tural changes of adjacent or distal chromatin[1-5].

Current method for the detection of HBV integration sites is mostly
based on the whole genome sequencing with next-generation
sequencing and target region capture technology [6-11]. With the
popularization of next-generation sequencing technology, more and
more HBV integration sites are detected, and the mechanism of HBV
integration events is becoming more and more comprehensive. Inter-
estingly, the information about breakpoints (HBV integration sites) has
shown certain clinical relevance [12,13]. However, due to the limitation
of next-generation sequencing and Sanger sequencing in the length of

reads, it is difficult to detect two sites and complete HBV insertion
sequence produced by one integration event simultaneously. If these
two key problems are not effectively resolved, it will negatively affect
the elucidation of virus integration characteristics and subsequent
functional research. In recent years, the development of the third-
generation sequencing technology has shown the advantages in
resolving the problems of uncertain distance between two breakpoints
as well as the uncertain direction and form of virus integration sequence
inserted inside[14-17]. Therefore, in this study, we combined the third-
generation sequencing with TSD software and manual check method to
explore the basic HBV integration mode[18] .

In this study, the pooled DNA samples of hepatocarcinoma tissues
were used (Table S1), and ultra-deep sequencing was performed on the
samples by Nanopore sequencing with Oxford Nanopore Technologies
(ONT) systems. Through self-updated TSD calculation method combined
with manual check (Fig. S1), it was found that 36 sequences could
accurately identify the two ends and internal insertion sequences pro-
duced by an integration event. In this study, the characteristics of HBV
insertion sequence length were described, and the loci of two ends
formed were closely related to structural variation. We further explored
the regularity of virus insertion length and characteristics, and system-
atically and exhaustively determined the integration mode of HBV
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Fig. 1. HBV coverage and depth in three groups.

Total sequence (Blue Line) represented the depth of total HBV fragments; Total breakpoints (Green Line) represented the depth of HBV fragments with human genome breakpoints; Pair breakpoints(Yellow Line)
represented the depth of HBV fragments with pair human genome breakpoints.
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represented HBV integration fragment length in the group with the distance <10Kb of pair breakpoints in the human genome, Blue triangle represented HBV
integration fragment length with the distance >10Kb (including translocation) of pair breakpoints in the human genome.

integration sequence in liver cancer. This greatly facilitates our under-
standing of HBV integration modes and the functional of HBV integra-
tion, and provides a basis for effective deletion of inserted HBV
sequences by gene editing technology.

2. Results
2.1. The average depth of HBV coverage

The average depth of all HBV fragments was 70.5x, the coverage
depth of HBV sequences with breakpoints was 34.9x, and the depth of
HBV sequences with complete virus integration mode was 18.6x.
Furthermore, obviously higher depth was found in the PreS1 region,
while lower depth was observed in the X and C region (Fig. 1).

2.2. Analysis on HBV insertion length and structural variation

The most integrated parts of HBV genome are short segments with
the length of 0-1 kbp which account for 50% of insertion events. The
long segments (>3 kbp) accounted for 25% of all the HBV integration
events (Fig. 2a,Table 1,Table S2). Furthermore, through comparison of
the breakpoints formed in the HBV genome in the region between 1.6
and 1.9 kbp to the breakpoints formed in other genomic regions, we
found that the insertion sequence of HBV genome was longer in the
region between 1.6 and 1.9 kbp (Fig. 2b, P < 0.05). The occurrence of
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HBV integration events was accompanied by more frequent structural
changes, of which TL (chromosome translocation) accounts for 56%,
and only 22% for the two-end points with the distance below 1kbp
(Fig. 2c). We discovered that the HBV integration with genome deletion
<10kbp had longer HBV insertion sequence than other types (Fig. 2d, P
< 0.05).

2.3. Analysis of HBV insertion pattern

The hot-spot regions from previous studies were selected to study the
integration patterns of the integration sites found in our research. The
results demonstrated that TERT region had two kinds of integration
patterns at least. One was 4043 bp long and the other was 2600 bp long,
with both containing complete PreS1 region (Fig. 3a, Fig. 3b, Table 1,
Table S2). The insertion length on KMT2B was 713 bp, involving the
complete X region (Fig. 3d). Chromosome translocation (Chr16,/Chr17)
had insertion with the length of 1520 bp, involving complete X and C
regions (Fig. 3c). The region of DNAH9 was inserted with 5048 bp,
which included the full-length sequences of complete HBV (Fig. 3f,
Table 1, Table S2, Table S3).

3. Discussions

The depth of HBV sequence with integration site accounted for about
49.5% of the total average depth, indicating that the HBV integration
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Fig. 3. HBV integration mode in the hotspot regions

a) HBV insertion sequence and two breakpoints in TERT gene; b) HBV insertion sequence and two breakpoints in TERT gene; c) HBV insertion sequence and two breakpoints in the chromosome translocation region; d)
HBV insertion sequence and two breakpoints in the KMT2B gene; e) HBV insertion sequence and two breakpoints in the intron and intergenic region; f) HBV insertion sequence and two breakpoints in the DNAH9 gene.
Black arrow represented the chromosome position of two breakpoints, HBV genes with different functions are shown in the inner circles.
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Table 1
Summary of HBV integration mode.

Genomics 114 (2022) 23-30

Left-Chr Left-breakpoint HBV genome Start HBV insert length HBV genome End Right-Chr Right-Breakpoint
chrl+ 185,096,282 1715 433 1282 chrl+ 163,737,290
chré6- 116,347,205 1797 4781 1852 chr6+ 116,347,215
chrl7- 11,660,600 1797 5048 1797 chrl7+ 11,660,602
chré- 116,347,205 1797 3144 1760 chr4- 62,916,487
chrl+ 249,240,419 1763 3143 1797 chr6+ 116,347,205
chr19+ 36,212,670 1221 714 1935 chrl19+ 36,212,674
chr19- 36,212,671 1935 713 1222 chrl9- 36,212,671
chr18+ 64,512,544 3086 3748 2603 chr3+ 166,536,190
chrl7- 11,660,600 1797 4982 1797 chrl7+ 11,660,600
chr5+ 2,843,075 1285 2443 2023 chrl7- 11,747,600
chrl7- 22,250,071 2873 596 291 chr17+ 22,256,723
chrl6- 48,812,206 2363 1520 843 chrl7+ 22,248,415
chr12+ 5,874,726 2310 4930 2616 chr12+ 5,874,718
chrl6+ 48,857,924 319 3822 1833 chrl6- 48,854,612
chrl- 163,737,290 1282 424 1706 chrl- 185,096,281
chr8- 60,470,354 2890 605 332 chr8+ 60,464,493
chr10- 4,653,495 2284 399 2683 chr7- 2,735,921
chr7+ 149,038,603 2205 607 1598 chr7- 149,040,564
chr5- 24,285,266 1180 579 1759 chr2+ 141,553,668
chr5- 24,285,245 1170 598 1768 chr5+ 24,285,398
chr5+ 1,295,506 1825 4043 1801 chr5- 1,291,798
chr5+ 1,295,148 1826 2600 2407 chr5+ 1,295,200
chr4+ 5,564,310 1305 1057 248 chrl0- 42,376,002
chr10- 42,597,048 2848 741 414 chr3+ 75,691,193
chr4+ 5,564,279 1302 1051 251 chr4+ 49,635,295
chrl6+ 84,289,588 1056 201 1257 chr3- 17,719,387
chr3- 75,691,186 430 759 2848 chr10+ 42,387,516
chr7+ 2,570,694 1675 1311 364 chr3- 35,766,748
chr7- 109,591,657 3079 1154 1392 chr3- 75,692,765
chr3- 75,691,274 379 687 2873 chr10+ 42,387,516
chrl+ 249,240,538 1849 1568 3130 chr19+ 245,596
chr13- 65,967,656 851 473 378 chrl4- 79,918,007
chr5- 11,505 2486 368 2854 chrl6+ 79,840,919
chr14+ 104,521,988 2939 488 2018 chr3+ 5,469,100
chr7- 71,179,695 1831 1328 503 chrl3- 105,879,661
chr12+ 95,672 450 515 2927 chrl0+ 3,104,853

form was an important existence form of HBV in HCC cells. Considering
that ONT sequencing is a PCR-free unbiased sequencing, according to
the average depth of HBV (70.5x) and human genome (44 x), there were
3.2 copies of HBV genome in one cell (70.5x2/44), and there were 1.6
copies of integrated HBV in one cell (34.9x2/44). The probability of
integration event was much higher than 1/10°-10° previously reported
[19,20]. This finding indicated that a large number of cells with HBV
integration were obviously enriched in HCC cells. Besides, through the
comparison of HBV depth, it was found that HBV with integration sites
accounted for about 49.5% of all HBV fragments, indicating that HBV
was a very stable and key existence form in HCC cells. This may suggest
that cells that frequently express virus antigens can be efficiently killed,
while those cells with increased growth signal response, lost virus
expression and failed antigen immune process can gain growth advan-
tages[21]. Interestingly, the cells with HBV integration are consistent
with the above characteristics [22]. Thus, the integrated hepatocytes
show a more stable existence form, which also indicates that part of HCC
cells are likely to originate from hepatocytes with HBV integration.
Meanwhile, we observed that the interval of HBV integration shows
certain patterns, and we found that the coverage depth of the region
encoding PRESI protein is higher than in the other regions, indicating
that this region tends to be completely preserved. However, why this
happens remains to be further studied.

There is a larger distance between the two ends of HBV virus inte-
gration, with a large number of structural variations, which indicates
that HBV virus integration is accompanied by frequent variations in
genome structure. According to the results of our research, 56% of the
two ends of HBV integration events show chromosome translocation.
Besides, virus integration also leads to frequent deletion of genome se-
quences, which provides more direct evidence for the instability of
genome caused by HBV integration. Since the normally generated HBV
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double stranded linear DNA (dsIDNA) are in the range of 1816-3182/
1-1832[4], and our research results show that the 32/36 sequence is in
this range, it is speculated that the HBV integrated sequences are mainly
derived from normal HBV dsIDNA. After these HBV dsIDNA are inte-
grated into the human genome through various methods such as Clas-
sical non-homologous end joining(C-NHEJ), microhomology-mediated
end joining (MMEJ),Single-strand annealing (SSA) etc.[23], they evolve
into the characteristics of existing HBV integrated fragments through
rearrangement, deletion, secondary integration and other methods, as
well as the interaction with cell selection. However, we also observed
that some inserted HBV fragments could cover HBV genome linear end,
that is, the HBV insertion fragment was in the range (843-2263 bp) of
HBV genome, indicating that there were other mechanisms of virus
integration. In general, it is difficult for normal HBV dsIDNA to cross the
1600-1900 bp region, so we speculated that the possible mechanism for
the HBV integration fragments that cross this region is as follows: 1) The
reverse transcription process leads to the formation of excessively
redundant HBV dsIDNA sequences, which are integrated into the human
genome through the C-NHEJ and MMEJ mechanism (Fig. 4a, Fig. 4b)
[4]. 2) The abnormally redundant HBV ssDNA is integrated into the
human genome through the SSA mechanism (Fig. 4c). 3) The closed
circular HBV genome is integrated into the human genome through the
MMEJ mechanism[24] (Fig. 4d). The HBV sequences integrated into the
human genome through the above methods and evolved into the exist-
ing integrated model through rearrangement, deletion, and cell selec-
tion and evolution. Due to limited research on the characteristics and
mechanisms of HBV integration, the integration mechanism of HBV
sequence in the normal integration form remains unclear, and research
on the virus integration mechanism of these exceptional cases is lacking.
Therefore, the clarification of HBV integration mechanism and charac-
teristics still requires numerous in-depth studies. In addition, we
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selected data on HBV and HPV from previous studies [12,24] to compare
the integrated genes of the viruses. Interestingly, 364 genes were shared
in the integrated genes of previous HPV and HBV studies (Fig. S2,
Table S4). We adopted the 364 shared genes to conduct pathway anal-
ysis. These genes were significantly enriched in the pathway of axon
guidance, glutamatergic synapse, GABAergic synapse, retrograde
endocannabinoid signaling, morphine addiction and ovarian steroido-
genesis (Fig. S3, Table S5). Most of the pathways are associated with the
nervous system, so it is speculated that both viral integration events are
closely related to the nerve signal conduction status of patients.

TERT and KMT2B have been identified as the hot spots of HBV virus
integration. In this study, the complete HBV integration pattern in the
region of these genes was also found. Two integration patterns were
found in TERT region, one with an insertion length of 4043 bp, forming a
special integration form (as shown in Fig. 3), and the other with an
insertion length of 2600 bp. They both retained the complete PreS1
region, while the KMT2B insertion was a short segment of 713 bp, which
retained the complete X region. The chromosome translocation (Chr16/
Chr17) insertion retained the complete X and C regions. Hence, it could
be seen that HBV insertion had diversity, showing different insertion
modes in different genomic positions, but the exact mechanism remains
to be studied.

In this study, a comprehensive integration model of HBV was found
through third-generation sequencing with ONT, combined with the
analysis of biological information. This integration model provides
strong support for the development of HBV integration algorithm, and
also provides a theoretical basis for the research of HBV integration
carcinogenesis and function.

4. Materials and methods

We adopted 20 liver cancer DNA samples with pooled DNA (20 pg).
After DNA was purified by magnetic beads, the ends of DNA fragments
were repaired. The purified product was connected by sequencing linker
in SQK-LSK109 kit. The constructed DNA library was quantified by
Qubit. After the construction of the library was completed, the DNA li-
brary was added to the flow cell, and the flow cell was transferred to the
PromethION sequencer (Oxford Nanopore Technologies, Oxford, UK)
for real-time single molecule sequencing [25] (Wuhan Benagen Tech
Solutions Company Limited). Low-quality sequences (sequences with
average mass value less than or equal to 7 were excepted) and adaptor
sequences were removed from the original sequencing data, thus
obtaining 132.99GB of clean data [18]. Then, these sequences con-
taining partial or complete HBV genome are retained after clean data is
mapped to the HBV genome (NC_003977.2) by using local BLAST (NCBI-
Blast-2.11.0). Afterwards, the virus integration site was detected by TSD
analytical method [18], with HG19 and NC_003977.2 as reference ge-
nomes (Fig. S1). Finally, HBV and human genome end points were
determined by manual check.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2021.11.025.
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