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ABSTRACT

The molecular mechanisms by which hepatitis B virus (HBV) contributes to hepatocellular carcinoma (HCC)
have been investigated since the late 1970s. This review follows advances in molecular biology and sequencing,
particularly since the mid-2000s, which have enabled detailed analysis of HBV DNA integrations into the human
genomes.

Molecular cloning and Sanger sequencing have identified that HBV integrates into several gene regions and
non-genic regions, mainly repetitive sequences. Chromosomal rearrangements have also been observed. Our
group first reported HBV integration into centromeric alpha satellite DNA (aSat) of HCC cells associated with
genomic rearrangements. Second- generation (short-read) sequencing has found that many gene regions are in-
volved in HBV integration with TERT promoter the most. Approximately 30 HCC-driver genes including TERT,
CTNNBI and TP53 have been identified. Third-generation (long-read) sequencing has revealed that driver
genes are located not only close to HBV integration sites but also distant from HBV integration sites through
structural variations (SVs). Also, 10-50% of HBV integrations have been confirmed to occur in centromeric or
other repetitive regions, key loci for initiating SVs. Computational methods have emphasized that a.Sat may be
the preferential locus for HBV integration. Recent completion of the full aSat sequence, the “real” goal of the
Human Genome Project, allows better exploration of this underappreciated genome. Together, findings in this
article refine current views of HBV-related hepatocarcinogenesis.

Ongoing advances in sequencing and centromeric biology are expected to deepen our understanding of virus-in-
duced genomic instability and guide future strategies for early detection, prevention, and treatment of HBV-relat-
ed HCC.

(Lab Med Int 2026; 5(1): 3-19)

Hepatocellular carcinoma (HCC), Hepatitis B virus (HBV), a. satellite DNA (o Sat), Centromere, Structural
variation (SV)
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L Introduction.........oooouiiiiiiii i,

Epidemiological studies have clearly demonstrated a
strong correlation between infection with hepatitis B
virus (HBV) and the occurrence of hepatocellular carci-
noma (HCC)V?,

Since the advent of molecular biological techniques ap-
plied to human genomes in the late 1970s, the causal re-
lationship between HBV and HCC has been extensively
studied. The discovery of HBV DNA integration into the
chromosomes of human HCC tissues through Southern
blot analysis suggested that integrated viral sequences
might contribute to hepatocarcinogenesis.

Three key features have been proposed to define onco-
genic viruses ¥: (1) the presence and persistence of viral
DNA or RNA in tumors, (2) the presence of viral onco-
genes, and (3) the ability to modify host genes, through
insertional mutagenesis (nearby genes) or chromosomal
rearrangements (distant genes), which prompt activation
of tumor-related genes or inactivation of tumor-suppres-
sor genes.

This review summarizes breakthroughs in molecular bi-
ological techniques over the past few decades, that have
advanced our understanding of HBV-related hepatocar-
cinogenesis. Particular emphasis is given to centromeric
alpha satellite DNA (aSat) that we identified for the first
time as a target of HBV DNA integration in HCC cells.
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I1. Southern blot analysis of HBV DNA in HCC......

Beginning in the early 1980s, Southern blot analysis
was widely used to examine the molecular state of HBV
DNA in both HCC and non-malignant liver tissues®®.

Our representative results are shown in Figure 1. The
HBV genome possesses a unique structure consisting of
partially double-stranded DNA with a full genome length
of 3.2 Kbp.

Typically, total DNA was extracted from HCC tissues
and digested with restriction endonucleases, either those
that do not cut within the HBV genome (e.g., HindIIl
or EcoRI) or those that do (e.g., BamHI or Bgill). The
digested DNA was then subjected to agarose gel elec-
trophoresis followed by Southern blot hybridization.
Digestion with those restriction enzymes that do not cut
HBV DNA allows the detection of integration forms of
HBV DNA, which yield signals distinct from those of un-
digested DNA. Band signals indicate stable, fixed forms
of HBV DNA present across clonal cell populations, while
smeared signals suggest heterogenous structures of
HBV DNA present among heterogenous cell populations.
In some cases, replication forms of HBV DNA are also
noticed in HCC tissues, which produce signals in both
undigested- and enzyme-digested samples when the en-
zymes do not cut the viral genome, indicating active viral

replication.
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Figure 1 Representative findings of Southern blot hybridization of total DNA extracted from human HCC tissues
for the presence and structures of HBV DNA. The extracted DNA (20 pg, each) was either undigested (U), digest-
ed with HindIIl (H) or BamHI (B), electrophoresed into 0.8% agarose gels and hybridized with a cloned HBV DNA
probe. The HindIII is known to have no cutting site within the HBV genome, whereas BamHI possesses one cutting
site within the HBV genome. Typical integration forms and replication forms of HBV DNA are illustrated at the right

part of the figure.
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Figure 2

(a) Southern blot analysis of cellular DNA for the presence of HBV DNA. Alexander cell line (PLC/PRF/5 cells) was
used as a positive control, of which lane is indicated as Alex. Total celluar DNA was extracted from Alexader cell lines.
Also, total cellular DNA was extracted from HCC tissue and non-HCC tissue derived from the same patient. Extracted
DNA (20 pg, each) was either undigested (U), digested with HindIIl (H), EcoRI (E), BamHI (B), or Bglll (BG),
electrophoresed into 0.8% agarose gels, blotted onto a nitrocellulose filter, and hybridized with a [o.- *P] cloned HBV
DNA probe. HindIIl and EcoRI have no cutting site within the HBV genome, BamHI has one cutting site within the
HBYV genome, and Bg/II has more than two cutting sites within the HBV genome.

(b) Restriction endonuclease maps of cloned genomic DNA fragments derived from HCC tissue (cYSC) and from non-
HCC tissue (cYSN1). Integrated HBV DNA is denoted by thick line; flanking cellular DNA by thin line. Cleavage sites
with restriction endonucleases are indicated with the following abbreviations: E, EcoRI; B, BamHI; Hind, HindlIIl; G,
Bglll; H, Hincll; S, Sphl; Bst, BstEIl; Xho, Xhol, X, Xba 1.

(c) Structure of the integrated HBV DNA sequences in the clones. In the upper part of the figure, tandem dimers of
HBV genomes and coding regions with the direction of transcription of the structural genes are indicated with the
following abbreviations; S = S gene coding for HBsAg; pS1 = preS1 region; 2 = preS2 region; C = C gene coding for
HBcAg and HBeAg; pC = preC region; X = X gene; and P = P gene coding for a DNA polymerase / reverse transcrip-
tase. The positions of the 11-bp direct repeats (DR2 and DR1) are indicated by small vertical bars that start at nucleo-
tide positions 1590 and 1824, respectively. The region between DR2 and DR1 is the cohesive end region. In the lower
part of the figure, organization of integrated HBV DNA clone from HCC tissue (cYSC) and non-HCC tissue (cYSN1)
are illustrated by shaded bars with the nucleotide positions at each end. Deletion in the genome in cYSC is represent-
ed by a dashed line. The complex-type virus DNA that consists of two HBV genomes whose regions are overlapping,
at least in part (cYSC and cYSN1), is represented by multiple solid bars aligned in different levels, each representing
different units of the virus genome, and are connected by tilted dashed lines. In the clone cYSC, two incomplete HBV
genomes are connected in an inverted manner at nucleotide positions 1820 and 849. Both virus-cellular junctions lo-
cate at the same nucleotide position 1778, between DR2 and DR1. In the clone cYSN1, two incomplete HBV genomes
are also connected in an inverted manner at nucleotide positions 2192 and 1818. One virus-cellular junction locates at
nucleotide position 1798, between DR2 and DR1, and another junction locates at nucleotide position 2270.
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Figure 2 (continue)

(d) Nucleotide sequences around the junction region of HBV-host DNA in the integrated HBV DNA clone from the
HCC tissue clone (cYSC) and non-HCC tissue clone (cYSN1). The HBV DNA sequences are boxed. The connection
of the two incomplete HBV genomes is indicated by dashed line. In cYSC, HBV DNA and flanking host alpha satellite
(aSat) sequences together formed an inverted structure. In cYSN1, the HBV DNA is inverted, but flanking cellular
sequences are not inverted. Numbers underlined indicate nucleotide positions at the end of integrated HBV sequenc-
es. Arrowheads of solid lines indicate the direction of HBV transcription and those of dashed lines represent the 5’ to 3’

direction of monomeric units of aSat.

(e) Nucleotides sequences showing 5-bp microhomology (MH), ACTAG, between HBV DNA and oSat around the

virus-cellular junction locus. The MH is presented by a box.

ITI. Sanger sequencing-based detection of HBV
integration events.................ocoiiiiiiiii..

1. Case study: HBV integration into centromeric
oSat in a young female patient with HCC

A 27-year-old Japanese woman, known to be a chronic
HBYV carrier with positive serum antibodies to HBe an-
tigen (anti-HBe) and normal serum ALT values, devel-
oped HCC ”. Total DNA was extracted from surgically
resected HCC tissue and adjacent non-tumor tissue and
subjected to Southern blot analysis. Histo-pathologically,
the non-tumor tissue showed minimum or no necro-in-
flammatory reactions.

As shown in Figure 2a, following digestion with HindIIl
or EcoRI, enzymes that do not cut within the HBV ge-
nome, DNA from the HCC tissue showed a single band,
indicating a clonal population harboring a uniform HBV
DNA structure, whereas DNA from the non-tumor tissue
exhibited a smeared pattern, suggesting heterogeneity in
HBV DNA structure among non-cancerous hepatocytes.
A DNA clone from HCC tissue (designated cYSC) and a
DNA clone from non-tumor tissue (designated cYSN1)

were molecularly cloned, subjected to generating restric-
tion endonuclease mappings (Figure 2b) and sequenced
using the Sanger method. Both clones showed similar
integration structures, characterized by inverted HBV
sequences, with host-viral DNA breakpoints located near
the direct repeat 1 (DR1) and direct repeat 2 (DR2)
regions, consistent with previous reports (Figure 2c¢).
The flanking cellular DNA of cYSC was identical to aSat
and surprisingly was also inverted along with the HBV
genome (Figure 2d). Further analysis identified micro-
homology (MH) between HBV and oSat (Figure 2e),
suggesting MH-mediated HBV integration.

A schematic diagram of the constituents of human cen-
tromere, including aSat, and changes of tandem repeats
of aSat monomer caused by HBV integration in the pre-
sented case is shown in Figure 3.

Our findings are the first demonstrating centromeric
oSat as a target for HBV DNA integration associated with
inverted fusion of both viral and host repeat sequences?.
2. Summary of direct cloning and Sanger sequenc-

ing studies

From the 1980s through the 1990s, a number of stud-
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Figure 3 Human centromere structure and kinetochore organization. Human centromeres contain arrays of higher
order repeats (HORs) of ~171-bp aSat monomers and arranged as a head-to-tail manner that can span several Mbp of
DNA. Kinetochore proteins associate with only a subset of HOR units, which is called the active array. The functional-
ly active centromere is defined epigenetically with centromeric protein (CENP) -A-containing nucleosomes. CENP-A
plays central functions of the centromere in chromosome stability and segregation in mitosis. Some of aSat harbor a
centromeric protein (CENP) -B binding motif (17-bp motif) . CENP-B stabilizes the interaction between the chromatin
and kinetochore. Pericentromeric regions contain monomeric or divergent oSat together with human satellite II (HSat
1) / satellite IIT (HSat III) sequences and transposable elements.

Virions of HBV enter hepatocytes, then in the nucleus their genomes, either relaxed circular (rc) form or dou-
ble-stranded linear (dsl) form, convert into covalently closed circular (ccc) form. All three HBV DNA molecules,
rcDNA, dsIDNA, and even cccDNA, can be molecular forms for integration into host chromosomes. In the HCC-de-
rived clone in the patient presented in this article, after HBV DNA integration, structures of HBV DNA (possibly two
genomes were integrated) underwent rearrangements together with franking oSat, resulting in an inverted fusion

structure. Because the sequenced aSat region covered only a short part of the monomer, the extent of inverted repeat
structure of aSat was not known.
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Table 1 Summary of the results of altered chromosomal DNA regions in HCC cells, into which HBV integrated,
that were analyzed using molecular cloning and Sanger sequencing.

gene region CII:)IEC Ref. non-genic region clI?Il;e Ref. chromosome clli)lx;e Ref.
erb-A/TR 1 10 minisatellite DNA 1 16 inversion 4 7,25, 26
(RARP) satellite III DNA 4 17,18 amplification 4 26, 27
erb-B 1 11 o satellite DNA 3 7,19, 20 deletion / allelic loss 1 28
(EGFR) long interspersed 2 13,21 translocation
cyclin A 1 12 nuclear element chr 17;18 1 29
(CCNA2) (LINE) chrX;17 1 30
RBMY 1 13 short interspersed 8 18, 22, 23, 24 chr 5;9 1 30
53 6 14, 15 nuclear element chr 7p;17cen 1 19
(TP53) (SINE) chr3q;8p 1 31
chr 17p;8p 1 32
No, number.

Current gene names are indicated in parenthesis.

ies used direct molecular cloning followed by Sanger
sequencing to characterize integrated HBV DNA and
its flanking host sequences. Much of this fundamental
work was carried out by Prof. Kenichi Matsubara and
colleagues at the Institute for Molecular and Cellular Bi-
ology, Osaka University® 9.

A summary of these findings, including our owns, is
provided in Table 1.

HBYV integration sites were identified within or near
the five gene regions, including four tumor-related genes
involved in cell proliferation or cell cycle regulation and
one tumor-suppressor gene, TP53 %%, The infrequent de-
tection of gene regions might be attributed to the fact that
many genes had not yet been identified in those days.

HBV integration sites were found in non-genic regions
more commonly, especially repetitive elements such as
satellite DNAs, including a.Sat detected for the first time
in our study, long interspersed nuclear elements (LINEs)
of the Kpn family and short interspersed nuclear ele-
ments (SINEs) of the Alu family 7 1629,

Chromosomal rearrangements were also observed in
association with HBV integration ” ¥ %42 Among chro-
mosome translocations, chromosome 17 carrying TP53
tended to be frequently observed. Interestingly, in one
case, the centromere of chromosome 17 served as the
origin of a translocation to chromosome 7p'¥.

Thus, HBV integration can contribute both local and
distant genomic alterations.

IV. Insights from second-generation (short-read)
sequencing technologies (Illumina reads).........

1. Impact of The Human Genome Project
In 1989, the White House of the United States an-

nounced the Human Genome Project (HGP), which
began in 1990 and was completed in 2003. It successfully
determined approximately 99% of the 2.85 Gbp nucle-
otide sequence in the human genome. The HGP used a
clone-by-clone shotgun Sanger sequencing method. How-
ever, this method was unable to sequence centromeres,
telomeres, and ribosome DNAs.

2. Advances of second-generation sequencing tech-

nology

Since the mid-2000s, next-generation sequencing, now
called second-generation sequencing, has become avail-
able. This technology is approximately 300 times faster
in analyzing sequences than the Sanger method. Howev-
er, its limitations include short read lengths and difficulty
in accurately aligning repetitive sequences.

In 2006, the National Institutes of Health in the USA
launched The Cancer Genome Atlas (TCGA). This is the
project to catalogue the genome alterations responsible
for cancer. In 2008, for collaborating with world’s leading
researches of cancer and genomics the International Can-
cer Genome Consortium (ICGC) was established. Subse-
quent phases of ICGC included the Pan Cancer Analysis
of Whole Genomes (PCAWG) in 2014 and Accelerating
Research in Genomic Oncology (ARGO) in 2019.

Based on cited articles, in this review, HBV DNA in-
tegrations into gene regions are defined as those within
exons, introns, or sequences within 10 Kbp away from
the gene. HBV DNA integration is considered colocalized
with host DNA structural variants (SVs), including copy
number alterations (CNAs), if located within 500 Kbp.
Driver genes are defined as genes with mutation fre-
quencies that are statistically significant after accounting
for background mutation rates.

787
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Table 2 Summary of the results of altered chromosomal DNA regions in HCC cells, into which HBV integrated,
that were analyzed using short-read (Illumina reads) sequencing .

Illumina reads

. sample . . sample chromosome Ref.
generegion non-genic region No (gene) 33
Patient TERT 17 near the ND recurrent arm level gains in chr 1q, 5p, 6p, 8q
No KMT2B 6 centromere recurrent arm level losses in chr 1p, 4q, 6q, 8p, 17p
n=68 DQR582201 4 on chr 1p, 8p, 10q
HBV- DDX11L11 3 focal amplification: 25%:
BP No DQ590432 2 30 genes (TERT, CCND1, EGF1I9, etc.)
n=628 ALOX5 2 homozygous deletion: 17%
MYO19 2 28 genes (CDKN2A/2B, MAP2K3, PTEN, etc.)
SENP5 2
RGS22 2 * relation to HBV integration : ND
ZFPM2 2
[llumina reads
. sample . . sample chromosome Ref.
generegion - non-genic region No (gene) 34
Patient TERT 14 Inc RNA ND tandem duplication
No KMT2B 5 NEAT]I deletion
n=74 SOX 5 2 MALATI1/NEAT2 translocation
HBV- CTCF-binding sites 38 genes (TERT, CCND1, CDKN2A, ASHIL, etc.)
BP No * relation to HBV
n=233

integratin: ND

* relation to HBV integration: ND

High throughput viral integration detection (HIVID) method

. ample . . sample chromosome Ref.
generegion non-genic region No (gene) ag
Patient TERT 101 preferentially ND HBYV integration frequently at chr 5, 16, 17, 19
No KMT2B 31 "repetitive" especially at chr 17p (TP53, MAP2K4/MMK4)
n=A26 0 e 17 or
HBV- CCNA2 8 rare fragile sites
BPNo  conEr
=388 1574 7 satellite DNAs
PTPRD 2 < tandem repetitive-
UNC5D 2 < sequences
NRG3 2 <
CTNND2 2 <
AHDD 2 <

No, number; BP, breakpoint; ND, not described.
Only recurrently altered gene regions are indicated.

Genes altered by chromosome rearrangements are indicated in parenthesis.

3. ICGC and HBYV integration

As shown in Table 2, Totoki et al. ¥ and Fujimoto et al. 3
contributed HCC sequencing data to the ICGC project.
Totoki et al.*® analyzed a multi-ethnic cohort (Japanese,
Asian, and European), while Fujimoto et al.* focused
exclusively on Japanese patients. Both studies included
HCC cases of various etiologies, such as HBV, other vi-

ruses, and non-viral.

Regarding gene regions, Totoki et al.*” identified 308
gene regions and Fujimoto et al.* found 94 gene regions,
that were targeted by HBV integration, indicating the
heterogeneity of HCC genomes. Both studies reported
frequent HBV integrations in TERT and KMT2B. Toto-
ki et al. ® further analyzed TERT promoter mutations
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and detected them in 54% (254 /469) of HCC cases,
including 37% (44 /120) HBV-positive HCCs. The HBV
integration and TERT promoter mutations were mutually
exclusive. Collectively, TERT somatic alterations and
enhanced expression were observed in ~70% of HCC
cases.

Regarding non-genic regions, Totoki et al.* noted some
HBV integrations near the centromeres on chromosomes
1p, 8p, and 10q, although frequency and detailed charac-
terization were not reported. Fujimoto et al.*” did not
show HBYV integration into repetitive sequences, but
identified recurrent alterations in long non-coding RNAs
(IncRNAs), such as NEAT1 and MALAT1 (NEAT2).
However, their association with HBV integration was not
described.

Chromosomal rearrangements (i.e., SVs including
CNAs) occurred frequently in HCC. A broad range of tu-
mor-related genes and tumor-suppressor genes were af-
fected by these molecular events. Totoki et al.*® reported
several chromosomal arm-level gains and losses, affect-
ing 30 genes with focal amplifications and 28 genes with
homozygous deletions. Although these SVs were not
mentioned in the context of HBV integration, the number
of such SVs was found to be higher in HBV-related HCCs
than in HCCs of broad range of other etiologies. Fujimoto
et al.*¥ reported several chromosomal rearrangements,
such as tandem duplications, deletions, and transloca-
tions, affecting 38 genes with alterations. Although each
SV was not described in relation to HBV integration, the
number of HBV integration sites per sample was identi-
fied to be positively correlated with the number of SVs.

Based on significant alterations, 30 genes by Totoki et
al.* and 25 genes by Fujimoto et al.*”, were selected as
candidate driver-genes. Importantly, mutations in drug
target kinase genes such as EGFRI, EGFR2, FGFR3,
KIT, JAK1, and MET were rarely found in HCC 339,
This observation suggests limited applicability of current
cancer genomic medicine in patients with HCC.

To further explore the genomic landscape and its variabil-
ity across populations, Shibata et al.*® expanded upon these
findings by incorporating two additional studies %37,
They compiled genomic data of TCGA project from more
than 1,000 publicly available HCC cases, which included
1,340 patients from different ethnic groups, including Jap-
anese, Asian, and European cohorts.

In total, 33 driver genes were detected. The most fre-
quently mutated gene region was TERT (~ 60%), fol-
lowed by CTNNBI and TP53 (each ~ 30%). Due to the
high GC content of the TERT promoter regions, short-
read Illumina sequencing had difficulty in detecting muta-

tions, and thus the true frequencies of TERT region muta-
tions could not be established. TERT, CTNNBI, and TP53
were identified as master genes in HCC across all ethnic
groups. The second most frequently (> 7%) mutated
driver gene group included ALB, APOB, ARIDIA, ARID2,
and AXIN1. Remaining low frequency (< 5%) mutated
driver gene group was involved in various biological func-
tions.

Collectively, across the four referenced studies, SVs,
including CNAs, occurred frequently in HCC cells and
affected a broad range of tumor-related genes and tumor
suppressor genes. Also, SVs significantly increased at
HBV breakpoint locations, indicating that HBV integra-
tion contributed to gene alterations through chromosom-
al instability in HCC cells.

4. High-throughput viral integration detection

Zhao et al.* reported the sequencing results of patients
with HBV-related HCC using the high throughput viral
integration detection (HIVID) method from a Chinese
cohort of 600 patients with HBV-related HCC. Briefly,
HIVID uses HBV-specific probes to enrich viral DNA,
followed by computational analysis based on TCGA data-
set. (see Refs. 38, 39 for methodological details) .

As shown in Table 2, the study by Zhao et al. *® exam-
ined a relatively large number of patients with HBV-relat-
ed HCC and studied HCC tissues and paired non-tumor
tissues.

In gene regions, they identified 826 genes with HBV in-
sertions in tumor samples and 303 in non-tumor samples,
with only 64 genes shared between the two, highlighting
distinct integration profiles in tumor versus non-tumor
tissues. Notably, there were as many as 88 genes recur-
rently affected in HCC, many of which were previously
unreported. Examples included PTPRD, UNC5D, NRGS3,
CTNND2, and AHRR. Expression changes were noticed
both at the transcript and protein levels, suggesting that
these novel affected genes were functionally relevant to
HBYV insertion.

Interestingly and importantly, HCCs arising from
non-cirrhotic liver displayed a significantly enriched
HBV integration in the vicinity of KMT2B, CCNE1, and
AHDD.

In non-genic regions, HBV integration occurred prefer-
entially in satellite DNAs and tandem repetitive sequenc-
es, possibly including LINEs and SINEs. This is the first
study to report that HBV preferentially integrates into
repetitive or fragile genomic regions, including satellite
DNAs.

Regarding chromosomal rearrangements, HBV integra-
tion was significantly enriched in chromosomes 5,16,17,
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and 19, especially chromosome 17p, which harbors 7P53
and a newly identified MAP2K4 (MKK4).

Clinically, circulating HBe antigen (HBeAg) levels
were positively correlated with the number of HBV in-
tegrations in HCC tissues, suggesting that higher HBV
replication activity increases the likelihood of integration.

V. Computational tools for detecting HBV integra-
tion in repetitive regions: Insertion or integration
CAllersS. . .oove

As described previously, short-read sequencing tech-
nologies face inherent limitations, particularly in map-
ping reads to repetitive genomic regions. When multiple
similar copies of a region exist throughout the genome,
aligners often fail to determine the correct location, as
multiple potential alignment sites can exist for a single
read. This challenge becomes especially critical when
a virus integrates into repetitive sequences, leading to
misaligned or ambiguously mapped reads.

Several computational programs have been developed
to analyze large-scale sequencing datasets for viral inte-
gration events, but they struggled to accurately predict
integrations in repeat-rich regions of the host genome.
Among available computational methods, SurVirus has
been identified as a particularly sensitive, precise, and
efficient virus integration caller to achieve precise re-
sults. Using a second-generation paired-end sequencing
dataset, along with a host genome reference and a viral
database, SurVirus predicts integration events that oc-
curred, providing the precise integration loci on the host
genome and the corresponding viral segments involved
(see Refs. 40, 42, and 43 for methodological details) .

Rajaby et al. *” applied SurVirus to analyze HBV using
the HBV HIVID database ®® and the HBV whole-genome
sequencing (WGS) dataset *V. Among approximately 500
detected HBV insertion events, 7% were novel, and most
occurred in repeat regions. Among these HBV insertions,
satellite DNAs accounted for 40% of the insertions, fol-
lowed by LINEs (15%) and SINEs (0.5%) .

Because Rajaby and colleagues *”*?-%) extensively pub-
lished on similar computational algorisms for detecting
insertion elements in host genomes ** %, their findings
are considered robust and reliable. Importantly, this study
is the first to highlight the significant role of repetitive
sequences in hepatocarcinogenesis, indicating the need
for computational tools capable of resolving complex ge-
nome regions.

VI. Findings from third-generation (long-read)
sequencing technologies (PacBio or Nanopore

1. Overview of third-generation sequencing

While second generation sequencing technology en-
abled analyses of HBV integration in HCC, their reliance
on short reads introduces several limitations. These
include the inability to directly sequence full-length viral
genomes, sensitivity to probe-capture bias, sequencing
depth, and analysis methods. Importantly, short-read
technologies struggle with tandem repeats and repetitive
sequences, often leading to errors in sequencing, align-
ment, assembly, or amplification. This makes it challeng-
ing to determine the exact sequence composition and
number of repeat units within each repetitive region.

In the mid-2010s, third generation sequencing methods,
including PacBio and Nanopore reads, have become avail-
able, providing long reads (~20 Kbp). These long-reads
enabled more accurate mapping of integration events,
especially in complex genomic regions.

2. Key studies using short- and long- read sequencing

As shown in Table 3, recent studies, ranging both short-
read (Illumina reads) and long-read (PacBio or Nanopore
reads) sequencing, have provided crucial insights into
HBYV integration patterns.

Ethnicities of patients with HBV-related HCC in each
report were as follows; Zhuo et al. ** studied a Chinese
cohort, Alverti et al.* analyzed a Japanese cohort, Peneau
et al. * examined multi-ethnic (European, African, and
Asian) cohort, and Qian et al.*” studied a Chinese cohort.

Regarding gene regions, altered gene regions were
essentially similar to previous reports, and further,
confirmed that HBV enhancers induced high mRNA
expression. Important findings from these studies can
be summarized as follows; First, HBV integration in the
promoter region of TERT was not detected in non-tumor
tissues V. Second, tumors harboring HBV integrations in
CCNE1, CCNA2, or KMT2B were more frequently iden-
tified in patients without cirrhosis *®. Third, KMT2B-in-
tegrated HCCs did not show alterations in the TERT
promoter or other known driver genes *’, suggesting that
KMT2B-altered HCC may involve distinct mechanisms
of carcinogenesis. Fourth, among young patients with
HCC (< 35 years old), TERT mutations (1.9%) and
CCNE]1 mutations (3.7%) were rare, while over half of
these patients had alterations in 7P53*”. Thus, in HCCs
from a subgroup of patients without cirrhosis, alterations
of one or two genes may induce strong proliferation,
replication stress, and a rearrangement signature that
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Table 3 Summary of the results of altered chromosomal DNA regions in HCC cells, into which HBV integrated,
that were analyzed using short-read (Illumina reads) and long-read (PacBio or Nanopore reads) sequencing.

Illumina reads Nanopore or PacBio reads Ref.
o sample non-genic sample chromosome chromosome m
No region No (gene)
Patient ~ CCNEI 153 “repeat 265 ND Patient  “complex”
No TERT 17 sequences” No all autosomal chromosomes
ND SYT14 27 ND except for chr 15, 16, 21
HBV- SERTADO 7 HBV- priority on chr 1, 4, 5, 19
BP No LINCO 1493 2 BP No
n=475 MIR 12125 2 n=141
MIR 4457 2
Illumina reads Nanopore reads Ref.
. sample non-genic sample chromosome chromosome 45
generegion region No (gene) (gene)
Patient TERT 14 ND ND chr 5p amplification Patient  translocation
No KMT2B 4 (TERT) No chr 1p;9p with
n=51 CCNE1 2 n=7/9 chr 1p deletion (ARIDIA)
HBV- chr 1p;11q
BP No chr 3p;Xq with
n=148 chr Xp deletion (RPS6KA3)
chr 4q;7q with
one chr 4q deletion (IRF2)
patient chr 8q;4p
chr 8q;10q
chr 8q;13q wirh
chr 13q deletion (RBI)
chr 8p;17p with
chr 17p deletion (TP53)
chr 11q;19p
Illumina reads PacBio reads Ref.
. sample  non-genic  sample chromosome chromosome 46
generegon region No (gene) (gene)
Patient TERT 48 centromere/ 1020  chr 17p deletion Patient  inverted duplication : 1 sample
No CCNE1 4 peri- % (TP53) :15 cases No translocation : 2 samples
n=177  KMTZB 3 centromere _§/15 centromere™  n=3 isochromosome **: 1 sample
HBV-  AHRR 2 chr 5p amplification  HBV- ggllzjlgl%;on chr 5p (TERT),
BPNo  nper 2 (TERT):1 cases  BPNo )i chr 17p (TP53)
n=219 rRmvieL 2 chr 8q amplification. ™
STi8 2 (MYC):13 cases
4/13 centromere**
Illumina reads Nanopore reads Ref.
. sample non-genic  sample chromosome chromosome 47
seneregion region No (gene) (gene)
Patient TERT 28 teromere 15%  chr 17p deletion Patient  large duplication : 10 samples
No KMB2 or near centromere**  No inverted fusion: 54 samles
n=84  CCNEI centormeric TPy n=50  translocation: 59 samples
HBV- TSHZ2 satellite DNA chr 8q HBV- amplification: chr 5p (TERT),
BP No amplification BPNo 8q (MYC), 19q, 1q, 7p, 6p, 20q
n=482 and/ or n=298 deletion: chr 17p (TP53),
chr 8p 8p, 4q, 16q, 6q, 9p (CDKN2A),
deletion 13q (RB), 1p (ARID1A)

No, number; BP, breakpoint; ND, not described; ** HBV integration into centromere
Only recurrently altered gene regions are indicated.
Genes altered by chromosome rearrangements are indicated in parenthesis.
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directly promotes cancer development. Further, in HCCs
in a subgroup of younger patients, different mechanisms
other than common gene alterations may develop cancer.
Collectively, these findings suggest that distinct mech-
anisms may underlie HBV-related HCC development
across ethnic groups, non-cirrhotic liver states and age
cohorts.

Regarding non-genic regions, Zhuo et al. ** reported that
more than half, 55.8% (265 /475) of HBV breakpoints
in tumors were located within repetitive sequences.
The frequency of such breakpoints was higher in tumor
tissues than in non-tumor tissues. Although the specific
characteristics of these repetitive sequences were not
clearly identified, these findings suggest that preferential
HBYV integration into chromosomal repetitive sequences
may confer a selective advantage during tumorigenesis.
Additionally, Peneau et al. *® found that approximately 10-
20% of HBV breakpoints were located in centromeric or
pericentromeric regions. Also, Qian et al. *” reported that
approximately 15% of HBV breakpoints were in telomere
or centromeric satellite DNAs. These results indicate
that HBV integration into centromeric regions is more
frequent than previously reported.

Several studies have reported a relationship between
viral insertion events and SVs. For example, Peneau et
al. * reported that 36% of HBV integration events pre-
cisely matched SV boundaries. Three major types of SVs
that were bordered by HBV integration in more than 40
samples included deletion of chromosome 17p and am-
plification of chromosomes 5p and 8q. Notably some of
these SVs involved centromeric regions. Qian et al. *?
reported that deletion of chromosome 17p occurred near
an HBV-integrated centromere.

In these reports, despite the use of short-read sequenc-
ing, a relatively high percentage of HBV integrations into
repetitive sequences was observed compared to previous
studies. While the reason for this discrepancy remains
unclear, possibly improved sequencing performance may
partly explain the difference.

Using long-read sequencing, detailed insights into the
contributions of HBV integration to SVs have been ob-
tained. Peneau et al. *® reported that HBV integration-re-
lated SVs were prevalent in 41% of HCCs and 48% of
them were associated with CNAs. Qian et al.*” reported
that HBV integration-related CNAs occured in 58% of
HCCs, especially enriched in younger patients. Both
studies identified common CNAs at the chromosome arm
level as well as focal copy number changes affecting key
cancer-related genes.

In case reports, Alverti et al. *® reported detailed re-

sults. They studied nine Japanese patients with HCC,
in whom only one end of the integrated HBV DNA was
detected using short-read sequencing. Among these, sev-
en patients showed non-canonical integration involving
chromosomal translocations.

Peneau et al. * examined three patients with non-canon-
ical integration. They found several types of SVs, including
an intriguing finding of generating isochromosome of 8q,
which might be caused by HBV integration into cen-
tromere.

Qian et al. *” studied many patients with non-canonical
integration. They identified several types of SVs, including
amplifications and deletions in a large number of chromo-
somes, which were accompanied by HBV integration.

Peneau et al. * and Qian et al. *” investigated HBV-in-
tegration events in relation to clinical aspects.

Peneau et al. *© identified a larger amount of replicating
HBV DNA in non-tumor tissues correlated with a higher
number of HBV integration in HCC cells. They further
found the number of HBV integration generating CNAs-
was an independent prognostic factor in HCC progression.

Qian et al.*” compared CNAs between HBsAg-positive
and HBsAg-negative groups. HBsAg-positive tumors
showed significantly more frequent (p<0.02) amplifica-
tion of chromosome 8¢ and deletions in chromosomes
4q, 16q, and 17p, which were among the most common
HBV-associated CNAs. Although not all chromosomes
were studied, these results suggest a contribution of
HBV integration-associated CNAs to HCC development.
They also reconstructed the likely evolutionary scenar-
io timelines of HBV-integration-induced amplification
in chromosome 8q, using changes in the number of the
clock-like mutations using COSMIC SBS signature 1 and
5 before and after the amplification. Their results sug-
gested that most of these amplifications likely occurred
decades prior to the clinical diagnoses, some as early as
before age 10. They proposed that HBV-integration-in-
duced CNAs, especially by ultra-early chromosome 8q
amplifications, may promote the initial clonal expansion,
shorten the time to malignant transformation, or accel-
erate tumor progression through the combined effects of
viral proteins and overexpression of oncogenic hotspot
genes. They also observed a significant correlation
between higher HBV DNA levels and 7P53 mutation.
Based on these findings, they emphasized importance of
early antiviral therapy to prevent HBV-driven genomic
alterations.

Collectively, long-read sequencing has revealed that not
only gene-regions close to HBV integration sites but also
those located at considerable distances from HBV inte-
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gration sites can be altered through HBV-related SVs.
Importantly, centromeric regions appear to contribute to
the generation of multiple SVs, as previously reported by
our group ” and others ' during the early era of molecu-
lar biology using direct cloning and Sanger sequencing.
While many HBV integrations may represent passenger
events, some act as cancer drivers that promote HCC ini-
tiation. Long-read sequencing is emerging as an essential
tool in HBV integration pattern research and may have
future research and possibly clinical applications. It is
particularly valuable for elucidating HBV integration pat-
terns including SVs and clonal expansion, and finally, the
underlying mechanisms of HBV-induced carcinogenesis.

VII. Characterization of genomics and proteomics
of integrated HBV ...

1. Structural features of integrated HBV

It is widely believed that most integrated HBV sequenc-
es are derived from the normal double-stranded linear
(dsl) DNA and primarily through MH-mediated mech-
anisms ¥, Li et al.* by analyzing long-read sequencing
data from 35 HBV-related patients with HCC, identified
several structural patterns of HBV integration. In their
study, both ends of the integrated HBV fragments were
captured using long-read sequencing. Notably, short HBV
insertion segments (0-1 Kbp) accounted for ~50% of in-
tegration events, while longer viral segments (>3 Kbp)
accounted for ~25% of such events. The longest detect-
ed HBV insertion measured 5,408 bp.

Normally generated HBV dsIDNA is speculated to be in
the range of 1816-3182/1-1832. The dsIDNA is thought
to be difficult to cross the 1600-1900 bp region. However,
Li et al.* found the HBV insertion fragment in the range
from 843 to 2263 of HBV genome. Notably, some integra-
tion events included complete pre-surface (S) 1/pre S 2/
S gene or pre-core (C)/C gene.

Therefore, they speculated several mechanisms of vi-
rus integration 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 classical non-homologous
end joining or MH-mediated end joining (MME]) mecha-
nism. (2) The abnormally redundant HBV single-strand-
ed DNA is integrated into the human genome through
the single-strand annealing mechanism. (3) The closed
circular HBV genome is integrated into the human ge-
nome through the MME] mechanism.

Due to limited research on the characteristics and
mechanisms of HBV integration, the integration mecha-
nism of HBV sequence remains unclear.

2. Mutations and genotypes of integrated HBV

Peneau et al. *® unexpectedly observed a negative se-
lection of HBV variants that impair HBeAg production,
including mutations in the basic core promoter locus and
pre-core region® ° or mutations associated with antivi-
ral resistance in reverse transcriptase domains *” in HBV
sequences integrated into HCC genomes. This observa-
tion suggests that while these mutations may enhance
viral fitness or facilitate immune escape, they do not pro-
vide a specific advantage for tumor development.

Qian et al.*® investigated the genotypes of integrated
HBV in a diverse population where nearly all major HBV
genotypes (A, B, C, D, E, E G, and H) were present.
Among the integrated HBV sequences, genotype C was
the most prevalent, followed by genotype B.

3. Transcripts and proteins of integrated HBV

As part of the Clinical Proteomic Tumor Analysis Con-
sortium, a comprehensive proteogenomic analysis of
HBV-related HCCs in a Chinese cohort was performed
by Gao et al.*.

Gao et al.® reported that the large envelope protein,
external core antigen/capsid protein, and polymerase
were detected in both proteomic and RNA sequencing
datasets, while the X protein was not detected, but only
mRNA was detected. These results raise questions about
the role of the X protein in HCC, suggesting that it may
not be essential for the maintenance of the malignant
phenotype. There were less abundant HBV mRNAs and
proteins in HCC tissues than in non-HCC liver tissues.
The presence of HBV proteins in HCC tissues did not
correlate with the survival of patients with HCC.

They also detected significantly lower protein and
mRNA levels of the HBV receptor NTCP (sodium tau-
rocholate co-transporting polypeptide) in HCC tissues
than in non-HCC liver tissues. Unlike HBV proteins, re-
duced NTCP expression in HCC tissue was significantly
associated with reduced survival, indicating its potential
relevance in disease progression.

VIII. aSat and centromeric biology ....................

1. Complete sequencing of aSat

Human centromeres are located within large arrays
of tandemly repeated DNA sequences known as o Sat,
which often span millions of base pairs (Mbp) on each
chromosome. Although HGP was declared completion in
2003, several genomic regions remained unresolved due to
sequencing limitations. These included centromeric, telo-
meric, and ribosomal DNA regions. The “real” completion
of HGP was achieved in 2022 under the telomere-to-telo-
mere assembly project ®- %, In this assembly, satellite
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repeats constitute 6.2% of the human genome assembly,
with aSat representing the largest component, 2.8% of the
genome . Each oSat array is more likely to interact with
centromere protein A (CENP-A), an essential inner ki-
netochore protein required for normal chromosome seg-
regation during mitosis *. With the availability of com-
plete aSat sequences, the structure and function of oSat
DNA have become a rapidly growing area of research,
particularly in the context of human diseases, including
cancers.

2. Centromere function and its role in aneuploidy

Aneuploidy, defined as an abnormal number of chromo-
somes, is a hallmark of cancer, that was first described
well over a century ago °”. The causes of aneuploidy
have been understood as chromosome instability, result-
ing in the gain or loss of chromosomes or chromosome
fragments. The centromere breakage is a major initiating
factor leading to aneuploidy and the resulting changes in
the selective landscape that drive most cancers®”.

In this context, HBV DNA integration into aSat se-
quences, particularly when accompanied by the reform-
ing may disrupt the structural integrity of aSat. This
disruption could directly contribute to the generation of
aneuploidy by impairing normal centromere function and
chromosome segregation.

IX. Clinical Implications ................ccooviiiiiioa...

1. Translation of genetic landscapes into clinical
practice

Comprehensive molecular and genomic analyses of
large HCC cohorts have now uncovered the landscape of
driver genes, characteristic mutational signatures, and
molecular classification of tumor subtypes. To translate
this growing body of knowledge for better diagnosis,
treatment, and prevention of this intractable cancer
subtype, further advances are needed in genetic screen-
ing and clinical sequencing to facilitate early diagnostic
tools, such as liquid biopsy, to optimize and individualize
treatment strategies, and to accelerate translational drug
developments, especially targeting TERT (anti-TERT
drugs), which may represent a promising avenue.
2. Liquid biopsy

Liquid biopsy detects cell free (cf) and/or circulating tu-
mor (ct) DNA, which reflects various types of biological
information from the tumor and serves as sensitive tools
for non-invasive detection of early-stage HCC %,

Methylated cf/ctDNA is a cancer-specific DNA fragment
that is one of the most advanced tools for early HCC de-
tection.

Suehiro et al. * have developed a new assay called

combine restriction digital PCR (CORD) assay, which
enables counting each copy of a methylated gene in a
small amount of DNA. Using this assay, Kotoh et al. ¢
found that the median copy number of methylated SEPT9
(m-SEPT9) was significantly higher in patients with
HCC than patients with chronic liver diseases and healthy
volunteers. This assay showed a sensitivity of 63% and a
specificity of 90% for detecting HCC across all stages. A
meta-analysis performed by Chandrapalan et al. ® includ-
ed six case-control studies of m-SEPT9 conducted in Ja-
pan as mentioned above as well as in the USA and in Eu-
rope and showed a pooled sensitivity of 80% and a pooled
specificity of 90% for detecting HCC of all stages. Thus,
m-SEPT9 has shown promise in detecting HCC with high
estimated diagnostic performance.

Chalasani et al. %% have researched methylated mark-
er sets of three genes, HOXAI, B3GALT6, and TSPYL)5,
combined with sex and serum level of o fetoprotein (AFP)
(designated mt-HBT) . This algorithm showed a sensi-
tivity of 82% and a specificity of 87% for detecting ear-
ly-stage HCC. Kunimune at al. ® have examined a meth-
ylated marker of a gene, HOXAI, combined with age, sex,
and serum levels of AFP together with des-y-carboxyl
prothrombin (DCP) (designated ASDAmH-1). This in-
dex demonstrated a sensitivity of 76% and a specificity of
78% (non-viral HCC) and 75% (viral HCC) for detecting
early-stage HCC. Performances of the two methods were
not affected by HCC ethiology and demonstrated similar
numerical values.

Mutations of the TERT promoter and other driver gene
regions have been studied for liquid biopsy. Qu et al. %
have studied an assay using WGS followed by target-gene
amplification using primers covering TERT promoter,
TP53, CTNNBI, AXIN1, and HBV integration breakpoint
in plasma cfDNA. They constructed an assay combining
these gene mutations with serum levels of AFP and DCP
(designated HCCscan). This assay showed a good sen-
sitivity and a specificity for detecting HCC. Although the
low positive predictive value for the occurrence of HCC
(17%) warrants improvement, this assay poses a trigger
point for visualizing mutations in driver gene regions in
cfDNA.

Variations of o Sat and other repetitive sequence have been
investigated for liquid biopsy. Annapragada et al. °®® have de-
veloped a method called an alignment-free, genome-wide
approach for analyzing repeat elements in diseases (AR-
TEMIS), which uses short k-mer sequences in plasma
cfDNA. This method successfully identified tumor-spe-
cific changes in repeat elements, including centromeric
satellite DNAs, LINEs, SINEs, long terminal repeats, and
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transposable elements in cfDNA in early-stage HCC and
lung cancer among more than ten kinds of cancers inves-
tigated. This method is a good example of emerging a.Sat
and other repetitive sequences in the clinical fields of can-
cers in cfDNA.

Alterations of chromosomes have been examined for
liquid biopsy. Zhang et al. ” have improved an approach
called DNA evaluation of fragments for early interception
(DELFI), which constructs WGS and analyzes the degree
of DNA fragmentation in plasma cfDNA. This approach
was revealed to be useful for distinguishing chromosome
lengths in cfDNA in early-stage HCC. This assay is a rep-
resentative breakthrough toward identifying chromosomal
gains and losses in cancers in cfDNA.

MicroRNAs (miRNAs) are essentially 18 to 22-nucle-
otide-long endogenous noncoding RNAs. The effects of
miRNAs on the regulation of expression of various genes
are very broad. Several reports have shown aberrant ex-
pression of specific miRNAs. Circulating blood miRNAs,
which are highly stable in a cell-free form, have shown
promise as novel potential biomarkers for the early de-
tection of HCC and there have been several miRNAs that
have been demonstrated to be useful in the HCC diagno-
SiS 68), 69) .

Among several miRNAs, miR-122 is a liver-specific,
highly expressed miRNA . A meta-analysis performed
by Zhao et al. ™ has shown that miR-122 confered mod-
erate efficacy for discriminating patients with HCC from
healthy controls or patients with HBV infection. Further-
more, Trung et al. ” reported that combination assays of
circulating miR-122 and TERT promoter exhibited satis-
factory diagnostic performance in discriminating patients
with HCC from other patients.

3. Therapy using anti-TERT

Therapies that target telomerase have been viewed as a
highly attractive means of cancer treatment. The disrup-
tion of the telomerase maintenance mechanism is import-
ant in achieving replicative immortality, which is funda-
mental characteristics in various cancers, including HCC.
Recent main telomerase-targeting therapies are antisense
oligonucleotides (ASO), nucleoside analogues (NA),
small molecule inhibitors, and stabilizers of G-quadruplexs
(see Refs 73, 74 for revews)

Among these, ASO and NA have recently been reported
as promising candidates for HCC therapy.

Ningarhari et al.”” found that ASO was efficient in highly
proliferative and poorly differentiated cells. This revealed
oncogenic addiction to TERT in HCC, providing a ratio-
nale for anti-TERT ASO treatment in HCC.

Mender et al. -7 reported that NA, 6-thio-dG (THIO),

which was concerted into the corresponding 5’-triphos-
phate and incorporated into telomeres by telomerase, was
effective in controlling tumor growth, especially when
combined with immune check-point inhibitors in a T
cell-dependent manner, providing a rationale for combining
anti-TERT NA therapy and immunotherapy in HCC.

X. Perspectives. .. ....oovuueiiiiiiiiinii i

Robust HBV replication activity measured by peripheral
serum HBeAg and HBV DNA levels has been significant-
ly correlated with increased frequency of HBV integration
events. Because such a virological state can persist for
decades (e.g., the immune-tolerant phase of chronic HBV
infection following neonatal infection), individuals with
persistent HBV infection may experience a long window
period during which hepatocarcinogenesis is initiated.

It is likely that the initiation of HBV-related HCC, one
of the cancers driven by viral genome-integration, differs
fundamentally from cancers of non-viral genome-integra-
tion etiology, including other forms of HCC. HBV may act
as a molecular trigger that directly interacts with critical
host genomic elements in hepatocytes ®-¥ . Depending on
the context, these interactions may induce genomic or
proteomic alterations that activate carcinogenic signaling
pathways, ultimately driving tumorigenesis in ways that
are similar to other cancer types.

Fortunately, current preventive strategies such as vac-
cination ® 7 and antiviral therapy *” can prevent HCC
occurrence. Antiviral therapy in the early life of HBV-in-
fected individuals, together with further development in
molecular and biological technologies supported by the
complete human genome sequence, including aSat, is ex-
pected to eliminate HBV-related HCC.
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