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Hepatitis B virus (HBV) integration is a key driver of hepatocellular carcinoma (HCC) occurrence and progression; however,
its oncogenic mechanisms remain incompletely understood because of limitations in detection methods and sample avail-
ability. In this study, we employ Oxford Nanopore Technologies (ONT) whole-genome sequencing and full-length tran-
scriptome sequencing to characterize HBV integration events at the genomic and transcriptomic levels, along with their
regulatory effects on structural variations (SVs) and gene expression. Functional validation is performed using dual-lucif-
erase assays and cell-based experiments. Our findings reveal that integrated HBV sequences form long concatemers, medi-
ating inter- and intrachromosomal recombination in the human genome. Notably, integrated HBV enhancer | (HBV-Enh [} is
detected in six of seven tumor tissues and is associated with aberrant gene expression. HBV integration induces oncogenic
SVs, such as focal MYC amplification and NAVZ deletion, and directly modulates gene expression. Additionally, ectopic over-
expression of MYOCD, driven by HBV-Enh [ integration, promotes HCC cell migration and invasion. In summary, HBV in-
tegration acts as a major driver of large-scale genomic SVs and transcriptomic dysregulation, through either direct
alterations in genome dosage or cis-regulatory mechanisms. HBV-Enh [ is frequently integrated in HCC and might play a

pivotal role in abnormal gene expression, highlighting its potential as a therapeutic target.

[Supplemental material is available for this article.]

Primary liver cancer (PLC) is a leading cause of cancer-related mor-
tality in more than 136 countries, and its incidence is projected to
increase (Rumgay et al. 2022). Hepatocellular carcinoma (HCC) is
the most common PLC, accounting for >80% of cases (Llovet et al.
2021). China is among the areas associated with the highest risk of
developing HCC, accounting for 42.5% of the global incidence of
liver cancer (Bray et al. 2024; Miao et al. 2024). Notably, ~90% of
HCC cases in China are hepatitis B virus (HBV)-related, and
140,000 people die of HCC annually (Seto et al. 2018; Zhou
etal. 2025). Understanding the mechanistic links between chronic
HBYV infection and HCC pathogenesis is thus critical for improving
prevention and treatment strategies.

HBYV is a small DNA virus with an average length of 3.2 kb.
The integration of viral sequences into the tumor genome is
known as a key oncogenic mechanism and is detectable in ~90%
of HBV-related liver cancers (Levrero and Zucman-Rossi 2016;
Chen etal. 2019; Ren et al. 2023). Characterization of HBV integra-
tions has relied primarily on inverse nested PCR or high-through-
put sequencing (HTS), which may introduce bias and is restricted
to detecting junctions between HBV and host genomes.
Recently, the advancement of long-read sequencing has improved
our understanding of HBV integration and its role in HCC develop-
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ment. HBV can integrate into the human genome in multiple and
complex patterns, with integrated segments ranging from <1 kb to
>3 kb in length (Li et al. 2022). These integrated segments were
fragmented in different orientations, rarely with a complete ge-
nome (Zhuo et al. 2021). Moreover, except for the entire integra-
tion, the extended long reads sufficiently cover the adjacent
human sequences, revealing the human chromosomal abnormal-
ities associated with HBV integration, such as interchromosomal
translocations, dicentric chromosomes, and megabase-size telo-
meric deletions.

Currently, the median age at diagnosis for this disease is
52 years (Zhang et al. 2018), but ~12% of patients with HBV-relat-
ed HCC are first diagnosed under 40 years of age (early onset) (Sun
etal. 2013; Yan et al. 2015). Patients with early-onset HBV-related
HCC more often display distinct clinical characteristics, such as a
lower occurrence rate of cirrhosis at the time of diagnosis of
HCC, larger tumors, portal vein invasion, and more advanced stag-
es of disease (Wan et al. 2011). However, owing to the limited sam-
ple sizes and detection techniques, the underlying mechanism for
early-onset HCC remains unknown. Long-read sequencing re-
vealed that HBV-mediated rearrangements are significantly corre-
lated with young age (Qian et al. 2024).

© 2025 Wang et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date (see
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Therefore, to understand the role of HBV integration in the
development of early-onset HCC, we utilized the Oxford
Nanopore Technologies (ONT) sequencing platform to analyze
the genomes and transcriptomes of early-onset HBV-related HCC
samples in this study. HBV-human chimeric reads with full-length
integrated HBV sequences and related human genome SVs were
identified and characterized. Based on these full-length integrated
HBV sequences and the related human genome SVs, we provide
new insights into HBV integration and its role in hepatocellular
carcinogenesis.

Results

Overall characteristics of human genome HBV integration

ONT long-read whole-genome sequencing (30x coverage) was
conducted on seven tumor tissues and the paired nontumor tis-
sues from four male and three female patients <30 years old
(Supplemental Table S1) to investigate the comprehensive features
of HBV integration in human genomes. HBV-human chimeric
reads were extracted using minimap2 and subsequently mapped
more precisely through NCBI BLAST (https://blast.ncbi.nlm.nih
.gov/Blast.cgi) and UCSC BLAT (https://genome.ucsc.edu/cgi-
bin/hgBlat).

The breakpoints of HBV integration in the human genome
were termed HBV integration breakpoints. For clusters of these
breakpoints, the median breakpoint of integration breakpoints lo-
cated within 10,000 bp was designated the HBV integration locus
(Fig. 1A,B). The data produced by ONT sequencing are shown in
Figure 1B and revealed the following: (1) a greater number of
HBYV integration loci in tumor tissues and (2) a greater abundance
of supporting reads per integration locus. The number of chimeric
reads and the quantity of integration loci are listed in
Supplemental Table S1. The PCR validation results for the HBV-
human chimeric reads are shown in Supplemental Table S3 and
Supplemental Figure S1. Overall, HBV integration was detected
in both tumor and paired nontumor tissues; however, tumor tis-
sues presented significantly greater numbers of HBV-human chi-
meric reads (Supplemental Table S1). Among the seven patients,
five were infected with HBV subtype C, and two were infected
with subtype B, as shown in Supplemental Table S1. Notably, com-
pared with male patients, patients 5-7 (all female) had fewer chi-
meric reads, which is consistent with prior reports of elevated
HBYV integration frequencies in male-derived tumors (Zhao et al.
2016).

Based on the mapping results of the chimeric reads, several
patterns of HBV integration within the human genome were iden-
tified, including insertion-type, fusion-type, duplication-type,
complex-type, and undefined-type patterns (Supplemental Table
S2). With respect to the insertion-type pattern, HBV integration
occurred without disrupting the sequence order or structure of
the human genome (Fig. 1C, 1). In the fusion-type pattern, HBV
integration mediated chromosomal translocations or fusions be-
tween different chromosomes, resulting in significant genomic re-
arrangements (Fig. 1C, 2 and 3). HBV bridges the plus and minus
strands of the same chromosome, mediating “fold-back” (head-
to-end) connections. (Fig. 1C, 5 and 6). In the complex-type
pattern, a single read contained multiple HBV integration seg-
ments involving one or more chromosomes (Fig. 1C, 4). In the
undefined-type pattern, HBV integration occurred at chromosom-
al termini, either beginning or ending with HBV sequences
(Fig. 1C, 7-9). Owing to the presence of only a single integration

breakpoint in these reads, determining whether they represented
complete integration events was impossible; thus, these cases
were classified as undefined. The proportions of each integration
pattern are summarized in Figure 1D.

For the duplication-type pattern, we illustrated an extreme
case in which both upstream and downstream HBV integration
breakpoints mapped to the same genomic coordinate, termed
“shared breakpoints” (Fig. 1C, 5). Representative reads of shared
breakpoints in tumor samples are illustrated in Supplemental
Figure S2. Notably, in some reads with shared breakpoints, the in-
serted HBV sequences varied, but the human genomic sequences
adjacent to the breakpoints were nearly identical (Supplemental
Fig. S3). Collectively, the identification of these diverse HBV inte-
gration patterns enhances our understanding of the molecular
mechanisms underlying HBV-induced genomic alterations and
their potential role in the development and progression of HCC.

The human genome breakpoints associated with HBV inte-
gration were more concentrated in tumor samples, several of
which were supported by a substantially large number of chimeric
reads, especially near the oncogene TERT in the telomere region
on Chromosome 5 of sample T1 and near the oncogene MYC in
the 8q23-8q24 region on Chromosome 8 of sample T2 (Fig. 1A,
B). Combined with the “shared breakpoints” phenomenon (Fig.
1C, 5; Supplemental Fig. S2, Supplemental Fig. S3), these findings
suggest that HBV integration, as the major mutation in HBV-relat-
ed HCC tissues, occurs in the early stages of the disease. Once in-
tegrated into the human genome, HBV sequences may connect
with other HBV sequences, leading to the expansion of dominant
clones through positive selection during tumor development.

Characteristics of integrated HBV sequences

Utilizing ultralong ONT sequencing, we detected full-length inte-
grated HBV sequences along with human genome fragments span-
ning the breakpoints. In tumor samples, the lengths of inserted
HBV sequences ranged from <100 bp to >30,000 bp, whereas in
paired nontumor samples, they ranged from 500-10,000 bp (Fig.
2A,B). Amap of the HBV genome is shown in Figure 2C. Details re-
garding the host CNVs at the integration loci, integrated HBV copy
number, and integrated HBV elements are listed in Supplemental
Table S2. These results suggest that some chimeric reads contain
multiple HBV sequences, indicating potential self-ligation events
between HBV genomes. Moreover, we compared the identified
integration sites with the fragile sites in the HumCFS database
(http://webs.iiitd.edu.in/raghava/humcfs/) and listed the informa-
tion for the common fragile sites (CFSs) within the identified inte-
gration loci in Supplemental Table S2. Approximately 18.85%
(36/191) of the integration loci in tumor samples were located
within the CFS regions, and ~58.33% (21/36) of these integration
loci were within host CNV regions. In the paired nontumor sam-
ples, ~21.15% (11/52) of the integration sites were located within
CFS regions, and 9.1% (1/11) of these CFS-associated integration
sites were within host CNV regions.

The most frequent breakpoints in HBV-human sequences oc-
curred at positions 1825 bp and 2117 bp in the HBV genome, cor-
responding to junction regions between (1) the 3’-end of the HBV
X gene and the 5’-end of the C gene and (2) the 5'-end of the P gene
and the 3’-end of the C gene (Fig. 2D). These findings are consis-
tent with those of previous reports (Jiang et al. 2012; Sung et al.
2012; Chen et al. 2024).

Quantification of integrated HBV bases revealed high integra-
tion abundance throughout the HBV genome in both tumor and
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Figure 1. Characteristics of HBV integration in the human genome. (A) Distribution of human genome breakpoints with respect to HBV integration. (T)

Tumor sample (filled circle); (N) paired nontumor sample (filled triangle). To clarify breakpoint localization, adjacent breakpoints within 10,000 bp were
clustered, and median breakpoints are displayed. (TERT and MYC gene loci are indicated on the ideograms with green and purple bars, respectively.) (B)
Frequency of HBV-human chimeric reads per breakpoint in tumor and nontumor samples. (C) Chromosomal distribution of HBV-human chimeric reads.
Dark gold rectangles denote integrated HBV sequences; pentagons represent human genomic regions with HBV integration (colors indicate distinct chro-
mosomes). The arrows mark the 3’-end. (D) Proportion of integration loci classified into the five categories depicted in panel C.
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Figure 2. Characteristics of the integrated HBV sequences. (A,B) Lengths of the integrated HBV sequences in the tumor and paired nontumor samples.
(C) HBV genome map. (D) Distribution of the HBV integration breakpoints in the HBV genome. (E) Sequencing depth of the integrated HBV bases. The x-
axis represents the genomic position of the mapped bases in the HBV genome; the y-axis represents the sequencing depth for each HBV base. (F,G) Counts
(F) and percentages (G) of the structural variations of the integrated HBV sequences in the HBV-human chimeric reads of tumor (T) and nontumor (N). (H)
Counts of the chimeric reads with HBV enhancers inserted. (/) The proportion of the chimeric read counts with HBV enhancers integration compared with
the total chimeric read counts in each sample. (J,K) The number of detected enhancers at each integration locus, with colors representing different samples,

solid circles indicating HBV-Enh I, and solid triangles indicating HBV-Enh 1.

paired nontumor tissues. However, the 1700-1900 bp region
showed relatively low integration abundance, with distinct valleys
observed at 1817 bp (tumor) and 1801 bp (nontumor) (Fig. 2E).
Notably, these valley positions closely corresponded to the peak
breakpoint locations, suggesting a reduced integration frequency
at the 3’-end of HBx.

The integrated HBV sequences were fragmented and mapped
tothe P, X, §, and C genes, and complete HBV sequences were rare-
ly detected in these seven sample pairs (Zhuo et al. 2021).
Importantly, these HBV integration events, along with their hu-
man genome breakpoints, likely play significant roles in hepato-
carcinogenesis and warrant further investigation.
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Structural variation (SV) analysis was performed on the
inserted HBV sequences and revealed inversions, duplications,
insertions, and deletions compared with HBV reference sequences,
with these variations present in both tumor and nontumor sam-
ples. Notably, the SV counts were significantly greater in tumor
tissues than in paired nontumor tissues (Fig. 2F). With respect to
the distribution of the SV types, duplications and inversions pre-
dominated in tumor samples, whereas duplications accounted
for the greatest proportion in nontumor tissues (Fig. 2G). The
SV types for each of the viral ORFs were also included
(Supplemental Fig. S4). To compare the number of SVs within
the integrated HBV genome with the host CNVs within the host
genome at sites of viral integration, we classified the integration
loci in tumor samples into two categories based on the number
of supporting chimeric reads: one category with fewer than five
supporting chimeric reads, and the other with five or more sup-
porting chimeric reads. We found that among the integration
loci supported by five or more chimeric reads, 12.07% were associ-
ated with host CNV loss and 46.55% were associated with host
CNV gain. Among the sites supported by fewer than five chimeric
reads, the corresponding host CNV frequencies were as follows:
amplification (3.79%), deletion (16.67%), gain (9.85%), and loss
(19.70%). Therefore, the number of chimeric reads at integration
loci is not positively associated with host CNV alterations.

HBV enhancer I (HBV-Enh I), a highly conserved element, was
previously shown to be active in Hep3B and PLC/PREF/S cell lines,
suggesting its potential role in hepatocellular carcinogenesis
(Shamay et al. 2001). In our study, HBV-Enh I was detected in
the chimeric reads from the tumor tissues of patients 1-4, 6, and
7, whereas HBV enhancer II (HBV-Enh II) was present in every tu-
mor sample (Fig. 2H,I). Moreover, the proportion of integration
sites with more than 10 enhancer integrations was significantly
greater in tumor tissues (10.5%) than in nontumor tissues (3.8%)
(Fig. 2J,K). These results indicate that integrated HBV enhancers
may extensively regulate human gene expression and promote he-
patocellular carcinogenesis.

HBV integration drives human genome rearrangement

Chromosomal rearrangements and SVs play vital roles in HCC de-
velopment and progression (Wong et al. 2000; Midorikawa et al.
2006; Alvarez et al. 2021). To investigate the genetic basis of chro-
mosomal instability in HCC, we examined the relationship be-
tween HBV integration and human genome rearrangements in
HCC samples, along with potential oncogenic mechanisms.
Junction breakpoints were frequently observed near copy number
variation (CNV) boundaries in the human genome, with ~70% lo-
cated within £100 kb of these boundaries (Fig. 3A). CNV detection
was performed using QDNA-seq software; the genome was divided
into 1000 bins; and the alpha value of the circular binary segmen-
tation of the DNA copy package was less than 0.05 to accept the
changed point. Chimeric reads were quantified when breakpoints
coincided with CNV regions. In sample T1, T2, T4, TS, and 17,
>80% of the chimeric reads mapped to CNV regions, whereas
paired nontumor tissues showed no such association, except for
35.3% (6/17) and 16.67% (1/6) of the reads in N2 and N6, respec-
tively (Fig. 3B,C). These results indicate a strong link between HBV
integration and chromosomal instability.

Furthermore, bootstrap analysis was used to determine the
nearest distances between SVs and HBV integration sites, and the
SV counts within and beyond 10 Mb regions were compared. SV
frequencies were significantly greater in HBV integration sites

than in nonintegration regions (Fig. 3D,E; Supplemental Fig. S5).
To assess the oncogenic effects of HBV-driven SVs, we conducted
further analyses.

HBYV integration—mediated genomic deletions

Analysis of human chimeric reads in tumor samples revealed that
many HBV-containing chimeric reads occurred in clusters and
were associated with genomic copy number loss, suggesting that
HBV integration mediated large fragment deletions. In sample
T1, HBV integration caused a ~300 kb deletion spanning Intron
1-30 of NAV2, resulting in significantly lower gene expression
than those in paired nontumor tissue and other samples (sample
N2 was excluded from expression analysis because of prolonged
storage) (Fig. 4A-D). We also observed HBV-mediated telomeric-
like deletions, which is consistent with previous reports
(Supplemental Fig. S6; Alvarez et al. 2021).

Chromosomal duplication mediated by HBV integration

A portion of the chimeric reads exhibited a pattern in which al-
most the same human chromosomal sequences were connected
to each other in a head-to-tail way through HBV insertions.
These regions exhibited copy number gains, indicating chromo-
somal duplication that may alter gene expression. For example,
HBYV integration-associated duplication occurred at 1q43 in tumor
sample T2 (Fig. 4E-G). Transcriptome analysis revealed that KMO
and OPN3 were both implicated in HCC (Jiao et al. 2012; Shi
etal. 2022), with the highest expression levels among the seven tu-
mor samples (sample N2 was excluded for expression analysis ow-
ing to prolonged storage) (Fig. 4H).

HBV integration—mediated chromosomal translocation

Interchromosomal translocations mediated by HBV integration
were detected in all seven tumor samples, supported by clustered
chimeric reads, but were observed in only two paired nontumor
samples (Fig. SA-I; Supplemental Table S2). Ideograms of major
HBV-mediated interchromosomal translocations (supported by
three or more chimeric reads) revealed that these events frequently
resulted in telomere or centromere deletion and occasionally led to
dual centromere formation (Supplemental Fig. S7A). Furthermore,
tumor samples exhibited complex translocation patterns, includ-
ing (1) connections among three different chromosomes bridged
by HBV sequences and (2) HBV sequences positioned at the
3’-ends of chimeric reads (Supplemental Fig. S7B). These findings
demonstrate that HBV integration promotes chromosomal insta-
bility, thereby contributing to HCC pathogenesis.

HBV-mediated complex chromosomal rearrangements

HBYV integration can mediate additional complex SVs. For sample
T1, HBV integrated into multiple regions of the telomere of Chr 5
with copy number loss of this region, indicating telomere loss on
Chr 5. Analysis of these chimeric reads revealed that HBV integra-
tion mediated “fold-back” (head-to-end) connections, inducing
duplications of the chromosome, and the chromosome regions
showed single-end reads with the integrated HBV. Moreover, the
chromosomes were fused with different chromosomes, including
Chr 1, 3,6, 7,8, 12, and 13 and X, through the bridging effects
of HBV insertion (Fig. 6A,B).

In sample T2, HBV integrated into the centromere of Chr 8,
with eight major HBV integration sites identified in an ~34 Mb re-
gion of the 8q23-24 genome. Copy number analysis revealed
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Figure 3. Relationships between HBV integration and structural variations (SVs) in HCC tumor and paired nontumor samples. (A) Distances between

HBV-human breakpoints and CNV boundaries. The y-axis indicates the distances (in basepairs) from breakpoints to CNV edges, and the x-axis represents
their genomic locations. The breakpoints were classified as follows: (1) if either breakpoint of an HBV-human chimeric read fell within a CNV region, the
read was considered CNV-associated, and the breakpoint closest to the CNV boundary was used for distance calculation; (2) if both breakpoints resided
within CNVs, the one closer to the edge was selected; and (3) if neither breakpoint overlapped a CNV, the distance was assigned a negative value. (B)
Counts of HBV-human chimeric reads inside versus outside CNV regions. (C) Proportions of HBV-human chimeric reads within or outside CNV regions.
(D, E) Bootstrap analysis of the nearest distances between SVs and HBV integration sites, along with comparisons of the SV frequencies inside and outside of

10 Mb regions (Fisher’s exact test, P=0.0019).

oscillation in the 8q23-24 genome region and deletion in the telo-
mere region. Notably, HBV integration-mediated chromosomal
duplications and single-end reads were frequently detected in
the 8q23-24 region harboring the well-known oncogene MYC,
likely resulting in focal amplification of MYC through the break-
age—fusion-bridge (BFB) cycle. Moreover, the inserted HBV medi-
ated interchromosomal translocation between Chr 8 and Chr 1,
as well as between Chr 11 and Chr 17. Additionally, >50% of the
Chr8q integration loci resided in CFS regions and correlated with
host CNV, with each locus supported by more than 10 chimeric
reads (Supplemental Table S2). These massive SVs in the region, in-
dicating chromothripsis-like phenomena, may also promote onco-
genesis in sample T2 (Fig. 6C,D).

HBYV integration mediates aberrant gene expression

Cis-regulatory effects on flanking genes represent a major conse-
quence of HBV integration (Wang et al. 2006; Sung et al. 2012;
Yan et al. 2015; Zhao et al. 2020; Péneau et al. 2022). Our analysis
of integration breakpoints revealed that introns and intergenic re-
gions were the most frequently targeted genomic loci (Supplemen-
tal Fig. S8A,B), suggesting that HBV may cis-regulate neighboring
gene expression. We therefore examined changes in the expres-
sion levels of genes within +500 kb of integration sites (Supple-
mental Fig. S9; Supplemental Table S4). We listed the HBV
integration loci with five or more supporting reads, as well as the
following information: the associated HBV enhancer counts,
host CNV status at the integration site, and gene expression pro-

files within £500,000 bp flanking each integration locus in Supple-
mental Table S4. Moreover, Supplemental Figure S9 illustrates the
following parameters for each integration locus: (1) expression lev-
els of genes located within 500 kb upstream and downstream, (2)
distances between transcription start sites (TSSs) of these genes
and corresponding HBV integration sites, and (3) the number of
enhancers associated with each integration locus. Although no
strict linear relationship existed among these parameters, we ob-
served that a subset of overexpressed genes (including MYC in sam-
ple T2, MYOCD in sample T3, and CCNAZ2 in sample T6) was
flanked by a high density of HBV enhancer integrations, and
genes within 100 kb showed the most pronounced expression al-
terations (Supplemental Fig. S8C). Notably, the integration loci
T2_Chr4:11490 (sample T2) and T3_Chr4:10028 (sample T3)
share proximal genomic coordinates, resulting in the recurrent
involvement of ZNF141, ZNF595, ZNF718, and ZNF721 (Sup-
plemental Fig. S9). These results demonstrate the capacity of
HBV to dysregulate local gene expression (Supplemental Fig.
S8D, Supplemental Fig. S9). The up- and downregulated genes
are listed in Supplemental Table S4 together with the related inte-
gration loci.

Notable examples include the following: First, in sample T1,
classical TERT promoter integration drove TERT overexpression
(Supplemental Fig. S8E). Clustered integration between ZDHHC11
and BRD9 (upstream of TERT) was associated with elevated BRD9
and TRIP13 expression (likely through HBV cis-regulation and ge-
nomic dosage effects from regional duplication) and reduced
ZDHHC11 expression (potentially owing to integration-associated
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Figure 5. HBV integration-mediated chromosomal translocations. (A-G) Circos plots for samples T1-T7, respectively. (H,I) Circos plots for samples N4
and N6, respectively. The schematic illustrates the following: (inner circle) translocations between chromosomes bridged by HBV insertions (colored by
genomic position), with solid lines indicating human-HBV connections and dashed lines representing interchromosomal connections; (middle circle) sam-

ple-specific CNV profiles; and (outer circle) chromosomal ideograms.

telomeric loss). Second, in sample T2 (for which nontumor tissue
was unavailable), genes near integration sites were markedly more
highly expressed than were those in other tumor samples (Supple-
mental Fig. S9). These findings collectively demonstrate that HBV
integration significantly perturbs transcriptional regulation in af-
fected genomic regions.

Cis-activating role of HBV-Enh | in oncogene expression

The cis-regulatory effects of integrated HBV sequences represent
a key mechanism driving aberrant oncogene expression, which
is dependent on both the genomic integration site and viral
sequence composition. Beyond the well-characterized TERT

2396 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279889.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279889.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

HBYV integration and its carcinogenic mechanisms

A o N Chr5: 1- 4900000 o T Chr5: 1- 4900000
. TN
g, - -Il . .
5 5 | "TMd.. Lk
23 2 3. - sflhedia ™
> >
g, sl 1 1 7 NN
32 S 2 ks I : Al AR Ll ]
o] ™1
A | | | _ | 0 | ]
0 Mbp 1 Mbp 2 Mbp 3 Mbp 4 Mbp 0 Mbp 1 Mbp 2 Mbp 3 Mbp 4 Mbp O
B
(Il [T ] T 1 1L )
0 0 0 0 o0 O
chrs 8% god® g1 W00 1o p100% 12107 727
y/ /A T ee— /1 N
1/ 1/ //

C N Chr8: 95220002- 133079999 Chr8: 95220002- 133079999
6
5
8 4 8
€ €
2 3 2
> >
Q. Q
Qo 2 o
[3) [$)
1
MYC
0
9522Mbp  10322Mbp  111.22Mbp  119.22Mbp ~ 127.22 Mbp 9522Mbp 10322 Mbp  111.22Mbp  119.22 Mbp 127.22 Mbp
D = n nl 1 [T | n
( T ¢ I B )
oot T LI 1]
Chrg 0 0 000 | 400 0 00 0 © (00 0 00 o0
a0 6@‘3%@50‘3 500 m““ B 81355 100 00 mcﬂww“ mﬂ" 13060“ 267—‘5 111:6“ 1150,;’ N 1510‘-’;’11«@ 1A5; 610““1 10‘3 16009 \gwg“r; ;
L 1 1 | ] It
x> € = R e P < —>=
—_— s PR S e —_— i G -
_—— o L e = Y N Rt -
=— N = —3 < —=
s . | p— A - i
= LT
e < ) - -
> < > =< =g -
chrl | |///\ \///\ | /;/\ | ! | Chri1 Cchr17
N M N o N o
o o® T ® o ® PANN [\ o & QQ ~ @
pO 0 O © «® o0 o0 o0 0 N
@2 SaIN PN g A A% o & a® a? »¥ ol

Figure 6. HBV-mediated complex chromosomal rearrangements. (A,C) CN profiles comparing nontumor (left) versus tumor tissue (right) from sample 1
(A) and sample 2 (C). (B,D) Schematic diagrams of HBV integration patterns on Chr 5 (B) and Chr 8 (D). Red rectangles denote integrated HBV sequences;
solid lines indicate human-HBV junctions (arrowheads show breakpoint orientations); and colored dashed lines represent connections between reference

segments and human sequences.

Genome Research 2397
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 21, 2026

Wang et al.

. Published by Cold Spring Harbor Laboratory Press

promoter integration in sample T1, we identified a clinically signif-
icant HBV integration cluster upstream of the MYC TSS in sample
T2 (56 supporting reads). This integration occurred within a copy
number-amplified region (Chr 8: 127,545,001-127,755,000) con-
taining multiple HBV-Enh II sequences and correlated with MYC
overexpression (Supplemental Table S4). This location matches
our previously reported HBV integration hotspot between MYC
and PVT1 in early-onset HCC (Yan et al. 2015).

A

Through genome-walking and Sanger sequencing, we
characterized the integrated HBV fragment (NCBI GenBank
[https://www.ncbi.nlm.nih.gov/genbank/] accession number
JQ688405.1), which contained most of the PreS, Enh I/HBx pro-
moter and Enh II and was designated “HBx-SINE” (Fig. 7A;
Supplemental Fig. S10). Luciferase reporter plasmids containing
the full-length HBx-SINE or the truncated mutant sequences
were constructed, and a dual-luciferase reporter assay was
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Figure7. Cis-activation role of HBV-Enh I. (A) Schematic representation of the HBV integration locus and the constitution of the integrated HBV sequence
(HBx-SINE). (B) Relative luciferase activity of HBx-SINE-pGL3-promoter constructs in cell lines Hep G2, HuH-7, HCCLM3, MHCC97-H, HT-29, HCT 116, and
293T. (C) Relative luciferase activity of truncated HBx-SINE-pGL3-promoter constructs in cell lines HuH-7 and Hep G2. (D,E) Schematic of pGL3 plasmids

harboring the MYC promoter or PVTT promoter (top) and the relative luciferase

activities of the constructed plasmids in the HuH-7 and Hep G2 cell lines

(bottom). (F) Schematic of pGL3 plasmids harboring truncated HBx-SINE sequences and the MYC promoter (top) and the relative luciferase activity of the
constructed plasmids in the HuH-7 and Hep G2 cell lines (bottom). The error bars correspond to the SDs of three independent transfections for each plas-
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2398 Genome Research

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279889.124/-/DC1
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279889.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

HBYV integration and its carcinogenic mechanisms

performed to verify the effect of HBx-SINE (Supplemental Table
S5). The results revealed that HBx-SINE exerted enhancer activity
in the Hep G2, HuH-7, HCCLM3, MHCC97-H, HT-29, and HCT
116 cell lines but not in the 293T cell line (Fig. 7B). In this study,
the HuH-7 and Hep G2 cell lines were used for further verification
and functional studies because they are common cell lines used for
luciferase assays, transfection experiments, and cell functional
studies in HCC (Zhang et al. 2020; Xie et al. 2021; Wen et al.
2025). HCCLM3 and MHCC97-H are cell lines used for metastatic
HCC models and are prioritized for studying tumor invasion rather
than HBV-specific mechanisms. Moreover, to rule out interference
from HBYV itself, we selected two HCC cell lines without a back-
ground of HBV infection. Then, the constructed HBV sequence-
truncated mutant plasmids were inserted into the pGL3-promoter
vector and transfected into the HuH-7 and Hep G2 cell lines, and
the region (518-906 bp) of HBx-SINE demonstrated the strongest
enhancing effect in both HCC cell lines (Fig. 7C). Subsequently,
HBx-SINE and the truncated mutant sequences were cloned and
inserted into the MYC-pGL3-Basic and PVT1-pGL3-Basic plas-
mids. The results revealed that HBx-SINE could enhance the tran-
scriptional regulation of the MYC promoter, whereas the role of
the PVT1 promoter was significant in HuH-7 cells but not in Hep
G2 cells. HBV-Enh I was the core sequence for transcriptional acti-
vation of the MYC promoter (Fig. 7D-F). Analysis of the inserted
HBV sequences in the gene regions revealed that the integration
of HBV-Enh I could occur near the regions of the upregulated genes
affected by HBV integration, suggesting that HBV-Enh I plays an
important role in gene transcriptional activation.

The aberrantly high expression of MYOCD in sample T3 pro-
vided another example of an integrated HBV-Enh I serving as an
enhancer for human genes. Compared with other genes in nearby
regions associated with HBV integration, MYOCD is expressed at
relatively low levels in the liver, and its biological effects have
not been reported in HCC. In sample T3, HBV integrated into
Exon 14 of MYOCD, and the integration region was also mapped
to the region with an enhancer signature in the genome
(E1847572, Chr 17: 12,768,309-12,768,611), accompanied by
copy number amplification (Fig. 8A). The transcriptome data re-
vealed that MYOCD was expressed at the highest level in sample
T3 among all the detected samples (Fig. 8B). Notably, some chime-
ric reads in this region contained two or three HBV-Enh I sequences
(Supplemental Fig. S11). Accordingly, it was speculated that the in-
tegration of HBV-Enh I promoted aberrantly high expression of
MYOCD and contributed to HCC development.

Based on the above results, dual-luciferase reporter plasmids
containing the HBV-Enh I and MYOCD promoter sequences were
constructed and transfected into the HCC cell lines HuH-7 and
Hep G2, and the luciferase activity was measured 32 h later. As ex-
pected, HBV-Enh I increased MYOCD promoter-Luc-reporter activ-
ity (Fig. 8C). The following stable MYOCD-overexpressing HCC
cell lines (HuH7-MYOCD-OE and Hep G2-MYOCD-OE) were sub-
sequently constructed. Consistent with these findings, MYOCD-
overexpressing cells exhibited a typical epithelioid morphology
and increased migration and invasion (Fig. 8D-I). These results
suggested that MYOCD might play an oncogenic role in HCC path-
ogenesis by promoting tumor cell migration and invasion.

Discussion

The integration of HBV into hepatocellular genomes is a pivotal
driver of HCC occurrence and progression. Although widely re-
ported, the underlying pathogenic mechanisms have remained in-

completely understood until recently. In this study, we conducted
an integrated analysis of ONT whole-genome sequencing and full-
length transcriptome sequencing data from seven paired tumor
and nontumor tissues. We characterized HBV integration patterns
at both the genomic and transcriptomic levels, as well as their reg-
ulatory effects on human SVs and gene expression in the human
genome. Notably, the tissues were obtained from patients under
30 years of age, who frequently had a family history of HBV infec-
tion, a relatively low incidence of liver cirrhosis, and a poor prog-
nosis. These findings suggest that the pathogenesis of early-onset
HCC may differ from that of late-onset HCC (Yan et al. 2015;
Péneau et al. 2022).

In this study, we analyzed both the HBV-human junction
breakpoints and the integrated HBV sequences. Notably, ~37.5%
of the integrated HBV sequences exceeded the length of the refer-
ence HBV genome (3215 bp), with some >30,000 bp. Given the fre-
quent detection of HBV-related SVs, we hypothesize that HBV may
undergo self-fusion during integration into the human genome.
Additionally, a substantial proportion of chimeric reads contained
HBV sequences at only one terminus (designated “single-end chi-
meric reads”), and breakpoints in these single-end reads coincided
with those in translocation/duplication-bridging chimeric reads
(Supplemental Fig. S2). These results are consistent with previous
reports that the HBV genome can be fragmented and integrated
into the human genome in different orientations continuously
at the same site (Zhuo et al. 2021). HBV integration is an early
driver of tumor progression (Duan et al. 2018). We speculate that
during clonal evolution, HBV-integrated human genomes may
fuse via HBV sequences, leading to SVs such as interchromosomal
translocations or duplications. Furthermore, nearly all breakpoints
in paired nontumor tissues exhibited low copy numbers, suggest-
ing positive selection during tumorigenesis. Human papillomavi-
rus (HPV) is another DNA tumor virus that integrates into host
genomic DNA and forms virus-virus and virus-host genomic
structural rearrangements, which are unstable and lead to further
intratumoral heterogeneity and clonal evolution; through long-
read sequencing, unique breakpoints shared across structural vari-
ants were also observed in HPV integration (Akagi et al. 2023).
These findings suggest certain commonalities in the oncogenic
mechanisms of DNA oncoviruses that integrate into host ge-
nomes; however, their broader implications require further
exploration.

Accumulating evidence indicates that HBV integration can
reshape the genomic architecture and promote the development
of HCC (van Buuren et al. 2022; Qian et al. 2024). Notably, our
analysis revealed host interchromosomal translocations in all sev-
en tumor samples, with a significantly higher frequency than pre-
viously reported in the literature (Alvarez et al. 2021; van Buuren
et al. 2022). Moreover, six tumor samples exhibited HBV integra-
tion events proximal to telomeric or centromeric regions, suggest-
ing that these areas may be preferential sites for viral integration.
These samples demonstrated frequent HBV-associated SVs, includ-
ing duplications (DUPs), deletions (DELs), inversions (INVs), and
interchromosomal translocations, all of which are indicative of
chromosomal instability.

Specifically, two representative cases were observed: (1) HBV
integration near the telomeric region of Chr 5 in sample T1 and
(2) integration on the long arm of Chr 8 in sample T2. Both events
were supported by numerous HBV-human chimeric reads and ex-
hibited frequent interchromosomal translocations with “fold-
back” inversion patterns mediated by inserted HBV sequences.
Such fold-back patterns implicate BFB cycles (Tanaka and Yao
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Functional analysis of aberrantly expressed MYOCD. (A) Schematic representation of the HBV integration locus located in the MYOCD gene

region (bottom) and the corresponding CNV (top). (B) Relative expression levels of MYOCD in the seven samples. (C) Plasmid constructs containing the
MYOCD promoter (top) and the relative luciferase activity of the constructed plasmids in the HuH-7 and Hep G2 cell lines (bottom). (D,E) MYOCD expression
levels were determined by qRT-PCR and western blotting in the HCC lines HuH-7 and Hep G2 infected with the MYOCD overexpression virus or mock vector
virus. The data are presented as the mean + SEM (n =3). (F~/) Migration and invasion assays of HuH-7 and Hep G2 cells infected with the MYOCD over-
expression virus or mock vector virus (n=5 for migration and invasion assays). One-way ANOVA was used to compare the relative luciferase activity.
Two-sample t-tests were used to compare the differences between the overexpression and control groups. (**) P<0.005, (***) P<0.001.

2009), which can drive oncogene overexpression and contribute
to both cancer initiation and therapeutic resistance (Shoshani
et al. 2021). Furthermore, the enrichment of HBV integration
loci within Chr8q CFS regions (>50% in sample T2) may partially
stem from their inherent fragility, explaining the high integration
density in this area. HBV integration in the centromeric region of
Chr 8 was first identified. Given the essential role of the centro-
mere in chromatin segregation during mitosis, such integration
events may disrupt centromere function and promote large-scale
chromosomal rearrangements. Coincidentally, the human 8q24

region is also a common integration site for HPV (Akagi et al.
2023), indicating that fragile sites in the human genome may serve
as integration hotspots for oncoviruses.

Full-length transcriptome sequencing was employed to
investigate the regulatory effects of HBV integration on human
gene expression, enabling a more comprehensive analysis of tran-
scriptome complexity (van Dijk et al. 2023). Our analysis demon-
strated that HBV preferentially integrates into intergenic regions,
introns, and regions near TSSs, subsequently promoting the ex-
pression of adjacent genes. To elucidate this mechanism, HBV-
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Enh I'was identified as a key factor in the transcriptional activation
of the MYC and MYOCD promoters via dual-luciferase reporter as-
says. These findings align with those of previous studies on the
TERT promoter (Péneau et al. 2022). Notably, HBV-Enh I sequences
are highly conserved and functionally active in vivo, and their in-
tegration may contribute to the amplification of genomic regions
harboring multiple proto-oncogenes (Shamay et al. 2001). In this
study, we explore the regulatory role of the integrated HBV-Enh I
on human gene expression, and these results suggest that integrat-
ed HBV-Enh I plays a critical role in modulating human gene ex-
pression both upstream of and downstream from the HBV
integration loci.

Genes directly disrupted by HBV integration or located near
integration sites exhibited aberrant expression. In paired samples
1 and 3-7, TERT, MYOCD, SEMA3C, and CCNAZ2 expression levels
significantly changed, particularly in samples in which HBV was
integrated into or near these genes. TERT is a well-documented
hotspot for HBV integration and is strongly associated with HCC
pathogenesis (Nault et al. 2019). In contrast, MYOCD has rarely
been linked to HCC, despite its established role as a transcriptional
coactivator of serum response factor, primarily in the regulation of
smooth muscle-specific and cardiac muscle-specific genes (Wang
et al. 2004; Yang and Shi 2021). In this study, MYOCD expression
was markedly upregulated in tumor tissue from sample 3, suggest-
ing its potential involvement in HCC progression. Functional as-
says confirmed that MYOCD overexpression enhances HCC cell
invasion and metastasis in vitro. Similarly, SEMA3C was signifi-
cantly upregulated in sample 4; this gene is a known target of
SOX4, which promotes metastasis in HCC (Liao et al. 2008).
Elevated SEMA3C and reduced MFN2 levels correlate with poor pa-
tient survival (Feng et al. 2016).

Importantly, large-scale SVs and altered expression of HCC-
related genes associated with HBV integration were observed
in all male patients, whereas fewer integration events occurred in
female patients, which was consistent with prior reports.
Additionally, these young male patients lacked liver cirrhosis but
had poor prognoses, potentially because of rapid tumor cell prolif-
eration and/or metastasis driven by the overexpression of certain
oncogenes (Péneau et al. 2022). As reported in Asia, as many as
40% of patients with HCC develop chronic hepatitis B (CHB) with-
out underlying cirrhosis (Takano et al. 1995; Wong et al. 2013).
Although no clear reason for the absence of cirrhosis has been
identified, race and family history of HCC are the main risk factors
for HCC in the absence of cirrhosis in patients with CHB
(Chayanupatkul et al. 2017). Among the patients included in our
study, the three male patients without cirrhosis had a family histo-
ry, whereas one male patient with hepatic fibrosis had no family
history. Among the female patients, one with a family history de-
veloped cirrhosis; of the two without a family history, one devel-
oped cirrhosis, and the other developed hepatic fibrosis
(Supplemental Table S1). The integration number of HBV-Enh I
was lower in female patients than in male patients. Experimental
data have demonstrated that the expression of androgen receptor
(AR) and estrogen receptor 1 (ERS1 [also known as estrogen recep-
tor alpha]) may play a role in the sex disparity in patients with
HCC (Ahmed et al. 2015; Zheng et al. 2017). Furthermore, HBV-
Enh I can directly bind to AR and is evolutionarily conserved across
different HBV genotypes (Wang et al. 2009; Zheng et al. 2017). In
HBV biology, androgen-activated AR actively binds to viral
enhancer I and stimulates viral transcription comprehensively,
whereas estrogen-sustained ERS1 passively prevents HNF4A from
activating HBV-Enh I and subsequently subdues HBV transcription

(Wang et al. 2015). Overall, the sex disparity in HBV integration
may be one of the reasons for the clinical outcomes in male and
female patients, such as liver cirrhosis and poor prognosis, and
HBV-Enh I plays a vital role in HCC development. Nevertheless,
owing to the limited number of patients with early-stage HBV-
HCC patients available, our study included only seven individuals
(four male and three female), which may introduce bias in the re-
sults, further studies are needed.

As a stable component of the host genome, integrated HBV
DNA persists longer than cccDNA does. Although eliminating or
silencing cccDNA remains the primary goal of antiviral therapies
(defining a “functional cure”), current treatments do not address
integrated HBV DNA. Clonal expansion of hepatocytes harboring
integrated HBV genomes may serve as a stable source of viral pro-
tein expression and contribute to HCC initiation. Nevertheless,
whether integrated HBV impedes functional cure remains
controversial.

In summary, HBV integration drives large-scale SVs in the hu-
man genome, and the roles of integrated HBV sequences and
HBV-HBYV junctions cannot be overlooked. HBV integration alters
transcriptional outcomes either through modifying the genomic
dosage or through the cis-regulatory effects of inserted sequences.
Specifically, HBV-Enh I plays a pivotal role in aberrant gene
expression, frequently activating genes near integration sites.
Furthermore, we identified several HCC-associated genes, such as
dysregulated MYOCD, as potential molecular targets. This study
elucidates the carcinogenic mechanisms of HBV by examining
both viral integration and host genomic alterations, advancing
our understanding of HBV-driven oncogenesis and offering new
insights for HBV-HCC detection.

Methods

Patients and tissue samples

HBV-HCC tumor and paired nontumor tissue samples were ob-
tained from seven patients with early-onset (<30 years old) HBV-
HCC who underwent surgical resection. During sequencing, tu-
mor and paired adjacent nontumor tissues from one patient
were processed separately. Specifically, the tumor tissue selected
for sequencing originated from a single nodule, ensuring that no
mixing of different nodules occurred prior to sequencing. This
study was performed in accordance with the Helsinki declaration
and was approved by the ethics committee of Changhai
Hospital. Written consent was obtained from the patients. The
clinicopathological information of the patients is listed in
Supplemental Table S1.

DNA and RNA extraction

High-molecular-weight (HMW) gDNA and total RNA were extract-
ed from fresh-frozen tumor and matched nontumor tissues stored
in liquid nitrogen. Qubit was used for concentration and purity
detection. The integrity of the extracted nucleic acids was analyzed
via agarose gel electrophoresis.

DNA library construction and ONT whole-genome sequencing

In accordance with the instructions of ONT, on average, HMW
gDNA was sheared randomly to 8 kb using a g-tube. Nick repair
(NEB next FFPE DNA repair mix), dA tailing (NEB next Ultra II
end repair/dA-tailing module), and adapter ligation (NEB next
blunt/TA ligase master mix) were sequentially performed on the
sheared gDNA fragments, and DNA purification was performed
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between each step. A Qubit fluorometer 2.0 (Thermo Fisher
Scientific) was used for library quantification. ONT whole-genome
sequencing was subsequently performed on the prepared DNA li-
braries following the manufacturer’s instructions.

In silico analysis of ONT genome sequencing data

The FASTS5 data were basecalled using Guppy (v4.4.1; https://
nanoporetech.com) and converted to FASTQ data. The sequenc-
ing quality was evaluated by NanoQC (https://github.com/
wdecoster/nanoQC) and NanoState (https://github.com/choojs/
nanostate). Reads with a mean quality of less than seven were
excluded by NanoFilt (De Coster et al. 2018; https://github
.com/wdecoster/nanofilt). To obtain clean data, the adapters
were removed, and short reads (<500 bp) were filtered out.
Then, NanoPlot (https://github.com/wdecoster/NanoPlot) was
subsequently used to verify the quality control of the clean
data. Long-read alignment was performed with minimap2 (Li
2018; https://github.com/lh3/minimap2), with GRCh38 serving
as the reference human genome. The alignment rates and cover-
age depths were calculated to evaluate the data quality
(Supplemental Table S6).

HBYV integration analysis

To analyze HBV integrations, all the HBV genome genotypes pro-
vided by NCBI were integrated as a total HBV reference for align-
ment. The distribution of the HBV genotype in each sample was
obtained according to minmap2 and NanoCount (Gleeson et al.
2022; https://github.com/a-slide/NanoCount). The genotype
with the highest abundance in each sample was considered to be
the HBV genotype with which the patient was infected, and the
subtype of infected HBV was determined according to the geno-
types. To extract HBV reads, the clean data from each sample
were aligned to the corresponding HBV subtype using minimap2,
and the HBV-human chimeric reads were extracted using
SAMtools (Li et al. 2009; https://github.com/samtools/samtools).
To construct a specific reference sequence suitable for each sample,
the human reference genome GRCh38 was subsequently com-
bined with the HBV subtypes identified in each sample. After
alignment of the human chimeric reads, the integration locations
in the human genome and the integration fragment information
of HBV were identified using Sniffles (The 1000 Genomes Project
Consortium et al. 2015; https://github.com/fritzsedlazeck/
Sniffles) with the following parameters: (1) SVs were retained
when there was at least one supporting read; (2) the maximum
number of split reads was seven; and (3) the minimum length of
the SVs was 30 bp. The HBV-human chimeric reads were also an-
alyzed by nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast
.cgi) and the UCSC Genome Browser (https://genome.ucsc.edu/)
to verify the precise integration breakpoints in the human ge-
nome. The breakpoints in the human genome with HBV integra-
tion were annotated using the R package “annotatr” (Cavalcante
and Sartor 2017; https://bioconductor.org/packages/release/bioc/
html/annotatr.html). The coverage plots and alignments of the
HBV-human chimeric reads were visualized by the Integrative
Genomics Viewer (IGV) (Robinson et al. 2011).

SV calling and analysis

To detect SV among the human genome, the SVs were called by
Sniffle with the following parameters: (1) SVs were retained
when there were at least three supporting reads, and the maximum
number of split reads was seven; and (2) the minimum length of
the SVs was 30 bp. All SVs were annotated as deletions (DELs), du-
plications (DUPs), insertions (INSs), or inversions (INVs). The

Circos (Krzywinski et al. 2009) plots and bootstrap analysis results
were illustrated by in-house scripts (Supplemental Code).

CNYV calling and analysis

Human CNV detection was performed using QDNA-seq software
(https://github.com/ccagc/QDNAseq); the genome was divided
into 1000-sized bins; and the alpha value of the circular binary seg-
mentation of the DNA copy package was less than 0.05 to accept
the changed point. The chimeric read number was calculated
when the breakpoints in the human genome were within regions
with CNVs.

The integrated HBV copy numbers at each integration site
were quantified as follows: If the aligned HBV sequence length ac-
counted for >60% of the HBV reference genome length (3215 bp),
it was considered one copy. Multiple overlapping segments each
>60% coverage were counted as multiple copies. If none of the in-
tegrated HBV fragments at a given site had >60% coverage, the site
was still counted as one copy.

ONT full-length transcriptome sequencing and analysis

The extracted RNA was converted to cDNA using maxima H minus
reverse transcriptase (Thermo Scientific), after which cDNA repair
and end repair were performed. The cDNA was purified using
magnetic beads between each step. After adapter ligation, ONT
full-length transcriptome sequencing was performed. The clean
transcriptome reads were aligned with the “gencode.v38” package
of minimap2. The data quality was checked (Supplemental
Table S7). The relative abundance of genes was determined
by NanoCount. Differential gene expression was analyzed
using EBSeq (Leng et al. 2013) by the R package (R Core Team
2024) and extracted by |log,FC|>1 and FDR value<0.1. TBtools
was used for gene expression heatmap illustrating (Chen et al.
2023).

Polymerase chain reaction and Sanger sequencing

The full-length integrated HBV sequence inserted between MYC
and PVT1I reported in our previous study on early-onset HCC
(Yan et al. 2015) was obtained through genome walking combined
with Sanger sequencing. In this step, the nested PCRs were per-
formed using a genome walking kit (Takara Biotechnology) ac-
cording to the manufacturer’s instructions. The primers used are
shown in Supplemental Table S8.

The chimeric reads were randomly selected for PCR valida-
tion. The PCR primers used for validation of the chimeric reads
obtained through ONT sequencing were designed according to
the BLAST results (Supplemental Table S3), and PrimeSTAR max
DNA polymerase (Takara Biotechnology) and Advantage genomic
LA polymerase mix (Takara Biotechnology) were used for PCR am-
plification according to the length of the inserted HBV sequences.

Agarose gel purification and extraction (high pure PCR
Product purification kit, Roch) were performed after the PCRs,
and the products were sent for Sanger sequencing for validation.

Cell lines and cell culture

Hep G2, HuH-7, HCCLM3, MHCC97-H, HT-29, HCT 116, and
293T cells were purchased from the National Collection of
Authenticated Cell Cultures. All the cells were cultured in a humid-
ified incubator at 37°C and 5% (v/v) CO,. Dulbecco’s Modified
Eagle Medium (DMEM; Corning) supplemented with 10% fetal
bovine serum (Gibco) and 100 U/mL penicillin/streptomycin
(NCM Biotech) was used.
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Dual-luciferase assay

The reporter plasmids were constructed using a series of pGL3 re-
porter vectors (Promega) according to the manufacturers’ guide-
lines, and the inserted sequences and cleavage sites are shown in
Supplemental Table S5. The pRL-TK Renilla vector (Promega) was
used as an internal reference plasmid. Hep G2, HuH-7,
HCCLM3, MHCC97-H, HT-29, HCT 116, and 293T cells were seed-
ed in 24-well plates. When the cells were 70%-80% confluent, the
constructed pGL3-series plasmids and the pRL-TK Renilla vector
were cotransfected into the above cells at a ratio of 100 to one.
The transfected cells were cultured for 36 h and subsequently
lysed, after which luciferase activity was detected using a dual-lu-
ciferase reporter assay system (Promega) according to the manufac-
turer’s instructions. Renilla luciferase was used as the internal
reference.

Establishment of stable MYOCD-overexpressing cell lines

The full-length MYOCD mRNA sequence (NM_001146312.3) was
cloned and inserted into an expression vector to generate the
transfer plasmid PGMLV-CMV-H_MYOCD-3xFlag-PGK-Puro,
which was subsequently cotransfected with the packaging plas-
mids for lentivirus packaging. Moreover, a negative lentivirus con-
trol was constructed using the empty vector as a transfer plasmid.
The constructed lentiviruses were used to infect HuH-7 and Hep
G2 cells, and stable MYOCD-overexpressing cells were selected
through puromycin selection.

RNA extraction and qRT-PCR

RNA was extracted from the cultured cells using an RNAfast200 ex-
traction kit (Fastgen). A PrimeScript RT reagent kit (perfect real
time; Takara) was used for cDNA synthesis, and TB green premix
Ex Taq II (Tli RNaseH plus; Takara) was used for quantitative real-
time (RT) PCR detection. The endogenous control gene for nor-
malizing the expression of the tested genes was actin beta
(ACTB). The primers used in this study are shown in Supple-
mental Table S8.

Western blot analysis

The cultured cells were lysed for protein collection, and western
blotting was subsequently performed using the protocol described
by Wang et al. (2016). The antibodies used were as follows: anti-
MYOCD antibody (Sigma-Aldrich), anti-GAPDH antibody
(Proteintech), goat antirabbit antibody (Proteintech), and goat
antimouse antibody. The antibodies used in this study are shown
in Supplemental Table S9.

Cell migration and invasion analysis

Transwell chambers coated with or without Matrigel (CorningA)
were used for cell migration and invasion assays, respectively. In
the experiments, 1x 10> cells were prepared and suspended in
100 pL or 500 pL of DMEM without FBS and then seeded in the up-
per chambers, and the lower chambers were filled with 500 pL or
750 uL of DMEM containing 10% FBS for migration or invasion as-
says, respectively. After the cells were incubated at 37°C, 4% para-
formaldehyde was used for cell fixation, and 0.5% crystal violet
was used for cell staining. The inwall-stained cells were removed
with cotton swabs, after which the cells that were fixed outside
of the chamber were photographed and quantified.

Statistical analysis

The data are presented as the mean +SD of three or more indepen-
dent experiments. ANOVA and t-test were used for parametric ex-
perimental data analysis. Statistical analysis was performed using
GraphPad Prism 8.0 software (GraphPad Software) and R packages.
All reported P values are two-sided, and P<0.05 was considered to
indicate statistical significance.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the Genome Sequence Archive (Chen et al.
2021) in the National Genomics Data Center (CNCB-NGDC
Members and Partners 2022), China National Center for
Bioinformation/Beijing Institute of Genomics, Chinese Academy
of Sciences (GSA-Human, https://ngdc.cncb.ac.cn/gsa-human)
under accession number HRA006617.
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