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ABSTRACT Hepatitis B virus (HBV) can integrate into the chromosomes of infected hepa-
tocytes, creating potentially oncogenic lesions that can lead to hepatocellular carcinoma
(HCC). However, our current understanding of integrated HBV DNA architecture, burden,
and transcriptional activity is incomplete due to technical limitations. A combination of
genomics approaches was used to describe HBV integrations and corresponding transcrip-
tional signatures in three HCC cell lines: huH-1, PLC/PRF/5, and Hep3B. To generate high-
coverage, long-read sequencing data, a custom panel of HBV-targeting biotinylated oligo-
nucleotide probes was designed. Targeted long-read DNA sequencing captured entire
HBV integration events within individual reads, revealing that integrations may include
deletions and inversions of viral sequences. Surprisingly, all three HCC cell lines contain
integrations that are associated with host chromosomal translocations. In addition, tar-
geted long-read RNA sequencing allowed for the assignment of transcriptional activity to
specific integrations and resolved the contribution of overlapping HBV transcripts. HBV
transcripts chimeric with host sequences were resolved in their entirety and often included
>1,000 bp of host sequence. This study provides the first comprehensive description of
HBV integrations and associated transcriptional activity in three commonly utilized HCC-
derived cell lines. The application of novel methods sheds new light on the complexity of
these integrations, including HBV bidirectional transcription, nested transcripts, silent inte-
grations, and host genomic rearrangements. The observation of multiple HBV-associated
chromosomal translocations gives rise to the hypothesis that HBV is a driver of genetic
instability and provides a potential new mechanism for HCC development.

IMPORTANCE HCC-derived cell lines have served as practical models to study HBV
biology for decades. These cell lines harbor multiple HBV integrations and express
only HBV surface antigen (HBsAg). To date, an accurate description of the integration
burden, architecture, and transcriptional profile of these cell lines has been limited
due to technical constraints. We have developed a targeted long-read sequencing
assay that reveals the entire architecture of integrations in these cell lines. In addi-
tion, we identified five chromosomal translocations with integrated HBV DNA at the
interchromosomal junctions. Incorporation of long-read transcriptome sequencing
(RNA-Seq) data indicated that many integrations and translocations were transcrip-
tionally silent. The observation of multiple HBV-associated translocations has strong
implications regarding the potential mechanisms for the development of HBV-associ-
ated HCC.
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n chronic hepatitis B (CHB) patients, HBV integration is a risk factor that has been

associated with HBV chronicity and hepatocellular carcinoma (HCC). HBV integration
occurs early and can be detected even in pediatric patients (1, 2). Integrations often
produce viral transcripts, presenting a major obstacle for complete clearance of HBV
antigens (3, 4). Transcripts from integrations are often chimeric with host, which can
lead to the synthesis of chimeric proteins. These chimeric transcripts and proteins have
been associated with progression to HCC in CHB patients, and multiple HCC-derived
cell lines harboring integrations have been described (5-9). PLC/PRF/5, huH-1, and
Hep3B cells were first characterized in the 1970s and have been used extensively to
study HBV and carcinogenesis (10). While these cell lines do not produce infectious vi-
ral particles, they do produce HBV surface antigen (HBsAg), presumably from inte-
grated HBV DNA (11). Determination of the exact architecture, burden, and transcrip-
tional activity of all integrations in these cell lines could provide insights into the
transcriptional activity of integrated HBV and the mechanisms of HCC development.

Characterization of HBV integrations has largely relied on identifying virus-host junc-
tions using inverse nested PCR (2, 12, 13). While this method can greatly amplify inte-
grated HBV sequences, results may be biased by the presence, absence, and proximity of
primer binding and restriction sites. More recent studies have used next-generation
sequencing (NGS) for an unbiased approach to detection (14, 15). Using sequencing by
synthesis (SBS), the most common NGS platform, millions of reads can be generated
from a single sample. However, libraries for SBS sequencing have an average length of
300 bp, approximately 10 times shorter than the 3.2-kb length of the HBV genome (16).
While it is possible to identify junctions between HBV and host genomes, resolution of
the architecture of individual integrations has required validation by PCR (17). Third-gen-
eration sequencing platforms (e.g., PacBio and Oxford Nanopore) have made it possible
to generate sequences significantly long enough to contain full-length HBV and flanking
host regions within a single read (18). However, the human haploid genome (3.3Gbp) is
one million times the size of the HBV genome (3.2 kbp), so most reads from shotgun
DNA sequencing contain only human sequences.

Ascribing HBV transcripts to specific integrations has also proven challenging due
to the shared sequence homology among integration events and the overlapping na-
ture of transcripts produced. In addition, traditional transcriptome sequencing (RNA-
Seq) cannot distinguish the origin of reads containing only HBV, whether from inte-
grated or covalently closed circular DNA (cccDNA). Moreover, HBV produces multiple
overlapping transcripts from cccDNA that cannot be easily differentiated with short
reads (19). Isoform sequencing (Iso-Seq) is long-read sequencing applied to cDNA libra-
ries and offers important advantages over short-read RNA-Seq. Iso-Seq has the poten-
tial to sequence entire transcripts, including kilobases of host chimeric sequence, to
reveal the entire architecture of chimeric HBV-host reads. Iso-Seq reads made from
multiple passes of individual molecules also have high enough accuracy that single-nu-
cleotide polymorphisms (SNPs) can be phased (20).

In this study, we sought to resolve the architecture of integrated HBV DNA and
assign corresponding transcriptional profiles to each event. A combination of genomic
approaches was used to sequence integrated HBV and associated HBV RNAs from
three HCC cell lines: huH-1, PLC/PRF/5, and Hep3B. We used a custom HBV-targeting
panel of biotinylated oligonucleotides to enrich for HBV sequences followed by long-
read sequencing of genomic DNA (targeted PacBio) or cDNA (targeted Iso-Seq).
Targeted PacBio revealed multiple integrations in all cell lines, including several associ-
ated with host chromosomal translocations. Targeted Iso-Seq enabled the detection
and differentiation of full-length transcripts generated from HBV integrations and
assigned transcripts to specific integrations. Notably, many integrations appear tran-
scriptionally silent. Lastly, we identified both chimeric and nonchimeric transcripts
originating from integrations. The nonchimeric reads from integrations utilize a novel
transcription stop site and can be differentiated from nonchimeric transcripts of
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cccDNA origin. This important observation allows accurate quantification of the tran-
scriptional burden from integrations versus cccDNA.

RESULTS

Short-read sequencing reveals location and transcriptional activity of HBV
integrations. To better understand HBV integrations, we performed whole-genome
sequencing (WGS) analysis on three HCC cell lines (huH-1, PLC/PRF/5, and Hep3B),
known to contain HBV integrations (9, 10). These cell lines originated from individuals
with HCC and have been used extensively to understand HBV-associated HCC. Each
cell line contains more than one HBV integration and expresses HBsAg but no other vi-
ral antigens and does not produce infectious viral particles (9, 10, 21). Multiple reads
containing both virus and host sequences were detected in all cell lines, indicating
HBV integration into host chromosomes. Chimeric reads from all cell lines were
mapped to both the HBV and human genomes, with arrows signifying the directional-
ity of each read (Fig. 1). We were unable to resolve internal sequences from integrated
HBV or describe potential open reading frames (ORFs), as reads containing only HBV
sequences could not be mapped to specific integrations.

To reveal the transcriptional activity associated with each integration, we performed
RNA-Seq from these same cell lines. Like WGS, RNA-Seq was able to detect chimeric
reads in all samples. PLC/PRF/5 and huH-1 cells had high HBV transcriptional activity,
with chimeric transcripts matching multiple integration events, as denoted by circled
arrows on each plot (Fig. 1A and B). For Hep3B cells, RNA-Seq showed expression of chi-
meric transcripts derived from a single integration site in chromosome 4, although the
site was not detected by WGS (Fig. 1C). HBV reads were >1,000-fold more abundant
than WGS using RNA-Seq, allowing for deeper coverage of each expressed integration
detected. Notably, WGS detected integrations in all three cell lines that were not
detected by RNA-Seq, suggesting that these integrations are transcriptionally silent.

Targeted PacBio reveals the complete architecture of integrated HBV DNA. To
capture both transcriptionally active and silent integrations and map intervening
sequences between chimeric junctions, we applied long-read sequencing, which allows
for single reads to contain full-length HBV integrations and flanking host sequences (18).
To enrich for HBV sequences, a panel of 37 biotinylated probes, each 120 bp in size, was
designed to target HBV DNA and allow for facile detection of HBV integrations (Fig. 2A
and B). This improved sequencing coverage by >2,000-fold compared to nonenriched
samples, with HBV sequences representing 1 to 5% of total reads (see Fig. STA in the
supplemental material). In PLC/PRF/5 cells, short-read sequencing located two chimeric
junctions on chromosome 17 (Fig. 2C). Given the proximity of these junctions in chromo-
some 17 and the orientation of the reads within HBV, the junctions were hypothesized
to be associated with a single integration event (Fig. 2C). When the same sample was
sequenced using targeted PacBio, multiple reads captured both junctions from the chro-
mosome 17 integration, including intervening HBV sequences, confirming that these
two junctions were associated with the same integration (Fig. 2D).

Targeted PacBio identifies chromosomal translocations associated with integrated
HBV. Several virus-host junctions detected by WGS appeared unpaired and could not
be partnered with opposite junctions nearby on the same chromosome. For example,
in huH-1 cells, virus-host junctions were observed in chromosome 9 and chromosome
20, but neither junction could be paired with a corresponding junction located nearby
(Fig. 3A). When targeted PacBio was applied to huH-1 cells, we found read support link-
ing chromosome 9 and 20 junctions to a single integration event. We observed
1,100 bp of HBV DNA at the interface of a novel chromosomal translocation joining
chromosome 9 to chromosome 20 (Fig. 3B). We verified this translocation using spec-
tral karyotyping (SKY), a method in which each chromosome is assigned a unique spec-
tral signature and enables detection of chromosomal rearrangements (Fig. 3CQ).
Spectral karyotyping detected two copies of the chromosome 9-to-chromosome 20
fusion event, validating the long-read sequencing results. Additionally, long-read
sequencing detected a previously described chromosomal fusion event in PLC/PRF/5
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FIG 1 Short-read sequencing defines locations and transcriptional activity of integrated HBV in HCC
cell lines. (A) huH-1, (B) PLC/PRF/5, and (C) Hep3B cell lines were analyzed by short-read RNA-Seq and
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FIG 2 Targeted PacBio platform established for HBV integrations and reveals complete architecture of
integrated HBV DNA. (A) Schematic of target enrichment for PacBio method. (B) Targeting location of
the 37 120-bp biotinylated oligonucleotides designed to enrich integrated HBV sequences. (C and D)
Comparison between WGS (C) and targeted PacBio (D) data for the same integration on chromosome
17 in PLC/PRF/5 cells. WGS reads identify HBV-host junction ends, while targeted PacBio resolves the
entire integration within single reads. Reads are plotted on circle aligning to the HBV genome.
Orange circles indicated chimeric junctions with chromosome 17.

cells between chromosome 1 and 8 (Fig. 3E to H) (22, 23). These data highlight a novel
feature of integrated HBV DNA that is not sufficiently characterized using traditional
NGS or nested PCR platforms. In total, we observed three chromosomal translocations
in huH-1 cells, two in PLC/PRF/5 cells, and two in Hep3B cells (Fig. 4).

Resolution of integration architecture and transcriptional activity. Generation of
individual contigs for each integration event revealed a variety of structural changes to the
HBV DNA, including large deletions and inversions (Fig. 5). None of the chromosomal trans-
locations detected contained an intact full-length HBV sequence. The HBV sequences asso-
ciated with chromosomal translocations either contained large truncations or consisted of

FIG 1 Legend (Continued)

WGS. HBV integrations were identified by chimeric HBV-host junctions and their locations mapped as
arrows according to the aligned sequences to the HBV genome (y axis) and host genome (x axis).
Each arrow color corresponds to an individual human chromosome, and its direction correlates to the
orientation of the HBV sequence within the associated chimeric read. Circles indicate junctions that
were also detected by RNA-Seq.
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FIG 3 Targeted PacBio identifies HBV-associated chromosomal translocations. WGS and targeted PacBio were
performed on DNA from huH-1, PLC/PRF/5, and Hep3B cells. (A) WGS data from huH-1 cells found individual HBV-
host junctions within chromosomes 9 (blue dots) and 20 (green dots), with no obvious pairing. (B) Targeted PacBio
revealed that these junctions originated from an HBV-associated translocation. (C) Chromosome 9 to 20 translocation
was confirmed by spectral karyotyping. (D) Alignment of all reads corresponding to this translocation generated a
12-kbp consensus sequence flanking ~1,100 bp of HBV. (E) WGS data mapped individual HBV-host junctions within
Chr1 (purple dots) and Chr8 (blue dots). (F) Targeted PacBio revealed that these junctions originated from an HBV-
associated translocation. (G) This translocation event was confirmed by spectral karyotyping. (H) The consensus
sequence revealed a segmented HBV with 722 bp adjoined to Chr1 and 2,238 bp adjoined to Chr8.

two pieces of truncated and inverted HBV sequence joined together. These neighboring
truncated sequences do not appear to generate novel viral open reading frames (ORFs);
instead, each segment appears independently transcriptionally active (Fig. 5).

We next applied targeted Iso-Seq to characterize and quantify full-length sequences
for all chimeric and nonchimeric transcripts from the HCC cell lines and assigned a
transcriptional signature to each integration event (Fig. 5). Targeted Iso-Seq involves
generation of full-length cDNA libraries followed by HBV target enrichment. Full-length
chimeric transcripts could be mapped to three integrations in PLC/PRF/5 cells and one
integration in huH-1 and Hep3B cells. In addition, we successfully differentiated PreS1
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FIG 4 Multiple HBV integrations are associated with chromosomal translocations. (A to C) Overview of HBV
integration and translocation events in huH-1 (A), PLC/PRF/5 (B), and Hep3B (C) cell lines. Each chimeric
junction is noted with an arrow mapped against the host genome on the x axis and HBV genome on the y
axis. The direction of each arrow indicates the section of HBV included at the respective junction. Lines
connecting two chimeric junctions indicate that reads support pairing of those junctions. Diagonal lines
connecting two chimeric junctions indicate HBV-associated translocations. Major contigs from each cell line
are shown on the right.

from PreS2/S transcripts. In PLC/PRF/5 cells, the integration on chromosome 11
expresses both PreS1 and PreS2/S transcripts, while the integration on chromosome 13
expresses only PreS2/S (Fig. 5A). Surprisingly, we obtained many nonchimeric tran-
scripts in huH-1 cells. These nonchimeric reads from huH-1 cells appeared to have two
distinct single-nucleotide variant (SNV) profiles that align to two separate integration
sites (Fig. 6). These data suggest that detection of HBV mRNAs from integrations is
underestimated by short-read RNA-Seq, which only quantifies chimeric sequences.
Targeted Iso-Seq reveals HBV RNA transcripts that use multiple alternative
poly(A) signals. Targeted Iso-Seq generated from the HCC cell lines demonstrated
that huH-1 and PLC/PRF/5 cells generate transcripts containing both the PreS1 and
PreS2/S ORFs (Fig. 7A). Hep3B cells generate only PreS2/S transcripts that all originated
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FIG 6 SNVs resolve nonchimeric HBV RNAs from two unique integration events. (A) In addition to chimeric HBV RNAs, we identified a large number of
nonchimeric HBV RNAs in huH-1 cells. The majority of these transcripts resolved into two unique SNV profiles. The first SNV aligned contig ix, shown in Fig. 5

(B) The second SNV aligned with contig iii, shown in Fig. 5.

from the same integration event and were chimeric with chromosome 4 (Fig. 7). We
observed that all chimeric HBV transcripts utilize the host poly(A) signal, typically
AAUAAA, and often contain over 1,000 bp of host sequence appended to their 3’ ends
(Fig. 8C). The length of the host sequence was dependent on the proximity of the near-
est poly(A) site within the host genome. Transcriptional readthrough into the host was
independent of whether the integration occurred within a known coding region or in
an intergenic region of the host chromosome. In addition to the chimeric reads, many
huH-1 transcripts were nonchimeric despite originating from integrations (Fig. 7A and
8B). These nonchimeric transcripts start and stop within the HBV integration and do
not contain any host sequences (Fig. 8D). All nonchimeric transcripts utilize a nonca-
nonical poly(A) sequence, CAUAAA, located within the HBV integration, downstream of
DR1 (24).

Targeted Iso-Seq was also applied to HBV-infected PHHs to deconvolute overlapping
transcripts from cccDNA. HBV transcripts from cccDNA overlap and terminate at the
same 3’ poly(A) signal and cannot be resolved using traditional RNA-Seq. An alignment
of all HBV RNAs from PHHs shows the differentiation of pgRNA, pre-Core RNA, preS1,
and preS2/S transcripts (Fig. 7A and 8A). Quantitation of these reads suggests that the
two highest expressed HBV RNAs are pgRNA and PreS2/S RNA, which is consistent with
Northern blot analyses (Fig. 7B) (25). In contrast to the integrated transcripts, all HBV
transcripts detected from cccDNA utilized the poly(A) signal, UAUAAA, located down-
stream of the X ORF (Fig. 8A). As this poly(A) signal embedded in the X ORF was absent
from integrated transcripts, the site of HBY mRNA polyadenylation may sufficiently dif-
ferentiate transcripts from integrations versus cccDNA. Altogether, our targeted Iso-Seq
approach provides a high-resolution transcriptome that enables the detection of expres-
sion from integrations and cccDNA at the transcript isoform level.

FIG 5 Legend (Continued)

de novo assembly of each major integration site. The resulting contigs delineated the sequence
structure of integrated HBV sequences, including inversions and deletions. Chimeric reads generated
by targeted Iso-Seq were used to assign a transcriptional activity, or lack thereof, to each integration
event. E1 and E2 denote know enhancer regions (38, 39).
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A. PHH RNA Transcripts Ending with HBV Primary Poly(A) Signal

PacBio Read 1) ...CTACTGITCAAGCCTCCAAGCTGTIGCCTTGGGTGGCTITGGGGCATGGACATCGACCCTTATAAAGARTTTGGAGCTGAAAAAAAAAAALAAANA
PacBio Read 2)...CTACTGTTCAAGCCTCCAAGCTGTIGCCTTGGGTGGCTTTGGGGCATGGACATCGACCCTTATAAAGAATTTGGAGCTA-TAAAAAAAAAAAAALA
Reference HBV Seq)...CTACTGITCAAGCCTICCAAGCTIGIGCCTITGGGTGGCTTTGGGGCATGGACATCGACCCTTATAAAGAATTTGGAGCTACTGTG. ..

B. huH-1 Sequences Ending after Cryptic Poly(A) Signal

PacBio Read 1) ...AGGTTAATGATCTTIGTACTAGGAGGCTTIGTAGGCATAAATTGGTCTGCTTCACCAGCAC-ATGCRAACTTITTTICGA--TAAAAAAANAANAANAN
PacBio Read 2)...AGGTTAATGATCTTITGTACTAGGAGGCT-GTAGGCATAAATTGGTCTG-TTCACCAGCACCATGCAACTTTITICGA--TCAAAAAANAALAANANA
Reference HBV Seq)...AGGTTAATGATCTITIGTACTAGGAGGCT-GTAGGCATAAATTGGTCTG-TTCACCAGCACCATGCAACTTTTTC-ACCTCTGCCTAATCATCT. . .

C. PLC/PRF/5 HBV S to MVK fusion (Gene Fusion)

PacBio Read 1) ...TCTTCTGGACTATCAAGG"ATTCCCAGGAGCCATGTT. .. [1842bp] . . . AATGGGGAATAAAR-GATTTTIGTGTCAACAAAAAAAAANAAANA
PacBio Read 2)...TCTTICIGGACTATCAAGG ATTCCCAGGAGCCATGTIT. .. [1843bp] . . . AATGGGGAATAAARAGATTITIGTGTCAGCAAAAAAALAAAAALD
Reference HBV Seq)...TCTTCTIGGACTATCAAGG"TATGITGCCCGT...

Reference MVK Seq)...TTGGCTTTCCCITTTAGG "ATTCCCAGGAGCCATGIT... [22kbp] ...AATGGGGAATAAARAGATTTTGTGTCAACAGTAGAGA. ..

D. M HBV alignment M Full-read alignment
PHH Hep3B huH1 PLC/PRF/5
120,000 60,000
120,000 | 80,000
50,000
. 100,000 | 100,000
h-] 60,000
S 80,000 | 80,000 40,000
+4
S 60,000 60,000 30,000 40,005
o
=z 40,000 | 40,000 20,000
20,000
20,000 20,000 10,000
0 0 1 0+ 1 L f .
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Read Length

FIG 8 Three novel transcripts types associated with HBV identified by Iso-Seq. Representative HBV RNA sequence reads from PHH (A), PLC/PRF/5 (B), and
huH-1 (C) represent the three distinct transcript types identified. The poly(A) signal is in red, while the poly(A) tail is in green. Breakpoints between HBV
sequence and host sequence is marked with a caret (7). In panel B, HBV is fused to the MVK gene and is in frame with MVK’s start codon (underlined). (D)
Quantification of the host aligning sequence length from chimeric transcripts. A histogram of HBV aligning read length from huH-1, PLC/PRF/5, Hep3B, and
AD38 infected PHH cells is plotted in the purple bar graphs. The corresponding total read length, which corresponds to HBV and host aligning sequence, is
plotted in gray bar graphs. PLC/PRF/5 and Hep3B cells both contain many chimeric transcripts with >1,000 nucleotides of host sequence appended to the
3’ end of HBV reads.

DISCUSSION

We used a combination of genomic approaches to characterize the HBV integration
architecture, burden, and transcriptional activity in three HCC cell lines, PLC/PRF/5,
huH-1, and Hep3B. These cell lines have been extensively utilized for the understand-
ing of HBV-associated HCC and are known to contain multiple HBV DNA integrations
and produce HBsAg but not infectious virus (10). Although these cell lines have been
characterized extensively, the comprehensive structure of their integrated HBV DNA
had not previously been resolved. In addition, we observed orphaned junctions within
our short-read sequencing data that prompted us to apply long-read sequencing to
these samples first as a proof of concept for our method (Fig. 1). Targeted long-read
sequencing identified HBV-associated interchromosomal translocations associated
with the orphaned junctions. In addition, short-read RNA-Seq could not resolve individ-
ual HBV RNA isoforms associated with each integration event, such as differentiating
the expression of PreS1 versus PreS2/S transcripts. Application of our target enrich-
ment platform to long-read cDNA libraries resolved these HBV RNA isoforms.

We developed two long-read sequencing approaches: targeted PacBio and targeted
Iso-Seq. Target enrichment increased sequencing coverage across integrated HBV DNA
by >2,000-fold and resolved the comprehensive architecture of all integrations (Fig. 4
and 5). These integrations were highly diverse and contained inversions and deletions
within the HBV sequences (Fig. 5). In addition, seven HBV-associated chromosomal
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translocations were detected, five of which were previously undescribed (17, 22). Four
of these translocations were validated by spectral karyotyping (Fig. 3 and 4). One ca-
veat of PacBio sequencing is that the SMRTBell adaptors are ligated by blunt ligation;
therefore, there is a low level of ligation between library fragments during this step
that leads to concatemers. Our bioinformatics pipeline resolves these concatemers by
finding sample indexes in the middle of these reads and breaks them into the appro-
priate subreads. This step was critical to avoid miscalling HBV-associated chromosomal
translocations. Target enrichment increased sequencing coverage across HBV RNA by
>1,000-fold in all samples. We identified both chimeric and nonchimeric transcripts
that originated from integrations and differentiated these from transcripts of cccDNA
origin through the presence of unique 3’ termini (Fig. 7 and 8). In addition, we could
assign each transcript to a specific integration and determine which integrations were
transcriptionally silent (Fig. 5 and 6).

The HBV-associated chromosomal translocations identified in these cell lines all
contained relatively short HBV sequences, and all appeared transcriptionally inactive.
This observation leads to hypotheses on how integrations and translocations may arise
in patients. Literature on HBV integration events supports a random mechanism for
the initial HBV integration event in which double-stranded linear DNA (dsIDNA) inserts
into host chromosomes through nonhomologous end-joining reactions. Double-strand
breaks occur randomly in the human genome, and this is supported by the observa-
tion that integrations in non-tumor tissue are found in all human chromosomes (26,
27). It may be possible for a translocation to occur if double-strand breaks in the
human genome are synchronous with infection of a dsIDNA-containing virion. These
events would manifest as a full-length dsIDNA insertion and may be rare. Alternatively,
HBV-associated chromosomal translocations may arise from a double-strand break
within the initial HBV integration and incorrect repair of that break. This mechanism is
consistent with the short HBV sequences that we observe in these HCC cell lines (Fig. 3
and 4). Because of the proposed randomness of these events, it would be possible for
HBV-associated chromosomal translocations to still express viral antigens such as
HBsAg but would depend on how the translocation arose and the architecture of the
inserted HBV DNA sequence. Finally, it is possible that the translocations identified
here are unique to these cell lines. Now that the tools exist to probe for these events, it
will be fascinating to explore if HBV-associated chromosomal translocations can be
observed in patient samples and if they play a role in progression to HCC.

Targeted Iso-Seq allows resolution of all HBV RNA isoforms, including those from
both integrations and cccDNA, including splice variants. Many integrations express
both PreS1 and PreS2/S transcripts, while others only express PreS2/S (Fig. 7). In HBV-
infected PHHs, we detected pre-Core RNA, pgRNA, PreS1, and PreS2/S RNAs. PreS2/S
RNA and pgRNA were the most abundant species identified in PHHs. Notably, we did
not observe HBx transcripts associated with the HCC cell lines or HBV-infected PHH, de-
spite many integrations containing the X promoter and ORF sequences. The lack of
HBx transcripts detected in this study may be related to the time point, as HBx has
been shown to express early postinfection (25, 28). In addition to standard full-length
HBV transcripts, spliced transcripts were found in the infected PHH sample, comprising
approximately 7% of total HBV transcripts. Nearly 80% of spliced transcripts were SP1,
but we also observed other previously characterized and novel splice variants that war-
rant further investigation. One notable splice variant was found associated with PLC/
PRF/5 cells. The transcript contains the 5" end of HBsAg fused, mid-HBs, to the mevalo-
nate kinase gene (MVK). The MVK-aligning sequence appears to be spliced in the same
manner as the traditional host MVK transcript. This fusion has been previously charac-
terized and is known to encode an HBsAg-MVK fusion protein that has been shown to
be oncogenic (29).

Targeted Iso-Seq revealed three transcript types associated with HBV, differentiated by
their 3’ ends. The first type is nonchimeric transcripts originating from cccDNA, such as
pgRNA, pre-Core RNA, PreS1 RNA, and PreS2/S RNA. These transcripts utilize the canonical
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HBV poly(A) sequence, UAUAAA, to terminate transcription (Fig. 8A). The second type is chi-
meric transcripts associated with integrations generated via readthrough into the host which
are polyadenylated using host poly(A) cleavage signals, such as AAUAAA (Fig. 8C). The third
transcript type is nonchimeric transcripts associated with integrations terminating at the viral
noncanonical poly(A) sequence, CAUAAA (Fig. 8B) (24, 30). The ability to distinguish the tran-
script types is significant for two reasons. First, nonchimeric transcripts associated with HBV
integrations represent a class of transcripts that should be used to assess the burden of inte-
gration. Measuring integration burden with short-read RNA-Seq relies on reads containing
chimeric junctions and might otherwise miscount reads derived from these types of tran-
scripts, leading to a significant underestimation of integration burden. Second, by taking
advantage of the distinct polyadenylation signals utilized by each transcript, we may be able
to differentiate HBV transcripts from cccDNA versus integrations in patient samples with
mixed transcript origin.

PLC/PRF/5, huH-1, and Hep3B have been used extensively for decades to study HBV and
carcinogenesis (10). In this study, we have generated the most comprehensive data set from
these cell lines to date, describing integrations and their associated transcriptional activity.
Importantly, HBV-associated chromosomal translocations were described in each cell line.
Translocations have an important role in the initiation of carcinogenesis and have been asso-
ciated with almost every tumor type (31). As these HCC cell lines are derived from livers
from patients with HCC, it is possible that HBV-associated chromosomal translocations
existed in these patients prior to development of a detectable neoplasm. However, we do
not know if these specific translocations play any role in oncogenesis. If demonstrated, this
could provide a novel mechanism for the role of HBV integrations in HCC progression.
Application of these techniques to CHB human liver biopsy specimens may help understand
the relationship between integrations and progression to HCC.

MATERIALS AND METHODS

Cell culture and nucleotide extraction. PLC/PRF/5 and Hep3B cell lines were purchased from the
ATCC, and huH-1 (JCRB0199) was purchased from JCRB (7-9). All three cell lines were confirmed to be
HBsAg positive and HBeAg negative using Meso Scale Discovery assays (25). PLC/PRF/5 and huH-1 cells
were cultured in Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS; HyClone), 2 mM L-glutamine (Thermo Fisher Scientific), 100 U/ml peni-
cillin, and 100 wg/ml streptomycin (Thermo Fisher Scientific) according to cell bank recommendations
(Thermo Fisher Scientific). huH-1 cells had 1 uM dexamethasone (Thermo Fisher Scientific) added to the
culture media to increase HBsAg production. Hep3B cells were cultured in Eagle’s minimum essential
medium (EMEM; Thermo Fisher Scientific) supplemented with 10% FBS. Primary human hepatocytes
(PHHs) were obtained from BiolVT and were cultured in William’s Medium E (Thermo Fisher Scientific)
with 2% fetal bovine serum and 1.5% dimethyl sulfoxide (DMSO; Sigma-Aldrich) and hepatocyte mainte-
nance supplement pack number CM4000 (Life Technologies). Cells were infected with in vitro HBV inoc-
ula derived from HepAD38 cells. At 1 day postinfection, cells were washed with William’s Medium E and
cultured in William’s Medium E (Thermo Fisher Scientific) with 2% fetal bovine serum and 1.5% DMSO
(Sigma-Aldrich) and hepatocyte maintenance supplement pack number CM4000 (Life Technologies).

DNA samples were harvested from PLC/PRF/5, huH-1, and Hep3B cells following 3 days in culture. RNA
samples were harvested after 3days in culture for PLC/PRF/5, after 9days in culture for Hep3B, and after
10 days in culture for huH-1 to correlate with maximum HBsAg expression levels. Infected PHHs were harvested
1 week postinfection. Cells were harvested into RLT buffer (Qiagen) to preserve nucleic acids. RNA was isolated
by HD Bioscience (Shanghai, China) or using the All-Prep kit (Qiagen). DNA was isolated using the MasterPure
DNA and RNA purification kit (Epicentre) or using the All-Prep kit (Qiagen).

SKY. Spectral karyotyping (SKY) was performed at the Molecular Cytogenetic Core at Albert Einstein
College of Medicine (New York, USA). SKY was performed as previously described (32). Briefly, human
SKYPaint probes (Applied Spectral Imaging) were hybridized to metaphase slides aged at 37°C for
5days. After in situ hybridization, slides were counterstained with 4',6-diamidino-2-phenylindole (DAPI),
and images were acquired using an epifluorescence microscope (Olympus BX61) connected to an imag-
ing interferometer (SD200; Applied Spectral Imaging, Migdal HaEmek, Israel).

Short-read sequencing. Whole-genome sequencing and RNA-Seq were performed by WuXi (Jiangyin,
China) on the lllumina HiSeq platform. Briefly, DNA was prepared for sequencing using the lllumina DNA prep
kit and sequenced to at least 60x average coverage using 150-bp paired-end reads. RNA was prepared for
sequencing using a TruSeq library preparation kit (Illumina). RNA-Seq had at least 75 million 150-bp paired-end
reads per sample. DNA and RNA sequences were aligned to human genome reference hg38 using BWA (33).

Targeted PacBio and targeted Iso-Seq. Genomic DNA from PLC/PRF/5, huH-1, and Hep3B cells was
sheared to ~7.5 kbp using the G-tube (Covaris) and purified using the AMPure PB DNA beads (Pacific
Biosciences). Sheared DNA was barcoded using preannealed sample indexes (IDT) using the Kapa Hyper
prep library kit (Kapa Biosystems). Barcoded DNA was amplified using the TaKaRa LA polymerase
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(Clontech). Thirty-seven 120-bp biotinylated probes were designed to be compatible with the xGen
Lockdown platform (IDT) (see Fig. S2B in the supplemental material). Alternatively, RNA was reverse tran-
scribed using the SMARTer cDNA synthesis kit (TaKaRa Bio) and a custom-designed poly(T) primer that
incorporates a unique molecular index (UMI) for reduction of PCR duplicates. cDNA was amplified using
indexing primers for multiplexed sequencing and the Kapa HiFi PCR polymerase (Kapa Biosystems). DNA
and cDNA libraries were run on a Bioanalyzer 2100 (Agilent) prior to target enrichment.

DNA and cDNA libraries were enriched for HBV sequences by incubating with our custom probe pools at
65°C for 4h (Fig. 2A). Targeted DNA fragments were captured using streptavidin Dynabeads (Invitrogen) at
65°C for 45 min and then washing using the xGen hybridization and wash kit (IDT). Captured DNA sequences
were amplified using the TaKaRa LA polymerase (TaKaRa BioSciences) and the universal PacBio primer.
Enriched DNA libraries were sequenced on the Sequel I (Pacific Biosciences) at the University of Arizona
Genomics Institute (Tucson, AZ). To quantify HBV sequence enrichment, precapture and postcapture DNA libra-
ries were compared by gPCR. In brief, 50 ng of each library was amplified for the HBx gene using the following
primers: F (5" CCG TCT GTG CCT TCT CAT CTG 3’), R (5" AGT CCA AGA GTY CTC TTATGY AAG ACC TT 3'), and
probe (5" 6-carboxyfluorescein CCG TGT GCA CTT CGC TTC ACC TCT GC black hole quencher 1 3’). Fold enrich-
ment is the ratio of postcapture DNA copies to precapture DNA copies.

HBV consensus sequence refinement. Sequencing reads from each sample were aligned to HBV
genome sequence KY003230.1 using minimap2 and then converted to a consensus sequence using
bcftools (34). Each consensus sequence was aligned to a set of genotypes A through H using pairwise
alignment (35). The genotype of each sample was inferred based on the highest mean similarity score.
Genotype data were confirmed across sequencing methods to check for consistency.

minimap2 and bcftools were used as described above to create a second consensus sequence based
on alignment to each cell line’s respective genotype. Data from all sequencing methods was combined in
R with multiple-sequence alignment (MSA) (36). As the full 3.2-kb HBV sequence is not present in all cell
lines, missing fragments in the consensus sequences were replaced with reference genotype sequences.
A 2x length sequence was created by concatenating two copies of each consensus sequence into FASTA
format, starting with the ATG of the core open reading frame.

Viral read analysis. Reads were realigned to their respective cell line’s 2x consensus sequence com-
bined with human genome reference hg38 using BWA or minimap2 for short or long reads, respectively.
Reads with split alignment were used to infer chimerism between HBV and host. Potential concatemer
artifacts were removed by searching for sequence fragments >25 bp between HBV and host alignments
that aligned to barcodes, adapter sequences, or poly(A/T) tails using Biostrings (35). Iso-Seq reads with
duplicate UMIs were filtered to only include one read per UMI.

PacBio reads from each junction were used for de novo assembly of integration sites using MSA followed
by indel adjustment (37). If any reads encompassed two junctions, reads from either junction were combined
to create a single contiguous sequence (contig). Reads were realigned to the new contigs to check accuracy. If
the realigned reads showed discrepancies in single-nucleotide variant (SNV) profiles or significant soft clipping,
reads were split by phased variants to replace with new contigs. Reads were assessed to determine if there
were upstream and downstream junctions with the host within individual reads. Reads were filtered to remove
low-quality sequences based on high indel frequency and then grouped by either junction positions or SNVs.
Groups of reads were used to create individual contig sequences. Nonchimeric Iso-Seq reads were clustered
based on SNVs identified in at least 5% of reads.
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