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Hepatitis B virus (HBV) DNA integration is closely related to the occurrence of liver cancer. However,
current studies mostly focus on the detection of the viral integration sites, ignoring the relationship
between the frequency of viral integration and liver cancer. Thus, this study uses previous data to
distinguish the breakpoints according to the integration frequency and analyzes the characteristics of
different groups. This analysis revealed that three sets of breakpoints were characterized by its own

integrated sample frequency, breakpoint distribution, and affected gene pathways. This result indicated
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an evolution in the virus integration sites in the process of tumor formation and development. Therefore,
our research clarified the characteristics and differences in the sites of viral integration in tumors and

HBV adjacent tissues, and clarified the key signaling pathways affected by viral integration. Hence, these

HBV DNA integration
Integration frequency
Integration breakpoints

hepatocellular carcinoma.

findings might be of great significance in the understanding of the role of viral integration frequency in

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

It is very well-known that hepatitis B virus (HBV) has a very
close relationship with liver cancer, especially HBV integration in
the host DNA. In 2011, liver cancer was ranked second among the
causes of malignant tumor mortality in the Chinese male popula-
tion and fifth among the causes of malignant tumor mortality in the
female one [1]. HBV patients have a higher risk of liver cancer than
people not carrying this virus, and cancer risk is higher if HBV
patients also have chronic liver disease and cirrhosis [2]. HBV-
associated liver cancer is often accompanied with the occurrence
of HBV integration, since integration is found in the 85%—90% of
cancer samples from patients with HBV-related liver cancer [3,4],
while HBV integration is detected only in the 30.7% of the adjacent
normal tissue from the above patients [5]. HBV integration was first
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discovered in 1980 [6,7].

The understanding of the degree of HBV integration made great
progress thanks to the development of second-generation
sequencing technology. Indeed, the characteristics and functions
of HBV integration sites on human genome were gradually un-
covered by researchers and in 2012, researchers identified the close
relationship between HBV integration and genomic instability us-
ing whole-genome sequencing technology [8]. Sung et al. used the
same technology to investigate the characteristics of HBV integra-
tion in 88 pairs of liver cancer samples, and the results revealed the
presence of hot-spot integration genes, in which, the ones with
high-frequency were TERT, MLL4, and CCNE1. Thus, the expression
of these hot-spot genes was affected by these HBV integration
events [5]. Subsequently, Zhao et al. conducted a study on the
regularity of HBV integration and clinical relevance in 426 matched
liver cancer samples and normal ones, discovering that HBV inte-
gration prefer to occur in the hot spots region such as CPG and
telomere region, than in other sites, and this result revealed why
patients with HBV integration on the TERT gene usually have a poor
prognosis [9]. However, despite more and more studies revealed
the close relationship between HBV integration and tumorigenesis,
the mechanism of HBV integration triggering tumorigenesis
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remains unclear. According to previous studies, at least three ways
lead to liver cancer [1]: HBV integration into the genome causes
chromosomal instability, structural variation, multiple site de-
letions, and increasing mutation rate [2]; HBV integration causes
the changes in the expression of genes associated to cell prolifer-
ation and differentiation, and telomere reverse transcriptase [3];
HBV integration leads to the expression of key viral proteins which
regulate liver cancer cell proliferation and differentiation [10—13].

The progress in the HBV integration research revealed that HBV
integration events are not randomly occurring, but there is a spe-
cific localization and hot spot targeted regions. However, previous
studies usually focus on the regular characteristics of HBV inte-
gration and ignore the proportion of cell population in which the
same HBV integration event occurred. In theory, the proportion of
the same integration event in the cell population can effectively
reflect cell proliferation and tumor development. Therefore, this
aspect is of great significance in the understanding of HBV inte-
gration. In this study, the HBV integration events were distin-
guished according to the proportion of the same integration event
in different cell population to study the characteristics of HBV
integration. The normalized support-reads number of each break-
point (NORM value) was evaluated because it can be used as an
index for the cell ratio of HBV integration. This value was positively
correlated with the ratio of cells involved in HBV integration, and
then the characteristics of the breakpoints with different NORM
value (NORM value > 5; NORM <5) were analyzed. Our study found
that the breakpoints of normal samples had lower NORM values
than tumor samples. The breakpoints with higher NORM and lower
NORM value in the tumor samples had different sample frequency
and significant differences were found in signaling pathway dis-
tribution. In addition, the comparison of the breakpoints between
tumor samples and normal samples revealed a significant differ-
ence in the hot spots genes, gene frequency, gene elements and
pathways. These findings further indicated that the HBV integration
event had different patterns in different stages of tumor
development.

2. Materials and methods

The breakpoints of the HBV integration sites were taken from
our previous study [9]. Breakpoints sourced from tissue samples of
426 HCC patients (Table S2, Table S3, Table S4). These breakpoints
of tumor samples were divided into two groups according to the
NORM value. The tumor high-NORM group is the one with break-
points with a NORM value over than 5. Tumor low-NORM group is
the one with breakpoints with a NORM value lower than 5. The
normal group is the one with breakpoints with a NORM value lower
than 5 in the adjacent normal tissues. The functional region of each
breakpoint was annotated using ANNOVAR in hg19 coordinates
[14]. Pathway enrichment analysis of the breakpoints was per-
formed using the Cluster profiler software, a bioinformatic tool for
intelligent, which performs statistical analysis [15,16]. The signifi-
cance threshold for altered biological processes/pathways was set
at a corrected hypergeometric p-value of 0.05. The region data of
genomic elements were downloaded from the UCSC database [17].
The chi-squared test was used to detect the difference in breakpoint
distribution between tumor and normal tissues. Thus, the differ-
ence in the distribution of gene frequency among the three groups
with NORM values mentioned above was detected using the
Kruskal-Wallis Test. The Mann-Whitney U test was also used to
compare the difference in gene frequency between two groups.

2.1. Detection of HBV integration

The capture probes were designed according to the DNA
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sequences of 8 genotypes of HBV and synthesize by MyGenostics.
The DNA from each sample was broken into fragments of 150—200
bp in length by Covaris M220 (Covaris Inc.,, Woburn, MA). These
fragments were purified, end blunted, ‘A’ tailed and adaptor ligated
to obtain DNA library. The capture of HBV DNA in the library and
paired-end 90-bp read length sequencing was performed on the
HiSeq 2000 sequencer according to the manufacturer’s instructions
(Illumina) [9]. HIVID pipeline was used for the detections of HBV
integration breakpoints [18]. To minimize the impact of sequencing
data and define the integration frequency, we used normalized
number of support-reads (NORM value) as the index. Norm value
was equal to the supported reads number of each HBV breakpoint
per million clean read pairs. The breakpoints with Norm value > 2
were retained.

2.2. Integration frequency

The integration frequency was calculated according to a previ-
ous report [5]. The integration frequency is the value of the number
of support-reads versus the average depth of the upstream 1 kb
distance. The consistent breakpoints between the whole genome
sequencing and HBV capture data were sourced from our previous
study [18]. Then, these consistent breakpoints were used to
calculate the correlation.

2.3. Gene frequency

Since viral integration is considered a strong cis-activator of
flanking genes and cis-acting enhancers can influence their target
genes over long distances [19,20] (up to 1 Mb for upstream en-
hancers and 850 kb for downstream enhancers), breakpoints
located at less than 500 kb from the annotated genes were included
to calculate the affected gene frequency in HBV-integrated samples
[21].

3. Results

3.1. The distribution among sample gene frequency of HBV
integration

Our results revealed a positive correlation between the NORM
value and the frequency of HBV integration (r = 0.68, p-value <0.01,
Fig. 1a). Then, the sample gene frequency of HBV integration was
calculated. No significant difference was found in the gene fre-
quency between breakpoints from tumor samples with high NORM
value and low NORM value. However, breakpoints from the two
types of NORM value in the tumor samples were significantly
different in gene frequency with the breakpoints from normal
samples (Mann-Whitney U Test, p-value < 0.001, Fig. 1b).

3.2. HBV integration hotspots in tumor and normal samples

The sample gene frequency of HBV integration through break-
points in the normal, tumor high-NORM group and tumor low-
NORM group was also investigated (Table S1). The hotspots of
HBV integration in the tumor high-NORM group were TERT (68),
KMT2B (26), DUX4 [14], PLEKHG4B [13], DUX4L7 [11], EMBP1 [11],
L0C100288778 [11], FAM138D [11] and PARDG6G [10] (Fig. 2a). In
contrast, the hotspots of HBV integration in the tumor low-NORM
group were TERT (56), MIR6859-1, PLEKHG4B, MIR6859-2 (24),
LOC100288778 [21], DDX11L1 [20], FAM138D [20], WASH7P [20],
KMT2B [15], DUX4 [14], EMBP1 [14], PGBD2 [13], ANKRD30BL [12],
ANKRD26P1 [11], ROCK1P1 [11] and DUX4L7 [11] (Fig. 2b). Finally,
the hotspots of HBV integration were FN1 [13], ANKRD30BL [6], and
GPR39 [5] in the normal group (Fig. 2c).



W. Li, Y. Qi, H. Xu et al. Biochemical and Biophysical Research Communications 553 (2021) 160—164

a b

P.value = 1e-04
R =0.682

E NormalLow [+ TumorLow F& TumorHigh

P.value=1.9e-11

0.75- P.value=1.2e-13

75 P.value=0.36
L
o
&
L 050 E
S £ 50
© s
{=2]
k] [}
£ ®
o
.
0.25- . . - .

. 3° -y iillll I:
0.00- 0

0 20 40 60 NormalLow TumorLow TumorHigh
NormValue

Fig. 1. Gene sample frequency of HBV integration. a) Correlation between NORM value and cell integration frequency. b) Difference in gene frequency in the three groups. Normal
(blue dots), tumor low (yellow dots) and tumor high (grey dots) group. Each point represented the sample frequency of each gene. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Gene sample frequency of HBV integration in the three groups. a) Gene sample frequency in the tumor breakpoints with high-NORM value, b) gene sample frequency in the
tumor breakpoints with low-NORM value, c¢) gene sample frequency in the normal samples. The figures show the difference in gene frequency in the three group samples. The
height represented the sample frequency of the gene with HBV integration.

3.3. Distribution of breakpoints in different gene elements distribution characteristics of the HBV breakpoints in normal, tu-
mor low-NORM and tumor high-NORM group revealed that HBV
The HBV breakpoints in the tumor high-NORM, tumor low- breakpoints were more prone to be located in the INTERGENIC
NORM and normal samples showed similar distribution in TFBS, region in the tumor low-NORM and tumor high-NORM than in the
Fragile, CPG sites (Table S2, Table S3, Table S4). However, The HBV normal group (p < 0.001, Chi-squared test, Fig. 3b), so as to pro-
integration sites in the tumor high-NORM samples were more moter regions. However, HBV breakpoints were more prone to be
prone to be located in Alu and CPG compared to the tumor low- located in the INTRON in the normal samples than the tumor
NORM and normal samples (p < 0.001, Chi-squared test, Fig. 3a). samples (p < 0.001, Chi-squared test, Fig. 3b).
The HBV breakpoints in the normal samples were significantly
prone to be located in the LINE region than in the tumor samples
(p < 0.001, Chi-squared test, Fig. 3a). No significant difference was
observed among the three groups in the TFBS region. The

3.4. Pathway analysis

The results revealed that the enriched pathway was the one of
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Fig. 3. Distribution ratio of breakpoints. a) Distribution of breakpoints in genome element, b) Distribution of breakpoints in genetic elements. The X axis represents different
regions; the Y axis represents the ratio of the integration breakpoints. The normal samples (light blue) and the tumor samples (high-NORM group: dark blue; low-NORM group: sky
blue) percentages of breakpoints are shown. The p values were calculated by Chi-squared test and corrected by Fisher exact test. ***p < 0.001. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

Axon guidance in the tumor high-NORM group (Fig. 4, TableS5). The
enriched pathways in the tumor low-NORM group were Human
papillomavirus infection, Retrograde endocannabinoid signaling,
and PI3K-Akt signaling pathway (Fig. 4,TableS6). However, the main
enriched pathways of breakpoints from DNA samples were the
Calcium signaling pathway, Inflammatory mediator regulation of
TRP channels, p53 signaling pathway, and Glioma and Axon guid-
ance (Fig. 4, TableS7).

4. Discussion

In this study, a positive correlation was found between the
NORM value and the cell HBV integration ratio. Therefore, the
NORM value could be used as an index to evaluate the cell ratio of
HBV integration. According to this study, the integration sites
distinguished according to the NORM value were used to investi-
gate the characteristics of the sample gene frequency of HBV
integration, the gene distribution and the involved pathways.

The comparison of the gene frequencies of the breakpoints
among different groups revealed that the integration sites in groups
with different NORM values had different sample gene frequency.
The adjacent normal tissues generally had lower sample frequency
and cell integration ratio (NORM value), which is consistent with
the early stage of tumor with a lower cell ratio of monoclonal
propagation. The breakpoints of different NORM value in cancer
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tissues had different hots spot genes and sample frequency, and it
might indicate that new HBV integration events might be contin-
uously generated through cell propagation. The ratio of breakpoint
enrichment increased with the increase of the NORM value in the
CPG and PROMOTER region, potentially suggesting that break-
points played a certain evolutionary role in tumor development.
Our study indicated that the occurrence of viral integration events
was closely related to tumorigenesis, although the function of HBV
integration remains unclear. Moreover, the enrichment of break-
points in some pathways became more and more evident as the
NORM value increased. The study revealed an evident different
tendency for HBV integration in different groups. Hence, our study
not only provided new ideas in the research of HBV integration but
also provided a theoretical basis for the relationship between liver
cancer and HBV integration.
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