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Abstract: Chronic hepatitis B virus (HBV) causes serious clinical problems, such as liver cirrhosis and
hepatocellular carcinoma. Current antiviral treatments suppress HBV; however, the clinical cure rate
remains low. Basic research on HBV is indispensable to eradicate and cure HBV. Genetic alterations
are defined by nucleotide substitutions and canonical forms of structural variations (SVs), such as
insertion, deletion and duplication. Additionally, genetic changes inconsistent with the canonical
forms have been reported, and these have been termed complex SVs. Detailed analyses of HBV using
bioinformatical applications have detected complex SVs in HBV genomes. Sequence gaps and low
sequence similarity have been observed in the region containing complex SVs. Additionally, inser-
tional motif sequences have been observed in HBV strains with complex SVs. Following the analyses
of complex SVs in the HBV genome, the role of SVs in the genetic diversity of orthohepadnavirus
has been investigated. SV polymorphisms have been detected in comparisons of several species of
orthohepadnaviruses. As mentioned, complex SVs are composed of multiple SVs. On the contrary,
SV polymorphisms are observed as insertions of different SVs. Up to a certain point, nucleotide
substitutions cause genetic differences. However, at some point, the nucleotide sequences are split
into several particular patterns. These SVs have been observed as polymorphic changes. Different
species of orthohepadnaviruses possess SVs which are unique and specific to a certain host of the
virus. Studies have shown that SVs play an important role in the HBV genome. Further studies are
required to elucidate their virologic and clinical roles.

Keywords: hepatitis B virus; genome; complex structural variation; genetic rearrangement; bioin-
formatics; insertional motif; hepatocyte nuclear factor 1 binding site; pairwise/multiple alignment;
mutation; structural variation polymorphisms

1. Introduction

Chronic hepatitis B virus (HBV) infection is among the causes of liver cirrhosis and
hepatocellular carcinoma (HCC). It has been estimated that 248 million people are pos-
itive for hepatitis B surface antigen [1], and HBV is among the most serious infectious
diseases worldwide.

HBV research began with the discovery of the Australian antigen in 1965 [2]. The
genetic sequences of HBV were determined in 1979 [3–5]. Okamoto and colleagues [6]
defined the HBV genotype as nucleotide differences of greater than 8%, and classified HBV
genotypes A to D. The HBV genotype was later confirmed by phylogenetic analysis [7].
Presently, eight genotypes (A to H) have been reported, and they reflect different geograph-
ical distribution [8,9]. In addition, two new genotypes (I and J) have been reported [10,11].

Nucleotide substitution plays an important role in HBV genetic changes. As men-
tioned above, the HBV genotype is defined by nucleotide substitution of greater than
8%. Approximately 256 nucleotide substitutions in the entire HBV genome separate
each genotype.

In addition, unique point mutations have been reported. The pre-core (PC) mutation
G1896A was reported in 1989. The mutation caused a stop codon in the gene for the
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hepatitis B e antigen (HBeAg) and was detected in a patient who seroconverted to anti-
HBeAg antibodies [12]. In an analysis of HBV mutations related to HBeAg seroconversion,
core promoter (CP) mutations (A1762T/G1764A) were also found [13].

Recombination is another important genetic change in HBV [14–19]. The differences
between HBV genotype B in Japan and Taiwan were explained by intergenotypic recom-
bination. HBV genotype B in Taiwan consisted of genotype B and C recombination [20].
Genetic alteration of HBV has been explained by single nucleotide changes, such as nu-
cleotide substitutions, CP and PC mutations and recombination.

2. Complex Structural Variation in the Cellular Genomes of Humans and Mice

Basically, structural variation (SV) in DNA genomes is defined by canonical forms,
such as insertion, deletion, duplication and inversion. Recent studies have clarified novel
variants that cannot be included among those canonical forms [21,22]. The non-canonical
patterns of genetic alterations are called complex SVs [23–28]. Quinlan and Hall [24]
explained that complex SVs are composed of multiple breakpoints whose origin cannot
be explained by single end-joining or DNA exchange events. In addition, Yalcin and
colleagues [25] defined complex SVs as two or more SVs co-occurring at the same locus.
Complex SVs can modify the normal regulation of the genome by changing an enhancer,
promoter, or repressor sequence into a new sequence, and can affect biological and clinical
function [24].

3. Complex SVs Observed in the HBV Genome

Detailed genetic analysis of an HBV strain clarified a novel genetic change [29]. The
combination of an insertion, a deletion and a duplication was observed in the HBV genome.
Additionally, these SVs were observed in the same locus. This pattern of genetic change in
the HBV genome had not been reported previously. In 2005, the concept of the observed
genetic event had not yet been defined. Subsequently, the concept of complex SVs was
established by studying genome variations of model species [23–28]. The definition of
complex SVs in the human and mouse genomes were used to describe complex SVs in HBV.
Presently, 70 HBV strains isolated from Asia, Europe, the Middle East, Africa and America
have been confirmed to contain complex SVs, and their complex genetic structures have
been clarified [30,31]. The proportions of HBV genotype C, B and D were much higher
than other genotypes, and clinically, 11 strains with complex SVs were from patients with
HCC [31]. A typical HBV strain with complex SVs is shown in Figure 1. The replication
competence of HBV strains with complex SVs has been shown in some strains in previous
studies. For example, the longitudinal time course of one strain was analyzed. At first,
wild-type HBV genome was predominant, then the proportion of the strain with complex
SVs was increased and became the major strain [29].
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Figure 1. The pattern of complex structural variations (SVs) observed in CAR001 (AM494791) is shown. Nucleotide
alignments of HBV genotype A (HBV/A)) (V00866) reference sequence and consensus reference sequences of HBV/A
to HBV/E are shown with CAR001. Deletion of normal basic CP (BCP) sequences was observed, and part of the Pre-S1
promoter containing part of the hepatocyte nuclear factor 1 (HNF1) binding site was inserted. Internal duplication was
also observed. HB X open reading frame (ORF) was involved. The complex SVs caused putative HBV X protein truncated
22 amino acids at the C-terminal. For the origin of the HBV strains, 39 were from Asia, followed by 9 from Europe, 9 from the
Middle East, 7 from Africa and 6 from America, respectively. Detailed information of 70 strains with complex SVs are shown
in additional files 1 and 2 of Reference [31]. Twenty-four were isolated from serum/plasma. For the reference sequences, we
analyzed consensus reference sequences of HBV/A to E using CLUSTAL W. To determine these consensus sequences, 150,
40, 168, 79 and 38 complete genome sequences of HBV/A, HBV/B, HBV/C, HBV/D and HBV/E, respectively, were used,
as described in Reference [30].

4. Bioinformatical Analysis for the Detection of Complex SVs in HBV

Complex SVs are defined by SVs with multiple breakpoints and are composed of
combinations of insertions, inversions, deletions and duplications [24,25]. In initial bioin-
formatics analysis, candidate areas in genetic sequences were searched by pairwise or
multiple-alignment analysis using the CLUSTAL W [32], MAFFT [33], or T-coffee [34]
program. Investigators identified partial sequences with low sequence identities with and
without sequence gaps, and then NCBI BLAST [35] search for unique genetic sequence
fragments was performed. A previous study showed that 80% of complex SVs in HBV
had sequence gaps in pairwise or multiple sequence alignment analyses [31]. Therefore,
sequence gaps are an important marker to identify complex SVs. Subsequently, the architec-
ture of complex SVs in humans and mice [24,25] was considered as a reference, and detailed
analysis with visual inspection was performed. Unique insertional motif sequences were
identified in the first report of complex SVs in HBV [30]. The first such sequence discovered
was the HNF1 binding site. For example, the HBV strain with complex SVs shown in
Figure 1 contains part of the HNF1 binding site as an insertional motif. The Pre-S1 promoter
contains HBV HNF1 binding site, and the sequence is conserved in many HBV strains. An
insertion of unknown origin (GAAGAGCTCAAGCTTTGC) (subsequently named X-1 as
described below) was discovered as the second insertional motif. When a low sequence
similarity between the query sequence and reference sequence was observed in visual
inspection, the origin of the unique query sequence was searched using NCBI BLAST [35].
HBV (taxid:10407) was selected in the “Organism” field of the “Choose Search Set” option.
The results of the BLAST search suggested the structure of the sequence fragment and
additional candidate strains.
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5. Points Where Complex SVs Are Observed in the HBV Genome

The most frequent locations of complex SVs in HBV were investigated to determine
whether the novel genetic rearrangements are equally distributed in the HBV genome. The
data showed that 94.3% (66/70) of complex SVs were observed between nt 1500 and 2000
of the HBV genome (V00866). This area corresponded to the X ORF, pre-core/core ORF.
Additionally, important regulatory regions for HBV transcription, such as core upstream
regulatory sequences/BCP, enhancer II and direct repeat (DR)1/DR2, were included in
this area. In addition, the region nt 1500–2000 of the HBV genome corresponds to frequent
recombination points. Araujo et al. [19] reported that specific favored sites of recombination
were detected within the range nt 1700–2000, which lies in the vicinity of the DR1 region.
The frequency of recombination within nt 1700–2000 displayed a statistically significant
difference in comparison with the remaining genome. An experimental study by Hino
et al. [36] showed that a fragment containing the DR1 region covering nt 1824–1834 is
indispensable for the enhancement of in vitro recombination. In addition, the region is
prone to recombination events, as it includes the 5′ and 3′ ends of the HBV double-stranded
linear (dsl) DNA, which can integrate into host chromosomal DNA at double-strand DNA
breaks [37]. Further, the most frequent breakpoints of HBV integration have been observed
in the C-terminal region of HBx gene around the DR1 sequence (1817–1836) corresponding
to the end of HBV dsl DNA [38]. In addition, recent integration analysis showed that viral-
host breakpoints were more prone to being located at the 3′-end of the X gene, particularly
with the sequences from nt 1400 to 1900 [39]. Frequent breakpoints of HBV integration
correspond to the locations of complex SVs in some HBV strains. Therefore, it is possible
that some of the insertional motifs in complex SVs are derived from the host genome.

6. Discovery of Insertional Motif Sequences in Complex SVs in HBV

The existence of unique insertional motif sequences in complex SVs was clarified
during the analyses. The HNF1 binding site was the first motif sequence identified. “AGT-
TAATCATTAC” is the consensus nucleotide sequence of the HNF1 binding site, and is
located in the pre-S1 promoter region. HNF1 is a transcriptional factor that binds to a
specific DNA sequence. [40–44]. Mutations that disrupt the HNF1 binding tend to severely
impair the ability of promoters to direct liver-specific transcription [43]. In HBV, the
HNF1 binding site is involved in the pre-S1 promoter, and the pre-S1 promoter controls
transcription of pre-S mRNA [45–48]. Transcriptional activity of the pre-S1 promoter is
up-regulated by the HNF1 binding site [49]. Studies have shown that the transcriptional
activity of pre-genomic RNA was also up-regulated when simple insertion of the HNF1
binding site into BCP occurred [50,51]. In the viral genome analyses of HBV patients with
post-organ transplantation or HBV patients with fulminant hepatic failure, HNF1 binding
site insertion into BCP was observed [50–53]. One study has shown that the role of BCP
mutations (A1762T/G1764A) is to compose a new HNF1 binding site in the BCP [54]. From
these data, it is speculated that the creation of a new HNF1 binding site in the BCP is
selected in the HBV genome.

The second insertional motif sequence was “GAAGAGCTCAAGCTTTCC (X-1)”.
The origin of X-1 was not identified by the BLAST search. Interestingly, a sequence
complementary to X-1 was also detected as an insertional motif [30,31]. The third insertional
motif sequence was “GGGCCGAACCAGA (X-2)”, and the origin of X-2 was not identified
by the BLAST search. The fourth insertional motif sequence was a complementary sequence
of part of box α in HBV enhancer II. Similar to the HNF1 binding site, box α in HBV
enhancer II regulates the transcription of the HBV genome. Previous experimental data
have shown that box α modulates BCP activity and up-regulates BCP activity by more
than 100-fold. As a canonical form of SV, the duplication of box α was observed in kidney
transplantation recipients [50]. In some clinical studies, box α mutation was observed
in patients with HCC [55–62]. These data elucidated the existence of insertional motif
sequences, and also suggested their virological and clinical significance.
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7. Classification of Complex SVs in HBV

In comparison with other genetic changes in HBV, complex SVs show more diverse
patterns. In a previous report in mice, the pattern of complex SVs was categorized and their
frequency was determined [23]. A total of 70 HBV strains with complex SVs were analyzed
based on their SV patterns in order to reveal the combination of the highest frequency
and to determine the number of patterns of complex SVs. They were categorized into six
groups (class I, insertion (+)/deletion (+); class II, insertion (+)/deletion (+)/duplication
(+); class III, insertion (+)/duplication (+); class IV, deletion (+)/duplication (+); class V,
multiple duplications; class VI, highly complicated, which consisted of four or more SVs,
as shown in Table 1. In addition, insertions were divided into five types (A to E).

Table 1. Classification of HBV strains with complex SVs.

Patterns (n = 70)

I. Insertion (+), Deletion (+) 49 (70.0%)
Types of Insertion

A. HNF1 binding site 24 (34.3%)
B. Insertion of unknown origin (X-1) 7 (10.0%)
C. Insertion of unknown origin (X-2) 3 (4.3%)

D. Sequence complementary to part of box α in enhancer II 6 (8.6%)
E. Miscellaneous 9 (12.9%)

II. Insertion (+), Deletion (+), Duplication (+) 6 (8.6%)
Types of Insertion

A. HNF1 binding site 4 (5.7%)
B. Insertion of unknown origin (X-1) 1 (1.4%)
C. Insertion of unknown origin (X-2) 0 (0.0%)

D. Sequence complementary to part of box α in enhancer II 0 (0.0%)
E. Miscellaneous 1 (1.4%)

III. Insertion (+), Duplication (+) 5 (7.1%)
Types of Insertion

A. HNF1 binding site 1 (2.9%)
B. Insertion of unknown origin (X-1) 2 (4.3%)
C. Insertion of unknown origin (X-2) 0 (0.0%)

D. Sequence complementary to part of box α in enhancer II 0 (0.0%)
E. Miscellaneous 0 (0.0%)

IV. Deletion (+), Duplication (+) 4 (5.7%)
V. Duplications (+) 1 (1.4%)

VI. Highly complicated (four or more SVs) 5 (7.1%)
Insertion patterns are shown in order of discovery. Some HBV strains with two SVs with an identical pattern and
one other SV are included in group I, III and IV. SV, structural variation; HNF1, hepatocyte nuclear factor 1. Each
of the 70 HBV strains were isolated from individual patients. Reproduced with permission of BMC Microbiology
(Reference [31]).

The replication competence of HBV strains with complex SVs has been shown in some
strains in previous studies. For example, the longitudinal time course of one strain was
analyzed. At first, wild-type HBV genome was predominant, then the proportion of the
strain with complex SVs increased and became the major strain [29].

Class I pattern had the highest frequency (70.0%). In addition, HNF1 binding site in-
sertion was observed more frequently than for the others in class I. A total of 24/70 (34.3%)
of the HBV strains with complex SVs were of the class I pattern with HNF1 binding site in-
sertion. Complex SVs with the HNF1 binding site insertion were limited to HBV genotype
A to E [31]. n, number.

8. SV Polymorphisms
8.1. SV Polymorphisms

Polymorphic SVs have been described in HBV research in the past. A 6 nt insertion in
the core region specific to HBV/A has been described [6,7,63]. In the case of HBV genotype
G, a unique partial genome sequence, which contained 36 nt insertion in the core region,
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was reported 10 years before HBV genotype G was defined [64–66]. It is now known that
the 36 nt insertion is specific to HBV genotype G. Concerning SVs in the pre-S1 region,
similarities of HBV/D and non-human primate HBVs with those of HBV/E and HBV/G
have been identified [67,68].

8.2. SV Polymorphisms in the Core Region

Analysis of complex SVs in human HBVs has shown that hidden genetic alterations
can be elucidated through detailed bioinformatical analyses. The cause of the genetic
diversity of different species of orthohepadnaviruses was investigated using techniques and
experience obtained from the analysis of complex SVs. Pairwise and multiple alignment
comparison among human HBV, non-human primate HBVs, bat HBVs and rodent HBV
has shown that tent-making bat HBV (TBHBV) possesses a 12 nt insertion in the same
region as human HBV genotype G (Figure 2) [69].

Figure 2. Alignment of the core ORF from nt 1895 to 1918 (WMHBV) showed that human HBV genotype G (HBV/G)
and tent-making bat HBV (TBHBV) possess different SVs in this region. Reproduced from Reference [69], and modified.
The consensus genome sequences of human HBV were determined using 150 HBV genotype A strains, 40 HBV genotype
B strains, 168 HBV genotype C strains, 79 HBV genotype D strains, 38 HBV genotype E strains, 38 HBV genotype F
strains, 13 HBV genotype G strains and 30 HBV genotype H. For non-human primates HBV, 8 orangutan HBV strains,
27 chimpanzee HBV strains, 6 gorilla HBV strains and 27 gibbon HBV strains were used. For bat HBV, 4 TBHBV strains,
3 Pomona bat HBV (PBHBV) strains, 3 unspecified bat HBV from China (BHBV-C) strains, 3 long-fingered bat HBV (LBHBV)
strains, 1 horseshoe bat HBV (HBHBV) strain and 4 roundleaf bat HBV (RBHBV) strains were used. For rodent HBV,
14 woodchuck hepatitis virus (WHV) strains, 1 ground squirrel hepatitis virus (GSHV) strain and 1 arctic squirrel hepatitis
virus (ASHV) were used. Information on the genetic sequences of human and non-human primate, bat and rodent HBVs
are shown in Reference [69].

In addition, in the core region, where human HBV genotype A has a 6 nt insertion,
different SVs were observed [69], as shown in Figure 3. Up to a certain point, genetic
differences were caused by the accumulation of point mutations. However, at some
point, the nucleotide sequences were split into several particular patterns. These SVs
were observed as polymorphic changes. These SVs were provisionally referred to as “SV
polymorphisms” [69].
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Figure 3. Alignment of the core ORF from nt 2318 to 2394 (WMHBV) showed different SVs in HBV/A and species of
orthohepadnaviruses in this region. The polymorphic SVs change the length of amino acid residues in N-terminal helices
of HBV polymerase terminal protein. Reproduced from reference 69, and modified. Details of the consensus genome
sequences of human HBV and the non-human primate, bat and rodent HBV strains are provided in the legend to Figure 2.
Genetic sequences of the strains are available in Reference [69].

8.3. SV Polymorphisms in the Pre-S1 Region

In a previous study, SV polymorphisms of human HBV genotypes A to H were
identified in the Pre-S1 region [30]. Subsequent analyses focused on Pre-S1 SVs in bat and
rodent (woodchuck and squirrel) HBVs. Primate-, bat- and rodent-specific SVs have all
been observed in this area (Figure 4) [69].

8.4. Clinical and Scientific Perspectives on Complex SVs and SV Polymorphisms

Among 70 HBV strains with complex SVs, at least two strains were recovered from
patients with fulminant hepatitis, from two patients with severe chronic liver disease and
11 patients with HCC, respectively. The positions of complex SVs in the HBV genome and
the types of insertional motifs determine the virologic characteristics and clinical manifes-
tation of HBV strains with complex SVs. A previous article reported the transcriptional
up-regulation of the viral genome by HNF1 binding site insertion, as well as the excessive
production of viral protein and the accumulation of protein in the infected hepatocytes [29],
data which suggest a potential risk of fulminant hepatitis or severe chronic liver disease.

In human and mouse genomes, DNA replication forks and template switching/micr
ohomology-mediated break-induction replication can generate complex SVs [22]. The HBV
polymerase has reverse transcriptase activity. In the replication step, the HBV relaxed
circular DNA genome is converted to covalently closed circular DNA and dsl DNA, which
is produced as a by-product of HBV replication, and is integrated at low rate into host
chromosomal DNA [37]. Although detailed mechanisms such as the use of viral or cellular
polymerase are not clear, the formation of complex SVs in HBV could be regulated by a
similar mechanism to that found in eukaryotic genomes.

As for SV polymorphisms observed in orthohepadnavirus, hidden genetic changes in
different species of orthohepadnavirus have been clarified, and these could be a key factor
for the ability of hepadnavirus to infect a wide variety of hosts. Concerning polymorphic
SVs in human HBV, experimental data have shown their role in viral genome replication
and viral protein expression. Previous experimental data have shown that removing
an insertional SV of 36 nt length in HBV/G caused a reduction in both the core protein
expression and suppression of genome replication [70]. In addition, a recent study by
Murayama and colleagues [71] showed that removing a 33 nt SV polymorphism in HBV/C,
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which changed the HBV/C construct in part of the pre-S1 region into SV polymorphisms
in HBV/D and primate HBVs, caused a 10-times higher replication of the viral genome
as compared with a wild-type HBV/C construct. Similar data were reported by Tong
and colleagues [72]. Furthermore, SV polymorphisms in the pre-S region affected the
production of large surface protein (LBS) and changed the subcellular distribution of
LBS [73]. These data demonstrate the important role of SV polymorphisms observed in
each of the human HBV genotypes.

Figure 4. Alignment of the Pre-S1 ORF start site from nt 2826 to 2889 (WMHBV) showed different SVs in species with
orthohepadnaviruses. Since multiple segments with SVs were observed in this region, the positions of SVs were designated
as SV position 1 to 3. The SV polymorphisms in SV positions 1–3 change the length of amino acid residues of HBV
polymerase spacer domain. Reproduced from reference 69, and modified. Details of the consensus genome sequences of
human HBV and the non-human primate, bat and rodent HBV strains are provided in the legend to Figure 2. Genetic
sequences of the strains are available in Reference [69].

9. Conclusions

Novel genetic alterations, referred to as complex SVs, in HBV have been identified, and
these rearrangements alter the viral genome along with CP mutations (A1762T/G1764A),
pre-core mutations, intergenotypic recombinations and many nucleotide substitutions.
The characteristics of complex SVs were elucidated from analyses of 70 HBV strains with
complex SVs. In addition, the existence of SV polymorphisms was demonstrated based on
techniques used for analyses of complex SVs. SV polymorphisms may be related to the
genetic diversity of orthohepadnaviruses. In addition, accumulating experimental data
have shown the role of SV polymorphisms in human HBV genotypes. Further studies are
needed to elucidate the virologic and clinical roles of SVs.

Funding: This work was supported by a grant-in-aid from the JSPS (grant number 19K08427).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability: Not applicable.



Viruses 2021, 13, 473 9 of 11

Conflicts of Interest: The author declares no conflict of interest.

References
1. Schweitzer, A.; Horn, J.; Mikolajczyk, R.T.; Krause, G.; Ott, J.J. Estimations of worldwide prevalence of chronic hepatitis B virus

infection: A systematic review of data published between 1965 and 2013. Lancet 2015. [CrossRef]
2. Blumberg, B.S.; Alter, H.J.; Visnich, S. A “New” Antigen in Leukemia Sera. JAMA 1965, 191, 541–546. [CrossRef]
3. Galibert, F.; Mandart, E.; Fitoussi, F.; Tiollais, P.; Charnay, P. Nucleotide sequence of the hepatitis B virus genome (subtype ayw)

cloned in E. coli. Nature 1979, 281, 646–650. [CrossRef]
4. Pasek, M.; Goto, T.; Gilbert, W.; Zink, B.; Schaller, H.; MacKay, P.; Leadbetter, G.; Murray, K. Hepatitis B virus genes and their

expression in E. coli. Nature 1979, 282, 575–579. [CrossRef]
5. Valenzuela, P.; Gray, P.; Quiroga, M.; Zaldivar, J.; Goodman, H.M.; Rutter, W.J. Nucleotide sequence of the gene coding for the

major protein of hepatitis B virus surface antigen. Nature 1979, 280, 815–819. [CrossRef] [PubMed]
6. Okamoto, H.; Tsuda, F.; Sakugawa, H.; Sastrosoewignjo, R.I.; Imai, M.; Miyakawa, Y.; Mayumi, M. Typing hepatitis B virus by

homology in nucleotide sequence: Comparison of surface antigen subtypes. J. Gen. Virol. 1988, 69 Pt 10, 2575–2583. [CrossRef]
7. Norder, H.; Hammas, B.; Lofdahl, S.; Courouce, A.M.; Magnius, L.O. Comparison of the amino acid sequences of nine different

serotypes of hepatitis B surface antigen and genomic classification of the corresponding hepatitis B virus strains. J. Gen. Virol.
1992, 73 Pt 5, 1201–1208. [CrossRef]

8. Arauz-Ruiz, P.; Norder, H.; Robertson, B.H.; Magnius, L.O. Genotype H: A new Amerindian genotype of hepatitis B virus
revealed in Central America. J. Gen. Virol. 2002, 83, 2059–2073. [CrossRef] [PubMed]

9. Raimondi, S.; Maisonneuve, P.; Bruno, S.; Mondelli, M.U. Is response to antiviral treatment influenced by hepatitis B virus
genotype? J. Hepatol. 2010, 52, 441–449. [CrossRef]

10. Tran, T.T.; Trinh, T.N.; Abe, K. New complex recombinant genotype of hepatitis B virus identified in Vietnam. J. Virol. 2008, 82,
5657–5663. [CrossRef] [PubMed]

11. Tatematsu, K.; Tanaka, Y.; Kurbanov, F.; Sugauchi, F.; Mano, S.; Maeshiro, T.; Nakayoshi, T.; Wakuta, M.; Miyakawa, Y.; Mizokami,
M. A genetic variant of hepatitis B virus divergent from known human and ape genotypes isolated from a Japanese patient and
provisionally assigned to new genotype J. J. Virol. 2009, 83, 10538–10547. [CrossRef]

12. Carman, W.F.; Jacyna, M.R.; Hadziyannis, S.; Karayiannis, P.; McGarvey, M.J.; Makris, A.; Thomas, H.C. Mutation preventing
formation of hepatitis B e antigen in patients with chronic hepatitis B infection. Lancet 1989, 2, 588–591. [CrossRef]

13. Okamoto, H.; Tsuda, F.; Akahane, Y.; Sugai, Y.; Yoshiba, M.; Moriyama, K.; Tanaka, T.; Miyakawa, Y.; Mayumi, M. Hepatitis B
virus with mutations in the core promoter for an e antigen-negative phenotype in carriers with antibody to e antigen. J. Virol.
1994, 68, 8102–8110. [CrossRef]

14. Bollyky, P.L.; Rambaut, A.; Harvey, P.H.; Holmes, E.C. Recombination between sequences of hepatitis B virus from different
genotypes. J. Mol. Evol. 1996, 42, 97–102. [CrossRef]

15. Bowyer, S.M.; Sim, J.G. Relationships within and between genotypes of hepatitis B virus at points across the genome: Footprints
of recombination in certain isolates. J. Gen. Virol. 2000, 81, 379–392. [CrossRef]

16. Morozov, V.; Pisareva, M.; Groudinin, M. Homologous recombination between different genotypes of hepatitis B virus. Gene 2000,
260, 55–65. [CrossRef]

17. Simmonds, P.; Midgley, S. Recombination in the genesis and evolution of hepatitis B virus genotypes. J. Virol. 2005, 79,
15467–15476. [CrossRef]

18. Suwannakarn, K.; Tangkijvanich, P.; Theamboonlers, A.; Abe, K.; Poovorawan, Y. A novel recombinant of Hepatitis B virus
genotypes G and C isolated from a Thai patient with hepatocellular carcinoma. J. Gen. Virol. 2005, 86, 3027–3030. [CrossRef]
[PubMed]

19. Araujo, N.M. Hepatitis B virus intergenotypic recombinants worldwide: An overview. Infect. Genet. Evol. 2015, 36, 500–510.
[CrossRef] [PubMed]

20. Sugauchi, F.; Orito, E.; Ichida, T.; Kato, H.; Sakugawa, H.; Kakumu, S.; Ishida, T.; Chutaputti, A.; Lai, C.L.; Ueda, R.; et al. Hepatitis
B virus of genotype B with or without recombination with genotype C over the precore region plus the core gene. J. Virol. 2002,
76, 5985–5992. [CrossRef] [PubMed]

21. Hastings, P.J.; Ira, G.; Lupski, J.R. A microhomology-mediated break-induced replication model for the origin of human copy
number variation. PLoS Genet. 2009, 5, e1000327. [CrossRef]

22. Zhang, F.; Khajavi, M.; Connolly, A.M.; Towne, C.F.; Batish, S.D.; Lupski, J.R. The DNA replication FoSTeS/MMBIR mechanism
can generate genomic, genic and exonic complex rearrangements in humans. Nat. Genet. 2009, 41, 849–853. [CrossRef]

23. Quinlan, A.R.; Clark, R.A.; Sokolova, S.; Leibowitz, M.L.; Zhang, Y.; Hurles, M.E.; Mell, J.C.; Hall, I.M. Genome-wide mapping
and assembly of structural variant breakpoints in the mouse genome. Genome Res. 2010, 20, 623–635. [CrossRef]

24. Quinlan, A.R.; Hall, I.M. Characterizing complex structural variation in germline and somatic genomes. Trends Genet. 2012, 28,
43–53. [CrossRef]

25. Yalcin, B.; Wong, K.; Bhomra, A.; Goodson, M.; Keane, T.M.; Adams, D.J.; Flint, J. The fine-scale architecture of structural variants
in 17 mouse genomes. Genome Biol. 2012, 13, R18. [CrossRef]

http://doi.org/10.1016/S0140-6736(15)61412-X
http://doi.org/10.1001/jama.1965.03080070025007
http://doi.org/10.1038/281646a0
http://doi.org/10.1038/282575a0
http://doi.org/10.1038/280815a0
http://www.ncbi.nlm.nih.gov/pubmed/471053
http://doi.org/10.1099/0022-1317-69-10-2575
http://doi.org/10.1099/0022-1317-73-5-1201
http://doi.org/10.1099/0022-1317-83-8-2059
http://www.ncbi.nlm.nih.gov/pubmed/12124470
http://doi.org/10.1016/j.jhep.2009.12.014
http://doi.org/10.1128/JVI.02556-07
http://www.ncbi.nlm.nih.gov/pubmed/18353958
http://doi.org/10.1128/JVI.00462-09
http://doi.org/10.1016/S0140-6736(89)90713-7
http://doi.org/10.1128/JVI.68.12.8102-8110.1994
http://doi.org/10.1007/BF02198834
http://doi.org/10.1099/0022-1317-81-2-379
http://doi.org/10.1016/S0378-1119(00)00424-8
http://doi.org/10.1128/JVI.79.24.15467-15476.2005
http://doi.org/10.1099/vir.0.81241-0
http://www.ncbi.nlm.nih.gov/pubmed/16227224
http://doi.org/10.1016/j.meegid.2015.08.024
http://www.ncbi.nlm.nih.gov/pubmed/26299884
http://doi.org/10.1128/JVI.76.12.5985-5992.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021331
http://doi.org/10.1371/journal.pgen.1000327
http://doi.org/10.1038/ng.399
http://doi.org/10.1101/gr.102970.109
http://doi.org/10.1016/j.tig.2011.10.002
http://doi.org/10.1186/gb-2012-13-3-r18


Viruses 2021, 13, 473 10 of 11

26. Guo, Y.; Gu, X.; Sheng, Z.; Wang, Y.; Luo, C.; Liu, R.; Qu, H.; Shu, D.; Wen, J.; Crooijmans, R.P.; et al. A Complex Structural
Variation on Chromosome 27 Leads to the Ectopic Expression of HOXB8 and the Muffs and Beard Phenotype in Chickens.
PLoS Genet. 2016, 12, e1006071. [CrossRef] [PubMed]

27. Collins, R.L.; Brand, H.; Redin, C.E.; Hanscom, C.; Antolik, C.; Stone, M.R.; Glessner, J.T.; Mason, T.; Pregno, G.; Dorrani, N.; et al.
Defining the diverse spectrum of inversions, complex structural variation, and chromothripsis in the morbid human genome.
Genome Biol. 2017, 18, 36. [CrossRef]

28. Spies, N.; Weng, Z.; Bishara, A.; McDaniel, J.; Catoe, D.; Zook, J.M.; Salit, M.; West, R.B.; Batzoglou, S.; Sidow, A. Genome-wide
reconstruction of complex structural variants using read clouds. Nat. Methods 2017, 14, 915–920. [CrossRef] [PubMed]

29. Fujiwara, K.; Tanaka, Y.; Paulon, E.; Orito, E.; Sugiyama, M.; Ito, K.; Ueda, R.; Mizokami, M.; Naoumov, N.V. Novel type of
hepatitis B virus mutation: Replacement mutation involving a hepatocyte nuclear factor 1 binding site tandem repeat in chronic
hepatitis B virus genotype E. J. Virol. 2005, 79, 14404–14410. [CrossRef]

30. Fujiwara, K.; Matsunami, K.; Iio, E.; Nojiri, S.; Joh, T. Novel non-canonical genetic rearrangements termed “complex structural
variations” in HBV genome. Virus Res. 2017, 238, 84–93. [CrossRef]

31. Fujiwara, K.; Matsuura, K.; Matsunami, K.; Iio, E.; Nojiri, S. Characterization of hepatitis B virus with complex structural
variations. BMC Microbiol. 2018, 18, 202. [CrossRef] [PubMed]

32. Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673–4680.
[CrossRef]

33. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

34. Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol.
Biol. 2000, 302, 205–217. [CrossRef] [PubMed]

35. Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [CrossRef] [PubMed]

36. Hino, O.; Tabata, S.; Hotta, Y. Evidence for increased in vitro recombination with insertion of human hepatitis B virus DNA.
Proc. Natl. Acad. Sci. USA 1991, 88, 9248–9252. [CrossRef]

37. Tu, T.; Budzinska, M.A.; Shackel, N.A.; Urban, S. HBV DNA Integration: Molecular Mechanisms and Clinical Implications.
Viruses 2017, 9, 75. [CrossRef] [PubMed]

38. Peneau, C.; Imbeaud, S.; La Bella, T.; Hirsch, T.Z.; Caruso, S.; Calderaro, J.; Paradis, V.; Blanc, J.F.; Letouze, E.; Nault, J.C.; et al.
Hepatitis B virus integrations promote local and distant oncogenic driver alterations in hepatocellular carcinoma. Gut 2021.
[CrossRef]

39. Li, M.; Du, M.; Cong, H.; Gu, Y.; Fang, Y.; Li, J.; Gan, Y.; Tu, H.; Gu, J.; Xia, Q. Characterization of hepatitis B virus DNA integration
patterns in intrahepatic cholangiocarcinoma. Hepatol. Res. 2021, 51, 102–115. [CrossRef]

40. Courtois, G.; Morgan, J.G.; Campbell, L.A.; Fourel, G.; Crabtree, G.R. Interaction of a liver-specific nuclear factor with the
fibrinogen and alpha 1-antitrypsin promoters. Science 1987, 238, 688–692. [CrossRef]

41. Courtois, G.; Baumhueter, S.; Crabtree, G.R. Purified hepatocyte nuclear factor 1 interacts with a family of hepatocyte-specific
promoters. Proc. Natl. Acad. Sci. USA 1988, 85, 7937–7941. [CrossRef]

42. Cereghini, S.; Yaniv, M.; Cortese, R. Hepatocyte dedifferentiation and extinction is accompanied by a block in the synthesis of
mRNA coding for the transcription factor HNF1/LFB1. EMBO J. 1990, 9, 2257–2263. [CrossRef] [PubMed]

43. Johnson, P.F. Transcriptional activators in hepatocytes. Cell Growth Differ. 1990, 1, 47–52. [PubMed]
44. Locker, J.; Ghosh, D.; Luc, P.V.; Zheng, J. Definition and prediction of the full range of transcription factor binding sites–The

hepatocyte nuclear factor 1 dimeric site. Nucleic Acids Res. 2002, 30, 3809–3817. [CrossRef]
45. Chang, H.K.; Wang, B.Y.; Yuh, C.H.; Wei, C.L.; Ting, L.P. A liver-specific nuclear factor interacts with the promoter region of the

large surface protein gene of human hepatitis B virus. Mol. Cell Biol. 1989, 9, 5189–5197. [CrossRef]
46. Raney, A.K.; Milich, D.R.; Easton, A.J.; McLachlan, A. Differentiation-specific transcriptional regulation of the hepatitis B virus

large surface antigen gene in human hepatoma cell lines. J. Virol. 1990, 64, 2360–2368. [CrossRef]
47. Zhou, D.X.; Yen, T.S. The ubiquitous transcription factor Oct-1 and the liver-specific factor HNF-1 are both required to activate

transcription of a hepatitis B virus promoter. Mol. Cell Biol. 1991, 11, 1353–1359. [CrossRef]
48. Nishizono, A.; Maeno, M.; Hiraga, M.; Hirai, H.; Esumi, M.; Shikata, T. In vitro transcription of the hepatitis B virus gene by

nuclear extracts of human hepatoma cells. Virology 1991, 182, 545–552. [CrossRef]
49. Raney, A.K.; Easton, A.J.; McLachlan, A. Characterization of the minimal elements of the hepatitis B virus large surface antigen

promoter. J. Gen. Virol. 1994, 75 Pt 10, 2671–2679. [CrossRef]
50. Gunther, S.; Piwon, N.; Iwanska, A.; Schilling, R.; Meisel, H.; Will, H. Type, prevalence, and significance of core promoter/enhancer

II mutations in hepatitis B viruses from immunosuppressed patients with severe liver disease. J. Virol. 1996, 70, 8318–8331.
[CrossRef]

51. Pult, I.; Chouard, T.; Wieland, S.; Klemenz, R.; Yaniv, M.; Blum, H.E. A hepatitis B virus mutant with a new hepatocyte nuclear
factor 1 binding site emerging in transplant-transmitted fulminant hepatitis B. Hepatology 1997, 25, 1507–1515. [CrossRef]

52. Laskus, T.; Rakela, J.; Steers, J.L.; Wiesner, R.H.; Persing, D.H. Precore and contiguous regions of hepatitis B virus in liver
transplantation for end-stage hepatitis B. Gastroenterology 1994, 107, 1774–1780. [CrossRef]

http://doi.org/10.1371/journal.pgen.1006071
http://www.ncbi.nlm.nih.gov/pubmed/27253709
http://doi.org/10.1186/s13059-017-1158-6
http://doi.org/10.1038/nmeth.4366
http://www.ncbi.nlm.nih.gov/pubmed/28714986
http://doi.org/10.1128/JVI.79.22.14404-14410.2005
http://doi.org/10.1016/j.virusres.2017.06.009
http://doi.org/10.1186/s12866-018-1350-1
http://www.ncbi.nlm.nih.gov/pubmed/30509169
http://doi.org/10.1093/nar/22.22.4673
http://doi.org/10.1093/molbev/mst010
http://doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
http://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://doi.org/10.1073/pnas.88.20.9248
http://doi.org/10.3390/v9040075
http://www.ncbi.nlm.nih.gov/pubmed/28394272
http://doi.org/10.1136/gutjnl-2020-323153
http://doi.org/10.1111/hepr.13580
http://doi.org/10.1126/science.3499668
http://doi.org/10.1073/pnas.85.21.7937
http://doi.org/10.1002/j.1460-2075.1990.tb07396.x
http://www.ncbi.nlm.nih.gov/pubmed/2357969
http://www.ncbi.nlm.nih.gov/pubmed/2078499
http://doi.org/10.1093/nar/gkf484
http://doi.org/10.1128/MCB.9.11.5189
http://doi.org/10.1128/JVI.64.5.2360-2368.1990
http://doi.org/10.1128/MCB.11.3.1353
http://doi.org/10.1016/0042-6822(91)90595-3
http://doi.org/10.1099/0022-1317-75-10-2671
http://doi.org/10.1128/JVI.70.12.8318-8331.1996
http://doi.org/10.1002/hep.510250633
http://doi.org/10.1016/0016-5085(94)90820-6


Viruses 2021, 13, 473 11 of 11

53. Gerolami, R.; Henry, M.; Borentain, P.; Colson, P.; Botta, D.; Tamalet, C. Fulminant hepatitis B associated with a specific insertion
in the basal core promoter region of hepatitis B virus DNA after immunosuppressive treatment. Clin. Infect. Dis. 2005, 40, e24–e27.
[CrossRef] [PubMed]

54. Li, J.; Buckwold, V.E.; Hon, M.W.; Ou, J.H. Mechanism of suppression of hepatitis B virus precore RNA transcription by a frequent
double mutation. J. Virol. 1999, 73, 1239–1244. [CrossRef] [PubMed]

55. Takahashi, K.; Akahane, Y.; Hino, K.; Ohta, Y.; Mishiro, S. Hepatitis B virus genomic sequence in the circulation of hepatocellular
carcinoma patients: Comparative analysis of 40 full-length isolates. Arch. Virol. 1998, 143, 2313–2326. [CrossRef]

56. Ito, K.; Tanaka, Y.; Kato, M.; Fujiwara, K.; Sugauchi, F.; Sakamoto, T.; Shinkai, N.; Orito, E.; Mizokami, M. Comparison of complete
sequences of hepatitis B virus genotype C between inactive carriers and hepatocellular carcinoma patients before and after
seroconversion. J. Gastroenterol. 2007, 42, 837–844. [CrossRef] [PubMed]

57. Shinkai, N.; Tanaka, Y.; Ito, K.; Mukaide, M.; Hasegawa, I.; Asahina, Y.; Izumi, N.; Yatsuhashi, H.; Orito, E.; Joh, T.; et al. Influence
of hepatitis B virus X and core promoter mutations on hepatocellular carcinoma among patients infected with subgenotype C2.
J. Clin. Microbiol. 2007, 45, 3191–3197. [CrossRef]

58. Yuen, M.F.; Tanaka, Y.; Shinkai, N.; Poon, R.T.; But, D.Y.; Fong, D.Y.; Fung, J.; Wong, D.K.; Yuen, J.C.; Mizokami, M.; et al.
Risk for hepatocellular carcinoma with respect to hepatitis B virus genotypes B/C, specific mutations of enhancer II/core
promoter/precore regions and HBV DNA levels. Gut 2008, 57, 98–102. [CrossRef]

59. Kim, J.K.; Chang, H.Y.; Lee, J.M.; Baatarkhuu, O.; Yoon, Y.J.; Park, J.Y.; Kim, D.Y.; Han, K.H.; Chon, C.Y.; Ahn, S.H. Specific
mutations in the enhancer II/core promoter/precore regions of hepatitis B virus subgenotype C2 in Korean patients with
hepatocellular carcinoma. J. Med. Virol. 2009, 81, 1002–1008. [CrossRef] [PubMed]

60. Bai, X.; Zhu, Y.; Jin, Y.; Guo, X.; Qian, G.; Chen, T.; Zhang, J.; Wang, J.; Groopman, J.D.; Gu, J.; et al. Temporal acquisition of
sequential mutations in the enhancer II and basal core promoter of HBV in individuals at high risk for hepatocellular carcinoma.
Carcinogenesis 2011, 32, 63–68. [CrossRef] [PubMed]

61. Lyu, H.; Lee, D.; Chung, Y.H.; Kim, J.A.; Lee, J.H.; Jin, Y.J.; Park, W.; Mathews, P.; Jaffee, E.; Zheng, L.; et al. Synergistic effects of
A1896, T1653 and T1762/A1764 mutations in genotype c2 hepatitis B virus on development of hepatocellular carcinoma. J. Viral.
Hepat. 2013, 20, 219–224. [CrossRef] [PubMed]

62. Wang, Y.; Zeng, L.I.; Chen, W. HBV X gene point mutations are associated with the risk of hepatocellular carcinoma: A systematic
review and meta-analysis. Mol. Clin. Oncol. 2016, 4, 1045–1051. [CrossRef] [PubMed]

63. Ito, K.; Kim, K.H.; Lok, A.S.; Tong, S. Characterization of genotype-specific carboxyl-terminal cleavage sites of hepatitis B virus e
antigen precursor and identification of furin as the candidate enzyme. J. Virol. 2009, 83, 3507–3517. [CrossRef] [PubMed]

64. Tran, A.; Kremsdorf, D.; Capel, F.; Housset, C.; Dauguet, C.; Petit, M.A.; Brechot, C. Emergence of and takeover by hepatitis B
virus (HBV) with rearrangements in the pre-S/S and pre-C/C genes during chronic HBV infection. J. Virol. 1991, 65, 3566–3574.
[CrossRef]

65. Stuyver, L.; De Gendt, S.; Van Geyt, C.; Zoulim, F.; Fried, M.; Schinazi, R.F.; Rossau, R. A new genotype of hepatitis B virus:
Complete genome and phylogenetic relatedness. J. Gen. Virol. 2000, 81, 67–74. [CrossRef] [PubMed]

66. Kato, H.; Orito, E.; Gish, R.G.; Sugauchi, F.; Suzuki, S.; Ueda, R.; Miyakawa, Y.; Mizokami, M. Characteristics of hepatitis B virus
isolates of genotype G and their phylogenetic differences from the other six genotypes (A through F). J. Virol. 2002, 76, 6131–6137.
[CrossRef]

67. Takahashi, K.; Mishiro, S.; Prince, A.M. Novel hepatitis B virus strain from a chimpanzee of Central Africa (Pan troglodytes
troglodytes) with an unusual antigenicity of the core protein. Intervirology 2001, 44, 321–326. [CrossRef]

68. Utsumi, T.; Wahyuni, R.M.; Lusida, M.I.; Yano, Y.; Priambada, N.P.; Amin, M.; Purwono, P.B.; Istimagfiroh, A.; Soetjipto; Brule,
A.; et al. Full genome characterization and phylogenetic analysis of hepatitis B virus in gibbons and a caretaker in Central
Kalimantan, Indonesia. Arch. Virol. 2015, 160, 685–692. [CrossRef] [PubMed]

69. Fujiwara, K.; Matsuura, K.; Matsunami, K.; Iio, E.; Nagura, Y.; Nojiri, S.; Kataoka, H. Novel Genetic Rearrangements Termed
“Structural Variation Polymorphisms” Contribute to the Genetic Diversity of Orthohepadnaviruses. Viruses 2019, 11, 871.
[CrossRef]

70. Li, K.; Zoulim, F.; Pichoud, C.; Kwei, K.; Villet, S.; Wands, J.; Li, J.; Tong, S. Critical role of the 36-nucleotide insertion in hepatitis B
virus genotype G in core protein expression, genome replication, and virion secretion. J. Virol. 2007, 81, 9202–9215. [CrossRef]
[PubMed]

71. Murayama, A.; Yamada, N.; Osaki, Y.; Shiina, M.; Aly, H.H.; Iwamoto, M.; Tsukuda, S.; Watashi, K.; Matsuda, M.; Suzuki, R.; et al.
N-Terminal PreS1 Sequence Regulates Efficient Infection of Cell-Culture-Generated Hepatitis B Virus. Hepatology 2020. [CrossRef]

72. Li, J.; Chen, S.; Yuan, Q.; Zhang, J.; Wu, J.; Jiang, Q.; Wang, Q.; Xia, N.S.; Tong, S. Naturally occurring 5′ preS1 deletions markedly
enhance replication and infectivity of HBV genotype B and genotype C. Gut 2020. [CrossRef] [PubMed]

73. Jiang, B.; Wen, X.; Wu, Q.; Bender, D.; Carra, G.; Basic, M.; Kubesch, A.; Peiffer, K.H.; Boller, K.; Hildt, E. The N-Terminus Makes
the Difference: Impact of Genotype-Specific Disparities in the N-Terminal Part of The Hepatitis B Virus Large Surface Protein on
Morphogenesis of Viral and Subviral Particles. Cells 2020, 9, 1898. [CrossRef]

http://doi.org/10.1086/427146
http://www.ncbi.nlm.nih.gov/pubmed/15712066
http://doi.org/10.1128/JVI.73.2.1239-1244.1999
http://www.ncbi.nlm.nih.gov/pubmed/9882327
http://doi.org/10.1007/s007050050463
http://doi.org/10.1007/s00535-007-2100-6
http://www.ncbi.nlm.nih.gov/pubmed/17940837
http://doi.org/10.1128/JCM.00411-07
http://doi.org/10.1136/gut.2007.119859
http://doi.org/10.1002/jmv.21501
http://www.ncbi.nlm.nih.gov/pubmed/19382267
http://doi.org/10.1093/carcin/bgq195
http://www.ncbi.nlm.nih.gov/pubmed/20876702
http://doi.org/10.1111/j.1365-2893.2012.01654.x
http://www.ncbi.nlm.nih.gov/pubmed/23383661
http://doi.org/10.3892/mco.2016.847
http://www.ncbi.nlm.nih.gov/pubmed/27284442
http://doi.org/10.1128/JVI.02348-08
http://www.ncbi.nlm.nih.gov/pubmed/19193799
http://doi.org/10.1128/JVI.65.7.3566-3574.1991
http://doi.org/10.1099/0022-1317-81-1-67
http://www.ncbi.nlm.nih.gov/pubmed/10640543
http://doi.org/10.1128/JVI.76.12.6131-6137.2002
http://doi.org/10.1159/000050065
http://doi.org/10.1007/s00705-014-2323-9
http://www.ncbi.nlm.nih.gov/pubmed/25559671
http://doi.org/10.3390/v11090871
http://doi.org/10.1128/JVI.00390-07
http://www.ncbi.nlm.nih.gov/pubmed/17567705
http://doi.org/10.1002/hep.31308
http://doi.org/10.1136/gutjnl-2019-320096
http://www.ncbi.nlm.nih.gov/pubmed/32571971
http://doi.org/10.3390/cells9081898

	Introduction 
	Complex Structural Variation in the Cellular Genomes of Humans and Mice 
	Complex SVs Observed in the HBV Genome 
	Bioinformatical Analysis for the Detection of Complex SVs in HBV 
	Points Where Complex SVs Are Observed in the HBV Genome 
	Discovery of Insertional Motif Sequences in Complex SVs in HBV 
	Classification of Complex SVs in HBV 
	SV Polymorphisms 
	SV Polymorphisms 
	SV Polymorphisms in the Core Region 
	SV Polymorphisms in the Pre-S1 Region 
	Clinical and Scientific Perspectives on Complex SVs and SV Polymorphisms 

	Conclusions 
	References

