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These observations support the clinical importance of
occult HBV as a carcinogenic factor in HBsAg-negative
patients with CH-C. However, it remains controversial
whether occult HBV increases the risk of HCC in this
population [8].

Several studies have investigated the association
between HBV integration and HCC in patients with
both chronic HCV infection and HCC [8-10]. However,
no study has prospectively evaluated whether HBV inte-
gration in liver tissue correlates with HCC development
in CH-C patients. In a prospective 12-year study, we
attempted to clarify whether HBV integration promotes
hepatocarcinogenesis in CH-C patients.

2. Materials and methods
2.1. Patients

A total of 67 HBsAg-negative, CH-C patients underwent ultraso-
nography (US)-guided fine-needle liver biopsy for histological evalua-
tion between January and December 1994. Of these patients, 39 had
chronic hepatitis with mild fibrosis (METAVIR score of FO or F1)
[11] and were included in the study. Clinical characteristics of these
patients are summarized in Table 1. The patient group contained 30
men and 9 women with a mean age of 49.0 £ 7.6 years. All patients
were negative for both serum HBsAg and HBV-DNA and were shown
to have persistent HCV infection by nested reverse transcription-poly-
merase chain reaction (PCR). Sixteen of thirty-nine patients had a his-
tory of blood transfusion. No patient had a history of intravenous
drug use, tattooing, or acupuncture, No patient had a history of acute
hepatitis B. All patients were followed from the time of liver biopsy
until October 2006. They underwent periodic US examination and
analysis for HCC tumor markers, including a-fetoprotein and des-y-
carboxy prothrombin every 6 months. When a suspicious liver lesion

Table 1
Clinical characteristics of the study patients (n = 39)
Age (years) 49076
Sex (female/male) 9(23.1)/30(76.9)*
History of blood transfusion 15 (38.5)
Presumed duration of HCV carriage’ 19.0 (5-33**
Alanine aminotransferase (IU/L) 60.1+£31.4
Aspartate aminotransferase (TU/L) 45.0+=238
Gamma glutamyl transpeptidase (mg/L) 5124553
Albumin (g/dL) 4114033
Total-bilirubin (mg/dL) 0.74 0.33
Platelet count (x10*/mi) 179465
HCV RNA concentration (x10°TU/m1) 570 (3-4900)**
HCV genotype

1b 25(64.1)"

2a 11 (28.2)%

2b 3.7
HBYV surface antigen 0
HBV surface antibody 6(15.4)"
HBV core antibody 25(64.1)*
Fibrosis stage™

Fo 14 35.9y*

F1 25(64.1)%

HBYV, hepatitis B virus; HCV, hepatitis C virus.

" In patients with a history of blood transfusion.
" According to METAVIR score.

# Percentages are shown in parentheses.
*# Median; ranges are shown in parentheses.

was detected by US or a tumor marker was elevated, the patient under-
went further examination by imaging such as computed tomography
(CT), magnetic resonance imaging, or angiography. HCC was diag-
nosed on the basis of typical imaging findings, which include a mosaic
pattern with a halo on B-mode US images, hypervascularity on angio-
graphic images, or a high-density mass on arterial-phase dynamic CT
images with a low-density mass on portal-phase dynamic CT images
obtained with a helical or multidetector raw CT scanner. All patients
who developed HCC underwent a hepatectomy; all tumors were less
than 3 cm in diameter when detected under this surveillance. The final
diagnosis of HCC was based on histologic examination of the tumor
tissue taken from resected specimens.

The study protocol conformed to the ethics guidelines of the Dec-
laration of Helsinki (1975). All patients provided written informed
consent for analysis of the biopsy specimens, and the Hospital Ethics
Committee approved the study.

2.2. Sample preparation

DNA was extracted from liver tissues obtained at liver biopsy on
1994 with a DNeasy Tissue Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. All samples were stored at —80 °C
and carefully handled to avoid contamination with nucleic acids.

2.3. Detection of viral-host junctions

A PCR-based technique, Alu-PCR, one of the most effective proce-
dures to detect junctions between integrated HBV-DNA and human
DNA, was used to amplify viral-host junctions using 100 ng of geno-
mic DNA [12-14] (Table 2). The sensitivity study for this PCR was
performed using human hepatoma cell line Huh-2 cells that contain
1 copy per cell of integrated HBV (kindly provided by Dr. K Koike
from Department of Gene Research, Cancer Institute, Tokyo) [15].
Amplified PCR products were analyzed bX electrophoresis on 1.0%
agarose gel and transferred to a Hybond-N" nylon membrane (Amer-
sham Pharmacia, Buckinghamshire, UK). About 3.2 kb of the HBV X
genome (HBV-X) was amplified according to the method of Giinther
et al. [16]. HBV-specific bands were then detected by hybridization
with a DIG labeled HBV probe (Roche, Mannheim, Germany).

2.4. Direct sequencing

The amplified viral/host junctions were purified with an Easy Trap
Kit (Takara, Otsu, Japan) and sequenced using a Prism Taq DyeDe-
oxy Terminator cycle sequencing kit (Applied Biosystems, Foster City,
CA), according to the manufacturer’s instructions. Products were pre-
cipitated with ethanol and analyzed with a 377 Prism DNA Sequencer
(Applied Biosystems Inc.). To identify the HBV-X integration site, we
used BLAST (http://www.ncbi.nlm.nih.gov/BLAST/ ) to compare
sequences adjacent to the integrated HBV-DNA with the human
genome.

2.5. Other serological and virological tests

HBV surface antigen, surface antibody, and core antibody were
measured with ARCHITECT HBsAg QT, ARCHITECT anti-HBs,
and ARCHITECT anti-HBc, respectively (Abbott Japan, Tokyo,
Japan). Serum HBV-DNA was measured by the Amplicor HBV test
(detection limit, 400 copies/mL; Roche Diagnostics, Branchburg,
NJ). HCV genotype was determined by PCR with genotype-specific
primers [17,18]. HCV RNA concentration was measured by a quanti-
tative PCR assay (detection limit, 5000 copies/mL; Amplicor GT-HCV
Monitor, Version 2.0; Roche Molecular Systems, Pleasanton, CA).

2.6. Statistical analyses

Data are expressed as means &+ SD or the median and range. Dif-
ferences in the proportion of patients with and without HBV-X inte-
gration were analyzed by z* test. Differences in quantitative values
were analyzed by Mann-Whitney U test. For the incidence of HCC
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Primer name

Primer sequence

HBYV portion and note

5'-CAGUGCCAAGUGUUUGCUGACGCCAAAGUGCUGGGAUUA-3'
5'-AUUAACCCUCACUAAAGCCUCGAUAGAUYRYRCCAYUGCAC-3'

UPS

T3-515

UP6 5'-CAAGTGTTTGCTGACGCCAAAG-3’
midT3 5'-ATTAACCCTCACTAAAGCCTCG-3’
pUTP 5’-~ACAUGAACCUUUACCCCGUUGC-3’
MD37 5'-TGCCAAGTGTTTGCTGACGC-3’
MD60 5'-CTGCCGATCCATACTGCGGAAC-3’

Alu-sense

Alu-antisense

Alu-sense (tag)
Alu-antisense (tag)
1131-1152 HB1 (HBV-X)
1174-1193 HB2 (HBV-X)

1258-1279 HB3 (HBV-X)

Numbering of nucleotides is according to Ono et al. [31]. U=dUTP; Y = (C,T); R =(A,G).

development, the date of the initial liver biopsy was defined as time
zero. Data pertaining to patients who did not develop HCC were cen-
sored. The Kaplan—-Meier method was used to calculate the incidence
of HCC, and the log-rank test was used to analyze differences. The
JMP statistical software package, version 4.0, (SAS Institute, Cary,
NC) was used for all statistical analyses. All p values were derived from
two-tailed tests, and p < 0.05 was considered statistically significant.

3. Results

3.1. Integration of hepatitis B viral genome and patient
characteristics

The sensitivity of the PCR amplification was first
determined with hepatoma cell line Huh-2 cells. When
we made a tenfold serial dilution of Huh-2 cells with
normal human PBMC without a history of liver disease,
we could detect viral-host junctions at about 100 copies
per reaction by the PCR (Fig. 1a).

We amplified virus-host DNA junctions from the
liver of CH-C patients and detected several bands on
1.0%-agarose gels (Fig. 1b). Sequencing these PCR

a 0'10°10°10' 10°NC 1010’ 10°10" 10°NC

b M 33 34

35 36 37 38 39

1kbp
500bp

Fig. 1. The detection of HBV-X-host junction by Alu-PCR analysis. (2)
The sensitivity study of Alu-PCR method. Serially diluted genomic DNA
contained with HBV integrant was amplified by using HBV-X and Alu
antisense primer pair. Left is Southern blot analysis from the gel
electropheresis (right). (b) The numbers indicate the individual patients,
and a and b indicate the primer pair used for amplification (a, HBV-X
primer and Alu sense; b, HBV-X primer and Alu antisense). The PCR
strategy and the primer sequences used in this study were previously
described [12-14]. Arrowheads indicate PCR products with HBV-X-host
junctional sequences (white) and without HBV-X-host junctions (black).

products revealed HBV-X integration in 9 of the 39
(23.1%) patients. Nineteen viral-host junctions were
detected in these 9 patients. In 4 of these 9 patients, mul-
tiple integration sites (range, 2-6) were present. For
example, 6 viral-host junctions were detected in patient
15, and the adjacent host sequences were from 6 differ-
ent chromosomes (red circle, Fig. 2). In the other 5
cases, a single integration site was detected. The sites
of HBV-X integration are shown in Fig. 2.

Clinical characteristics of patients with and without
HBV-X integration are summarized in Table 3. There
were no differences in the clinical characteristics. During
the observation period, 4 of 9 (44.4%) patients with
HBV-X integration and 13 of 30 (43.3%) patients with-
out HBV-X integration received interferon mono-
therapy. These percentages did not differ significantly.

3.2. Host genome sequences at sites of HBV-X integration

The sites of host integration were divided into two
groups: (1) genes already known and/or fully character-
ized but not previously shown to be involved in carcino-
genesis (1 integration site; T cell lymphoma invasion and
metastasis 1 [TIAMI] in Patient 8), and (2) unknown
open reading frames (ORFs) or genes belonging to a
known gene family but not functionally characterized
(18 integration sites). The HBV genome ORF was inte-
grated in both the same and opposite orientations of the
host gene and both proximal to and into host genes
(Table 4).

3.3. Development of HCC

Over the 12-year follow-up period, HCC developed in
6 of the 39 (15.4%) patients. HCC developed in 4 of the
30 (13.3%) patients without HBV-X integration and in 2
of the 9 (22.2%) patients with HBV-X integration
(Fig. 3). The difference in the incidence of HCC between
patients with and without HBV-X integration was not
significant (p = 0.8041). Patient age, sex, and histologic
data at the time of HBV-X integration analysis and at
the time of HCC diagnosis are shown in Table 5. All
patients who developed HCC were males. Age at the
time HCC developed did not differ between patients
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Fig. 2. Chromosomal distribution of HBV-X integration sites. Circles indicate viral integration sites, and the circle color denotes the sample. For
example, the three white spots indicate three viral integration sites detected in the same specimen. Gene names and chromosomal localizations are also

noted. Red arrowheads indicate DNA fragile sites [32].
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Fig. 3. Kaplan-Meier curves for the incidence of hepatocellular carci-
noma (HCC). The blue and red lines represent the incidence of HCC in
patients with and without HBV-X integration, respectively. No signif-
icant difference was observed between the two groups (p = 0.8041).

with and without HBV-X integration. Five of 6 patients
who developed HCC (except for patient No. 34) had
received interferon therapy, but all of them remained
HCV positive. All 4 patients without HBV-X integra-
tion who developed HCC had cirrhosis at the time
HCC was diagnosed. In contrast, the fibrosis stage was
moderate or mild (F1 or F2) in the 2 patients with
HBV-X integration who developed HCC. No patient
was positive for the circulating low-level HBV-DNA

analyzed with a highly sensitive HBV-DNA detection
method (detection limit, 35 copies/mL; COBAS Tag-
Man HBV test, Roche Diagnostics) at the time of
HCC diagnosis [19].

We attempted to detect HBV-host junction by the
same Alu-PCR method in resected HCC materials that
developed in 4 patients (patients #9, 21, 34, and 38)
using paraffin-embedded samples. HBV-X integration
was detected in HCC materials of none of 4 patients
(data not shown).

4. Discussion

This is the first prospective study to analyze HBV
integration into the host hepatocyte genome of CH-C
patients with mild fibrosis and then to follow these
patients over a long period for the development of
HCC. Previous studies investigated HBV integration in
"HCC tissue of patients chronically infected with HCV
[8-10] or in HCC tissue of patients without hepatitis
virus infection [20]. However, in these studies, HBV inte-
gration was analyzed in cancerous and non-cancerous
tissue after the development of HCC, and thus the effect
of HBV integration on the development of HCC in CH-
C patients was not investigated.
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Table 3

Characteristics of patients with and without HBV-X-DNA integration
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HBV-X-DNA integration (—)
(= 30)

HBV-X-DNA integration (+)
(n=9)

Age (years) 489+ 7.6 49.6+17.7
Sex (female/male) 6 (20.0)/24 (80.0)* 3 (33.3)/6 (66.7)*
History of blood transfusion 11(36.7)* 4 (44.4)*
Presumed duration of HCV carriage” 19.0 (5-33** 22.5 (12-33y**
Alanine aminotransferase (IU/L) 60.0 +31.8 60.4 +31.8
Aspartate aminotransferase (IU/L) 46.2 £259 410+ 158
Gamma glutamyl transpeptidase (mg/L) 49.5 +39.0 346+29.2
Albumin (g/dL) 4.08 +0.37 422+ 0.14
Total-bilirubin (mg/dL) 0.70 £ 0.33 0.84 +0.33
Platelet count (x10*/ml) 18053 176 +£99
HCV RNA concentration (x10*[U/mL) 790 (3-4900)** 320 (3-2100)**
HCV genotype
b 19¢(63.3)* 6 (66.7)*
2a 8 (26.7)* 3 (33.3)%
2b 3 (10.0)* 0
HBs antibody (+) 413.3)% 2 (22.2)*
HBc antibody (+) 20 (66.7)* 5 (55.6)*
Fibrosis stage™
FoO 10 (33.3)* 4 (44.4*
Fl 20 (66.7)* 5 (55.6)*
HBYV, hepatitis B virus; HCV, hepatitis C virus.
* In patients with a history of blood transfusion.
™ According to METAVIR score.
* Percentages are shown in parentheses.
#* Median; ranges are shown in parentheses.
Table 4
Genes and sequences of HBV-X-DNA integration sites
No. Supercontig Position Orientation Chromosomal Name Location Name/function
localization
8. NTO034880 1375087 Same 6p25.3 FOXF2 39 kb upstream Forkhead box F2
8. NT086666 14245273 Opposite 5pl5.1 ANKH 177 kb upstream  Ankylosis, progressive homolog
8. NTO11512 18351760 Same 21g22.11 TIAMI 21.5kb upstream  T-cell lymphoma invasion and metastasis 1
15. NT_022184 11183657 Same 2p24 SPG4 Intronic seq Spastic paraplegia 4 (autosomal dominant;
spastin)
15. NT_024524 41428064 Same 13g21.2 DIAPH3 Intronic seq Diaphanous homolog 3 (Drosophila)
15. NTOI11109 19337933 Same 19q13.32 LOC400708 3.1 kb upstream Similar to Serine/threonine protein phosphatase 5
(PP5)
15. NT_077531 4155242  Opposite 8p23.1 FDFT1 Intronic seq Farnesyl-diphosphate farnesyltransferase 1
15, NT_010966 4345775 Opposite 18ql1.2 ZNF521 23 kb upstream Zinc finger protein 521
15. NT_007592 46424722 Same 6pl2.1 LOC44222¢ 5.3 kb upstream Similar to nitrogen fixation cluster-like
21, NT_023133 17103986 Opposite 5q35.1 KIAA1181 38kb downstream Endoplasmic reticulum-golgi intermediate
compartment 32 kDa protein
22, NTO11109 23275592 Same 19¢13.33 SBBI54 Intronic seq Hypothetical transmembrane protein SBBIS4
23. NTO008183 6327145 Opposite 8q11.23 LOC402336 16.9kb upstream  Similar to L21] ribosomal protein
24. NT_024524 2436145 Opposite 13ql1 XPO4 12.6 kb upstream  Exportin 4
27.  NT_007741 2000247 Opposite 7936.3 DNAJBS 4 kb downstream  DnaJ (Hsp40) homolog, subfamily B, member 6
Homo sapiens
27. NTO086834 6475804 Opposite 16pl13.3 A2BP1 31.9kb upstream  Ataxin 2-binding protein 1
36. NT_033903 4799121 Opposite 11g21.1 STX3A 29 kb downstream Syntaxin3A
38. NT_009775 7468765 Opposite 12q24.22 FLJ42957 71 kb downstream FLJ42957 protein
38. NT_024524 9545675  Opposite 13q12 FLT3 20 kb downstream Fms-related tyrosine kinase 3
38. NTO004511 9911738  Opposite 1p32 MACF1 Intronic seq Microtubule-actin crosslinking factor 1

In three studies of HCV-related HCC, the rates of HBV
integration in tumor tissue are discrepant: 55.6% (10 out
of 18 cases) [8], 29.4% (10 out of 34 cases) [10], and 0%
(0 out of 21 cases) [9]. Clonal expansion of hepatocytes

containing integrated HBV in association with cancer
progression may increase the detection rate of HBV inte-
gration. Conversely, clonal expansion of cancerous hepa-
tocytes without HBV integration may decrease the
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Table §

Cases of HCC development

No. Sex Age at biopsy Fibrosis at Interval between biopsy Age at HCC Fibrosis at HCC HBV-X-DNA integration
biopsy and HCC development development development®

7. M 61 F1 4y. 65 F4 )

9. M 57 F1 Sy. 62 F4 (=)

21. M 56 F1 3y. 64 F2 H

28. M 56 F1 5y. 61 F4 =)

34. M 47 F1 Ty. 54 F4 (-)

38. M 55 Fo 2. 57 Fl )

2 Non-cancerous tissue.

detection of HBV integration. Therefore, hepatocyte clo-
nal expansion may account for discrepancies in the rates
of HBV integration between studies. In contrast, clonal
expansion of hepatocytes is unlikely in cases of CH-C with
mild fibrosis but without HCC. The prevalence of HBV-X
integration in our patient population (23.1%), therefore,
represents the actual rate of HBV-X integration in CH-
C patients. The number of HBV-X -host integration sites
in these patients was smaller than patients with chronic
hepatitis B and similar to patients with acute hepatitis B
in our previous study with the same detection method
for HBV integration [13].

HBYV integration is detected in approximately 90% of
liver tumor samples from patients with HBsAg [21].
HBYV insertional mutagenesis is an important step in
many cases of hepatocarcinogenesis in patients with
chronic HBV infection. Chromosomal inversions, trans-
locations, or micro deletions can occur at the integration
sites, causing tumors to develop in some patients [22,23].
Several tumor-associated genes have been identified adja-
cent to HBYV integration sites [24,25]. However, HBV
does not integrate in or near a tumor-associated gene in
most HBV-infected individuals. Rather, HBV-DNA
integrates randomly into host DNA in HBV-related
HCC [21,26,27]. This random integration also appears
in patients with HCV-related HCC, although one study
suggested that HBV-DNA integrates into tumor-associ-
ated genes of some HCC patients without HBsAg [8].

In the present study of CH-C patients without HCC,
the HBV-X integration sites were distributed across the
genome with little similarity and the host sequences
adjacent to the viral genome were divergent. These data
are consistent with our previous results on HBV-infected
patients with the same detection method for HBV-X
integration [14]. In the present study, we did not detect
HBV-X integration into genes associated with carcino-
genesis. Because HBV-DNA integrates randomly into
host DNA and the number of HBV-integration sites
was smaller in CH-C patients compared to chronic hep-
atitis B patients [13], the likelihood of HBV integrating
into genes associated with carcinogenesis would be con-
siderably low.

We analyzed HBV-X integration in CH-C patients
with mild fibrosis and prospectively observed the patient

group for 12 years. There was no statistically significant
difference in the incidence of HCC between patients with
and without HBV-X integration. Taken together with
results from clinical observations and genetic analyses,
these data suggest that testing HBV-X integration at a
mild fibrosis stage may not predict the likelihood of
CH-C patients developing hepatocarcinogenesis. How-
ever, the lack of statistical significance in the incidence
of HCC could be partly because of the small number
of study patients. Future studies with a larger patient
population may detect patients with HBV integration
in tumor-associated genes and a higher incidence of
HCC development in CH-C patients with HBV
integration.

In the present study, there was no cirrhosis in non-
cancerous liver tissue surrounding the tumor at the
time of HCC development, and fibrosis was not severe
(stage F1 or F2) in patients with HBV-X integration.
In contrast, all 4 HCC patients without HBV-X inte-
gration had cirrhosis (stage F4). In addition, the inter-
val between the analysis of HBV-X integration and
HCC development was shorter in patients with HBV-
X integration than those without HBV-X integration.
The stage of fibrosis, especially the presence of cirrho-
sis, is related closely to the incidence of HCV-related
HCC [28], and most patients with HCV-related HCC
have cirrhosis [10,29]. Our results showed that HCC
develops in the absence of cirrhosis in some CH-C
patients with HBV-X integration, and this may suggest
the possibility that HBV-X integration may play a role
in accelerated hepatocarcinogenesis in some cases.
However, we did not detect HBV-X integration in par-
affin-embedded resected HCC materials of both 2
patients with HBV-X integration at liver biopsy
(patients #21 and #38). Although this can be partly
due to the use of paraffin-embedded materials for anal-
yses of integration (unfortunately frozen section was
not available), we did not find the evidence that
HBV-X integration directly played a role in hepatocar-
cinogenesis in the present study.

There are several limitations of the study. The detec-
tion of HBV integration with PCR using Alu repeats
may limit the identification of HBV-X sequence
integration sites that are far away from the priming site,
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therefore, restricting the sensitivity of the assay as the
amplicon size increases. In addition, detection of HBV
integration only using the X gene-specific primers makes
infeasible identification of integration sites of other virus
gene sequences. Further, integrated HBV genome can
limit or negate entirely the HBV X primer-binding site,
because HBV sequences may be deleted upon integra-
tion. The Alu-PCR method used in the present study,
therefore, may underestimate the integration of HBV
in CH-C patients.

In summary, HBV-X integration was detected in 9 of
39 CH-C patients and the number of HBV-X-host inte-
gration sites in these patients was similar to patients
with acute hepatitis B. They were distributed across
the genome with little similarity. In the prospective
observation of CH-C patients over 12 years, HBV-X
integration detected at the mild fibrosis stage might
not indicate a high risk for HCC during the course of
CH-C. Although HBV-X integration may be associated
with HCC development in the absence of cirrhosis, we
did not find evidence that HBV-X integration directly
plays a role for hepatocarcinogenesis in this patient pop-
ulation. Further studies with more sensitive and reliable
method than Alu-PCR method for the detection of HBV
integration are needed to elucidate the association
between HBV integration and HCC development in
CH-C patients without cirrhosis. Also, the analyses for
HBYV integration in frozen sections of resected HCC
materials from CH-C patients in whom HBV integra-
tion was detected at the mild fibrosis stage may provide
the evidence for direct association between HBV inte-
gration and accelerated hepatocarcinogenesis in this
population. In addition, the association between geno-
type of integrated HBV and hepatocarcinogenesis in this
population should also be investigated in the future,
because the potential incidence of HCC reportedly dif-
fers according to HBV genotype in case of HBV-infected
patients [30].
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Integration of hepatitis B virus (HBV) DNA into host DNA is detected in about 90% of HBV.related
hepatocellular carcinoma (HCC), but the preferential sites of the viral integration etiologically relevant to
oncogenesis have been controversial. By using an adaptor-ligation/suppression-PCR, we identified four
integrations into the myeloid/lymphoid or mixed-lineage leukemia 4 (MLL4) gene from 10 HCC patients with
positive HBV surface antigen (HBsAg). Determination of the cellular-virus DNA junction demonstrated that
various lengths of the virus were integrated within 300bp of intron 3 flanked by the Alu element of MLL4.
Chimeric hepatitis B virus X gene (HBx)/MLL4 transcripts and the HBx fusion proteins were detected. DNA
microarray revealed that HBx/MLL4 fusion proteins suppressed unique genes in HepG2 cells. Finally,
chromosomal translocations of intron 3 of MLLA4 to the specific region of chromosome 17p11.2 in 22 out of 32
HCC patients were observed, showing that the intron 3 region of MLL4 gene would be a target of translocation
breakpoint. In conclusion, the present data suggest that the translocation breakpoint of MLL4 gene is one of the
preferential targets for HBV DNA integration into the MLL4 gene and the HBV DNA integration may be
involved in liver oncogenesis. Hum Mutat 29(5), 703~708, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: hepatocellular carcinoma; DNA integration; hepatitis B virus; HBx; MLL4

INTRODUCTION Diaz, 1999], where a frequent rearrangement or amplification has
been reported in solid tumors [Mitelman et al., 1997; Curtis et al.,
1998]. Subsequently, we detected chromosomal translocation
between intron 3 of MLL4 and a specific region of chromo-
somel7pll.2 in 22 HCC samples. These results indicate that
intron 3 of the MLL4 gene is one of the sites of translocation break
point, which serves as a preferential target for HBV DNA
integration, and may be implicated in the etiology of liver
oncogenesis.

Chronic human hepatitis B virus (HBV) infection causes mild
to severe liver diseases, such as chronic hepatitis, liver cirrhosis,
and hepatocellular carcinoma (HCC) [Block et al., 2003]. Nearly
25% of patients with chronic HBV infections terminate in
untreatable liver cancer. HBV DNA frequently integrates into
the human host genome, whereby insertional mutagenesis plays a
crucial role in oncogenesis [Brechot et al., 2000; Gozuacik et al.,
2001]. Although integration of HBV DNA is thought to be
involved in oncogenesis of human hepatocytes, preferential HBV
DNA integration sites targeting cellular genes were not identified
until recently. Two groups have reported that HBV DNA is

The Supplementary Material referred to in this article can be ac-
cessed at hitp://www.interscience.wiley.com/jpages/1059-7794/

preferentially integrated into the human telomerase reverse
transcriptase (TERT) gene (MIM$# 187270) in HCC [Ferber
et al., 2003; Paterlini-Brechot et al., 2003].

In this study, we investigated the integrated HBV DNA and
flanking cellular DNA sequences. In four cases, integrations of
HBV DNA into intron 3 of the myeloid/lymphoid or mixed-
lineage leukemia 4 (MLL4) gene (MIM# 606834) were demon-
strated, indicating that MLL4 serves as a cellular target for HBV in
liver oncogenesis. The MLL4 gene is a human member of the MLL
gene family locating on chromosome 19q13.1 [FitzGerald and
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PATIENTS AND METHODS
Patients

We studied 32 Japanese patients with HCC who had undergone
hepatic resection without preoperative therapies at The Second
Department of Surgery, Chiba University Hospital between 1987
and 2003. Serological tests for HBV were done by EIA kit
(Dainabot, Tokyo, Japan) for HBV surface antigen (HBsAg), and
RIA kits (Dainabot) for anti-HBs and anti-HBc antibodies. Anti-
HCV antibody was tested by a recombinant immunoblot assay
(Ortho Diagnostic, Westwood, MA). The study protocol con-
formed to the ethical guidelines of the Declaration of Helsinki
(1975) and was approved by the Institutional Review Board (IRB)
of Chiba University, School of Medicine. All patients gave written
informed consent.

PCR and Southern Blot

HBV/cellular DNA junctions in the tumor tissues were analyzed
by an adaptor-ligation/suppression-PCR [Siebert et al, 19951,
according to Genomewalker Kits (Clonetech, Mountain View,
CA) (Supplementary Fig. Sl, available online at hrtp:/Avww.
interscience.wiley.com/jpages/1059-7794/suppmat).  Primer se-
quences used for PCR detection of HBV/MLL4 and MLL4/HBV
junctions and chromosome 19/chromosome 17 boundaries are
listed in Supplementary Table S1.

Hind III-digested DNA (10 pg) were electrophoresed on 1.0%
agarose gel and blotted onto nylon membrane (Hybond N+; GE
Healthcare, Buckinghamshire, UK). The membrane was first
hybridized with 3?P-labeled hepatitis B virus X gene (HBx) probe
and the blot was autoradiographed. After dehybridization of the
same membrane, a rehybridization was carried out with 32P-labeled
MLL4 probe (the PCR products spanning exon 4 and exon 5) and
autoradiographed.

RT-PCR

Total cellular RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA). An RT.PCR was performed with SuperScript One-
Step RT-PCR system (Invitrogen) with gene-specific primers on
exon 5 and exon 6 of MLL4. MD26c primer was used as the
common sense primer. The PCR products were subjected to
sequencing analyses.

Immunoprecipitation and Western Blot

Tumor tissues were lysed in a buffer containing 0.1% SDS, 0.5%
deoxycholate, 1% NP-40, 150mM NaCl, 50mM Tris-HCl (pH
8.0), protease inhibitors (complete protease inhibitor tablets;
Roche, Basel, Switzerland), and centrifuged. The supernatant was
incubated with anti-HBx monoclonal antibody, generously pro-
vided by Dr Yosef Shaul (Weizman Institute of Science), and
immunoprecipitation/Western blot was performed with a standard
protocol. Anti-Flag antibody was purchased from Sigma-Aldrich
(St. Louis, MO).

HBx/MLL 4 Expression Plasmid, Transfection, and DNA
Microarray

The HBx expression vector, pECE-X, was a gift'of Dr. Jing-
hsiung James Ou (University of Southern California). Human
MLL4 partial ¢cDNA clone KIAAQ0304 (accession number
AB002302.2) was obtained from Kazusa DNA Research Institute
{Chiba, Japan). We deleted intron 7 sequence from KIAAO0304
and constructed N-terminally Flag-tagged HBx/MLL4 chimeric
sequence in pcDNA3 (Invitrogen). Human hepatoma cell line

HepG2 (RCB1648; RIKEN Cell Bank, Tsukuba, Japan) were

transfected using Lipofectamine (Invitrogen). After 48hr of
transfection, total RNA was recovered and the microarray analysis
including 12,814 unique clones from Incyte UniGene 1 was
performed according to the manufacturer’s instructions (Agilent
Technologies, Santa Clara, CA).

RESULTS
Detection and Sequence Analysis of HBV/Cellular
DNA Junctions

A total of 10 tumor specimens from HCC patients with positive
HBsAg were examined for HBV DNA (accession number
ABO033550.1) integrations into cellular genome. The clinical
backgrounds of the patients are summarized (Supplementary Table
S2). We could detect four integrations into the MLL4 gene on
chromosome 19q13.1 and one into the TERT gene (Table 1).
Integration sites of MLL4 (accession number AD000671.1) from
the four patients were all in intron 3 of the MLL4 gene (Fig. 1A;
Table 1) within or flanked with the Alu repeat sequence (Fig. 1B).
As shown in Fig. 1C, full-length viral integration could be
expected in HCCI31 (g17752_17753insAB033550.1:g.1827_
1826), while truncated virus integrations were detected in the
other three tissues, HCC143 (g.17817_17818insAB(033550.1:¢.
2974_1794), HCC146 (2.17514_17515insAB033550.1:g.7_1807),
and HCCO002 {(g.17542_17543insAB033550.1:¢.1051_1762). In
all four patients, the viral junctions described above were located
in the vicinity of DR1, suggesting that the DRI region is the
preferred viral junction for HBV DNA integration.

On Southern blot analysis, clonally integrated HBV DNA
sequences were detected in the tumor tissue of HCC131 and a
positive control. We encountered the limitations with the
heterogeneity of other samples. Using Southern blot hybridization

1ABLE 1. Detection of HBV Integration and theTranslocation of MLL4 in
HCC

Caseno. Chromosome Accessionno. Gene  1(17;19)(p1l;ql13.])
HCC131 19q131 ADD00671.1 MLL4 Positive
HCC146 19q13.1 AD000671.1 MLL4 Positive
7pl4_15 AC005090.2

HCC002 19q131 ADO000671.1 MLL4 Positive
HCC003 5pl13 AY007685.1 TERT Positive
HCC9907 9q13_21.3  AL133578.1 Negative
HCC155 Positive
H20 Positive
H54 18p113 AP0008454 NMPp84° Positive
H120 Positive
HCC143 19q13.1 ADO00671.1 MLL4 Positive
H49 Positive
H62 Negative
H70 Positive
H72 Positive
H78 Positive
H89 Positive
H76 Positive
H57 Negative
H71 Positive
H85 Positive
H86 Negative
H87 Positive
HCC128 Positive
HCC147 Positive
HCC127 Positive
HCCo001 Positive
H148 Negative
H149 Negative
H150 Negative
HCC9833 Negative
HCC9901 Negative
HCC9906 Negative
*This i tion was already reported. Ch locati GenBank
numbers, and gene names are indicated for eight viral/cellular junctions from seven

HCC samples. Detection of t(17;19)(p11;,q13.1) was indicated as positive.
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HCC131 uung:magcncﬁcfnnmccccsmcccccmccmc
HCC143 gbchggaggctgngnh;ant}cfcccummcmmccm
HCC146 mwggwcrmkmas
HCC002 mmym‘ﬁcmwrmmcmcmmcm

17201 GEAGCTTCCA THCCHTGAG TOTGSTCCCT GUGCCCAGCE GCACACTCAG CCATCCAGID
17361} TCCATTCTTT GCAMCCCCCT AACCTTECGC CTCCTTUGAC ACTTTCCAGC ATTOCGGGAA
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FIGURE 1. Surrounding sequences of HBV integration sites. A: Sequences of HBV/cellular DNA junctions in the MLL4 gene in
HCC131, HCC143, HCC146, and HCC002. In each sample, the small letters on the left show sequences of the integrated HBV DNA
and capital letters on the right show the flanking MLL4 gene sequences. Numbers above indicate HBV nucleotides at the HBV/cellu-
lar DNA junction (Accession numberAB033550.1). B: Sequences around intron 3 of the MLL4 gene and four HBV DNA integration
sites are shown. The left side indicates nucleotide positions of MLL4 gene (accession numberAD000671.1). Intron 3 of the MLL4 gene
isindicated by the box (17316_17869 nt).The Alu repeat is shown by underline (17521_17812 nt). C: Schematic representation of gene
organization of HBV genome and four integrated HBV genomes (HCC002, HCC131, HCC143, and HCC146). Open reading frames
and their directions of transcription are represented by an arrow. The numbers above the arrow indicate location of each open reading
frame (Accession number AB033550.1). DR1 and DR2 are the 11 basepair direct repeats. ® and > indicate the 5’ and 3’ end of inte-
grated HBV DNA sequences (we could not obtain the 5’ end for HCC146).The lengths of the solid lines represent the size and location
of the integrated HBV. D: Southern blot analysis, using the HBx region as probe (left panel) and the MLL4 probe (right panel). Hind
I1I-digested DNAs from nontumor tissue of HCC 131 (lane 1), tumor tissue of HCC131 (lane 2), colon cancer tissue as negative control
(lane 3), and the HBV integrated HCC tissue as positive control (lane 4). Schematic representation for MLL4 gene and Hind Il site are
shown. HBV integration site (intron 3) and MLL4 probe are indicated. Closed boxes indicate exons of MLL4 gene.

with an MLL4 probe of the same membrane, hybridization signals
were also detected in the tumor tissue of the patient (Fig. 1D).

for detecting fusion transcripts was carried out with HBx primer
and reverse primers on various exons of MLL4 in the four HCC
tissues showing various species in each sample (Fig. 2A). In all
HCC tissues, in-frame chimeric transcripts that contained exon 4
and exon 5 of MLL4 were detected (Fig. 2B). In HCC131, two

transcripts were observed; one transcript, a major form, showed in-

HBV Integration Into the MLL4 Gene Drives
Expression of Chimeric Transcripts

In the four HBV/MLL4 samples, all the integrated viral genome
contained HBx promoter and HBx ORF (1374_1838 nucleotides
of AB033550.1) except the C-terminus (Fig. 1C). RT-PCR study

frame fusion containing intron 3 and the other transcript retained
intron 4 that led to the creation of the termination codon in exon 6.
In HCCO002, three transcripts were observed; one transcript
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FIGURE 2. RT-PCR analysis of HBx/MLL4 fusion transcripts. A: Various transcripts were observed for each of the HCC tissues by
RT-PCR. B: Schematic representation of the fusion transcripts from four HCC tissues (HCC131, HCC002, HCC143, and HCC146),
and adjacent sequences between HBx (3’ end) and MLL4 (5’ end) are summarized. HBx cDNA (black boxes) and MLL4 gene (exon
4 and 5 as white boxes and intron 3 and 4 as gray boxes) are shown. Spliced out sequences are indicated by bars. Location of 5’ end of
MLL4 in intron 3 or exon 4 is also shown. Reading frame based on HBx ¢cDNA followed by MLL4 is indicated for individual chimeric
transcripts. Location of the aberrant stop codon is also shown except for in-frame transcripts. See the Supplementary Appendix for

more information.
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FIGURE 3. Immunodetection of HBx fusion proteins in HCC sam-
ples. A:Western blot analysis of tumor tissues (T) from HCC002,
HCC131, and HCC143 and the adjacent nontumor tissues (N) by
using the monoclonal anti-HBx antibody. Recombinant full-
length HBx protein expressed in HepG2 cells are also shown.
B: Immunoprecipitation followed by immunodetection with
HBx antibody detected HBx/MLL4 putative fusion protein speci-
ficallyin HCC131T (left panel).Western blot using Flag antibody
detected an approximately 170-kDa HBx/MLL4 fusion protein
transiently expressed in HepG2 cells (right panel). See the Sup-
plementaryAppendix for more information.

retained intron 3 causing premature termination and the other
two transcripts spliced out intron 3 using distinct 5’ splice sites,
resulting in one transcript (nucleotide position 261) showing the
in-frame transcript and the other (nucleotide position 343) the
premature termination. Similar patterns were observed for
HCC146. In HCC143, five species were observed, and the splicing
junction of the in-frame transcript was CC-GT, and does not
conform to the GT-AG rule.

HBx-MLL4 Fusion Proteins Expressed in HCC

To confirm that the fusion transcripts were translated, the
expression of HBx-related proteins in the tumor and adjacent liver
tissues were tested by immunodetection with an antibody against
HBx protein. Western blot analysis showed that an approximately
17-kDa protein, which represents a short HBx fusion protein
compared to recombinant full-length HBx protein expressed in
HepG2 cells, is selectively expressed in the HCC002 and HCC143
tumor tissues (Fig. 3A). Immunoprecipitation followed by Western
blot analysis detected an approximately 170-kDa protein in
HCCI131 (Fig. 3B). We constructed an expression vector that
can express fusion protein consisting of N-terminally Flag-tagged
HBx ORF (amino acids 1_154) and MLL4 coding region
beginning from exon 4 (corresponding to amino acids 820_2715,
accession number NM_014727.1), and transiently expressed into
HepG2 cells. Western blot using Flag antibody clearly detected an
approximately 170-kDa protein (Fig. 3B, right panel). MLL is
known to be cleaved at a conserved site and this cleavage
generates N- and C-terminal fragments [Hsieh et al., 2003]. MLL4
also possesses a conserved site D/GVDD (amino acids
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TABLE 2. cDNA Microarray Results Showing Upregulation and Downregulation by HBx, HBx/MLL 4 Fusion, and Truncated HBx (1_87aa) Proteins*

HBx HBx/MLL4 HBx1_87aa
Gene description Category Mean SD Mean SD Mean SD
Upregulated gene name
ORI11A1 Olfactory receptor, family 11, subfamilyA, member 1 Gprotein-coupled receptor 3.99 0.02 —_
OPN4 Opsin 4 {melanopsin) G protein-coupled receptor 3.52 0.1 —_ —_
UPBI1 Ureidopropionase, beta Hydrolase 309 052 — 389 22
HISTIH4L H4 histone family, member K Nucleosome structure 3.08 0.3 —_ 272 03
HIST1H41 H4 histone family, member M Nucleosome structure 28 0.02 —_— —_—
ELL3 Elongation factor RNA polymerase Il-like 3 Th ip 1 regul 259 0.06 — —_
BAI1 Brai ific angi nesis inhibitor 1 Cell adhesion 257 0.62 -_— -_—
CEP290 Centrosomal protein 290kDa Centrosomal protein 251 066 — —_—
HIST1H4B H4 histone family, member] Nucleosome structure 238 0.01 —_ —_
CDC2L1 Cell division cycle 2-like 1 Cell cycle 236 04 —_ 236 0.04
OR2C1 Olfactory receptor, family 2, subfamily C, member 1 G protein-coupled receptor 215 0.15 — —_
DNCL2B Dynein, light chain 2B Motor protein 21 004 — —_
ZNF354B Zinc finger protein 354B Transcriptional regulation 2.09 006 — —_
MLL4 Mixed-lineage leukemia 4 Transcriptional requlation  — 31 325 —
Downregulated
AVIL Advillin Actin-binding protein 3 042 52 146 351 068
ENO2 Enolase 2 Hydratase 219 021 —_ —_
KERA Keratocan Extracellular matrix - 491 137 —
UBXD1 UBX domain containing 1 Unknown — 476 034 —
PIAS3 Protein inhibitor of activated STAT3 Signal transduction - 468 045 —
MYBPC2 Fast-type myosin binding protein C Unknown - 4 048 248 0.12
PITPNM Phosphatidylinositol-transfer protei b iat Cytokinesis —_— 358 083 —
EHD2 EH-domain containing 2 Endocytosis - 34 043 —
GJB1 Connexin 32 Gap junction —_ 301 062 —
WASL Wiskott-Aldrich syndrome-like Actin polymerization —_ 248 0.22 —_
TNRC6C Trinucleotide repeat containing 6¢ Unknown —_ 231 028 —
TBC1D10B TBC1 domain family, member 10B Unknown — 215 008 —

*The experiments were performed twice, and the mean and standard deviation (SD) values were determined for each gene.

1991341
a 17381 TCCATTCITT CCAACCCCCT MACCTICCGC CTCCTTGGAC ACTTTCCAGC ATTGCGCGGA
17421 ACCCICAGAA CCTGCCTTTC TGTGATCCCC CACCTIGCTT IGTICCTCCC CAGACCTGGC
17481 CCTTCTCTGT GCTAGITCCS TGTCCCTATC TTCCTTTITT TTTITTTITT ATITITGAGR
17541 CCGAGICTCA CTTTGTCCAG GCTGGAGTGC AGTGGCGTGA TCTCGGCTCA CTIGCAGCCIT
17601 TGCCTCCCGG GTTCAAGAGA TTCTCCTGCC TCAGCTCTCTC CACTACCTGG GACTACACGT U

17661 GCCCATCACC ACGCCTGGCT MATTTTTGTA TTTTTAGTAG AGACAGGGTT TCACCACATT
17721 SECTAGCCTC CTCTTGAMCT CCTGACCTCO TGATCTCCCC CTCICGGCCT CCCARMGTGC
17781 ICCCAITACA CCCATCACCC ACCACACCCA GLTCCUTCTC CCTATCTTTC CTCACTGTCC
17p112
24501 CCTCCGACCG GCCCGACCAA CTCGATCAAC CCACACCCGG CACGGCAGAR AAGGGATAGA
24561 ACTCAGTCCG CCGICGCCAC COTGAACCAC TGACTGCTAC AGGAGCGAAT MATCGTCTAC
24621 CTTCITTALA CCATCATTAA CTTGGGTTIT GCTGTTICIT ICTIIGTITC TGIGTTITIC
24691 GAGACGGAGT CTTGCTGGGT CGCCCAGECT GGAGTCCACT GGCGUGATCT GGGCTCACIC
241 CARCCTCCEE CTCCOECTIC AMCCACTTCT CCCTGCCICA GCCTCCCEAS TAGCTGGGAT '

24801 TACACGCCCC GOCCACCACC CTTGGCTAAT TTTTCCATTT TTTACTACAC ACCCCCTTITC
24861
24921 CCCAAAGTGC TGGGATTACA GGCATGAAAC ACTGCGCCCG GCCGGTTTIC TITTTTAATA

FIGURE 4. Reciprocal translocation found in intron 3 of the
MLL4 locus. Chromosomal rearrangement between chromo-
some 19q13.1 (accession numberAD000671.1) and chromosome
17p11.2 (accession number AC087294.18) are shown. The se-
quences of Alu elements are underlined. The doumward pointing
arrows on the respective chromosomes indicate the newly
synthesized chromosomes {black-to-black and white-to-white)
after the recombination events occurred via Alu elements.

2062_2066), indicating a 170-kDa protein could be a posttransla-
tionally modified product.

Functional Elucidation of HBx/MLL4 Fu#ion Protein
by DNA Microarray

To provide mechanistic insights into molecular etiology such as
altered target gene expression regulated by HBx/MLL4 fusion
protein, we transiently overexpressed full-length HBx and HBx/
MLL4 fusion proteins in HepG2 cells. We employed cDNA
microarray technology and identified 13 genes that were
upregulated and two genes that were downregulated by HBx
protein (Table 2). In contrast, no gene (except for MLL4 itself) was
upregulated and 11 genes were downregulated by HBx/MLL4

fusion protein (Table 2). Uniquely, only one gene, Advillin (AVIL)
was identified as a common target between HBx and HBx/MLL4
fusion proteins. We checked whether C-terminally truncated HBx
protein (amino acids 1_87) could regulate the expression of genes
identified by above experiments, because HBx protein in HCC002
and HCC143 only had N-terminal 87 and 86 amino acid residues.
Three genes were upregulated and two genes, including AVIL,
were downregulated by truncated HBx protein (Table 2). Taken
together, these data predict that HBx/MLL4 fusion protein would
suppress the expression pattern of specific genes.

Alu-Mediated Chromosomal Translocation of MLL4 to
17p11.2 in HCC

We extended the search for HBV DNA integration into intron 3
of the MLL4 gene in other HCC samples positive for anti-HBc
antibody (Supplementary Table S2). The sequencing analyses failed
to detect HBV/MLL4 DNA sequences, instead demonstrated
chimeric sequences between the MLL4 gene and a particular
region of chromosome 17p11.2 (Fig. 4). We detected 22 transloca-
tions from 32 HCC samples (Table 1). The sequencing analyses of
the translocation products revealed an about 240-bp region at the
junction that is highly shared by two chromosomes (approximately
85%) containing Alu elements, suggesting that Alu-mediated
homologous recombination facilitated translocation (Fig. 4).

DISCUSSION

The classical mechanism by which tumor-associated viruses
contribute to oncogenesis is activation of cellular genes with
oncogenic potential through viral genome integration into the
cellular genome, HBV genome integration into SERCA! (sarco/
endoplasmic reticulum calcium ATPase} have been demonstrated
[Chami et al, 2000]. The resultant chimeric HBx/SERCALl
protein proposed to be implicated in oncogenesis via an apoptotic
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mechanism [Chami et al., 2000]. Reports from two groups,
including our observation, demonstrate that the promoter region
of the TERT gene is targeted by HBV in several HCC tissues
[Ferber et al., 2003; Paterlini-Brechot et al., 2003)]. Therefore, the
TERT gene most likely serves as a nonrandom integration site of
the viral genome in a subset of HBV-positive HCCs, and the
oncogenic HBV DNA integrations may possess the preferential
sites. In this study, we further demonstrated four cases of
integrations into the MLL4 gene in HBsAg-positive HCC samples.
Sequencing analyses revealed that all of the host sites were within
300 bp of intron 3, flanked with the Alu element of the MLL4
gene. Recently, HBV DNA integration into MLL4 gene in three
Japanese HCC patients, two cases into exon 3 integration and one
into intron 3, were reported [Tamori et al., 2005]. These results
support the hypothesis that the oncogenic viral integrations into
hepatocytes are not entirely random.

HBYV integration into intron 3 of MLL4 resulted in several
fusion transcripts between HBx and MLL4 that could be directly
implicated in liver oncogenesis, albeit the C-terminally truncated
HBx protein, as observed in HCC002 and HCC143, might be
more closely related to oncogenesis. Our ¢cDNA microarray
experiments indicate that HBx/MLL4 fusion protein suppressed
the unique genes. It might be speculated that the fusion gene
product lacking an AT hook, which is encoded in exons 1-3 of
MLL4, is directly related to oncogenesis. Further investigation of
HBx/MLL4-dependent or N-terminal MLL4-dependent transcrip-
tional regulation may provide a novel insight into the elucidation
of etiology of hepatic oncogenesis.

The MLL4 gene, originally reported as a second human
homolog of the MLL gene, is mapped to chromosome 19q13.1
[FitzGerald and Diaz, 1999], where gene amplification was
reported in HBV.related HCCs [Marchio et al,, 1997; Huntsman
et al,, 1999] and frequent genome rearrangements in solid tumor
were reported [Curtis et al., 1998]. We detected the chromosomal
translocation of the MLL4 locus to chromosome 17 in 22 tumors
out of 32 samples. The chromosomal rearrangement occurred
between intron 3 of the MLL4 gene of chromosome 19q13.1 and
chromosome 17pl11.2. The two chromosomal regions share nearly
identical Alu elements, indicating that Alu-mediated recombina-
tion most likely explains the genome rearrangement. HBV
infection and subsequent hepatitis induced DNA damage such
as double-strand breaks [Dandri et al., 2002; Bill and Summers,
2004]; therefore, the genome repair mechanism is essential for
maintaining the genome integrity and cellular viability.

In conclusion, we detected the translocation breakpoint point in
the intron 3 of MLL4 gene that provides one of the preferential
targets for HBV integrations. Indeed we also found recurrent
integrations of HBV DNA into intron 3 of MLL4 gene in four
HCC cases, and chimeric HBx/MLL4 transcripts and HBx/MLL4
proteins, suggesting that the insertional mutagenesis could be
functionally relevant to liver oncogenesis.
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