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Background: The incidence and etiology of hepatocellular carcinoma (HCC) vary widely
according to race and geographic regions. The insertional mutagenesis of adeno-associ-
ated virus 2 (AAV2) has recently been considered a new viral etiology of HCC. The aim of
this study was to investigate the frequency and clinical characteristics of AAV2 in Korean
patients with HCC.

Methods: A total of 289 unrelated Korean patients with HCC, including 159 Hepatitis-B-
related cases, 16 Hepatitis-C-related cases, and 114 viral serology-negative cases, who
underwent surgery at the Samsung Medical Center in Korea from 2009 to 2014 were en-
rolled in this study. The presence of AAV2 in fresh-frozen tumor tissues was investigated
by DNA PCR and Sanger sequencing. The clinical and pathological characteristics of
AAV2-associated HCC in these patients were compared with previous findings in French
patients.

Results: The AAV2 detection rate in Korean patients (2/289) was very low compared with
that in French patients (11/193). Similar to the French patients, the Korean patients with
AAV2-related HCC showed no signs of liver cirrhosis. The Korean patients were younger
than the French patients with the same AAV2-associated HCC; the ages at diagnosis of
the two Korean patients were 47 and 39 yr, while the median age of the 11 French pa-
tients was 55 yr (range 43-90 yr).

Conclusions: AAV2-associated HCC was very rare in Korean patients with HCC. Despite a
limited number of cases, this study is the first to report the clinical characteristics of Ko-
rean patients with AAV2-associated HCC. These findings suggest epidemiologic differ-
ences in viral hepatocarcinogenesis between Korean and European patients.
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INTRODUCTION

Epidemiologic studies have revealed that the incidence and eti-
ology of hepatocellular carcinoma (HCC) vary widely according
to race and geographic regions [1, 2]. Globally, the incidence of
HCC is high in East Asia, moderate in Southern Europe, and low
in America and Northern Europe [1, 2]. Hepatitis B virus (HBV)
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infection is the main contributing factor to the development of
HCC in East Asian countries, including Korea [1, 2]. In contrast,
hepatitis C virus (HCV) and alcohol intake are the major risk fac-
tors in Japanese and European patients, respectively [1, 2]. A
recent time-trend analysis revealed that the incidence of HCC
has decreased in Japan and Italy and increased in the United
States, Germany, Brazil, and Taiwan [1, 2]. This change can be
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explained partly by the finding that HCV-related HCC has in-
creased and decreased in the United States and Japan, respec-
tively [1, 2]. The changes in the epidemiology of HCC seem re-
lated to the relative contribution of the viral etiology. An under-
standing of the burdens of different viral etiologies might be im-
portant for HCC control.

Recently, the insertional mutagenesis of adeno-associated vi-
rus 2 (AAV2), which is similar to HBV integration, has been re-
ported as a new viral etiology of HCC [3]. To date, AAV2 has
been considered a nonpathogenic virus because it requires a
helper virus, such as adenovirus, for productive infection. Fur-
thermore, several previous studies have demonstrated the on-
cosuppressive role of AAV2 infection in some cancer cell lines,
such as human papillomavirus-positive cervical cancers, MKr
melanoma, and breast cancer [4-6]. In contrast, few studies
have examined the possibility of hepatocarcinogenesis after AAV
vector-mediated gene therapy in mice [7, 8]. No studies investi-
gated the role of AAV2 in human HCC until a report of AAV2-as-
sociated HCC in French patients [3]. That study revealed that
AAV2 integration occurred in approximately 5% (11/193) of
French patients with HCC, and most (9/11) did not have liver
cirrhosis (LC). Known risk factors, such as HCV (n=1), HBV
(n=1), and alcohol intake (n=4), were identified in about 45%
(5/11) of the patients with AAV2 integration.

According to a recent seroprevalence survey [9], the pres-
ence of the neutralizing antibody against AAV2 varies among
populations worldwide. The prevalence of the antibody ranges
from 30% in the United States to 60% in Africa [9]. It is unclear
whether the major histocompatibility complex background and/
or immune-related genetic factors are involved in these differ-
ences among populations. Determining the seroprevalence sta-
tus might be important for understanding the mechanisms of
AAV2-associated HCC because differences in the pre-existing
immunity to AAV2 might contribute to the carcinogenesis of
AAV2-associated HCC.

In this study, we aimed to investigate the epidemiology of viral
HCC by examining the frequency of AAV2-associated HCC in
Korean patients with HCC and comparing the clinical and path-
ological characteristics of Korean patients with those of French
patients.

METHODS

1. Patients and samples
A total of 289 unrelated Korean patients with HCC, including
159 HBV-related HCC cases, 16 HCV-related HCC cases, and
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114 viral serology-negative cases, were enrolled from the con-
secutive patients who underwent surgery at the Samsung Medi-
cal Center in Korea from 2009 to 2014. The following clinical
and pathological data were reviewed: age at the time of opera-
tion, sex, HCC etiology, operation location, survival time, medical
history, viral serology, HBV DNA quantitation, preoperative levels
of alpha fetoprotein and prothrombin induced by vitamin K ab-
sence-ll, Child-Pugh score, and pathologic findings in the tumor
and nontumor tissues. The clinical and pathological characteris-
tics of the Korean patients with AAV2-associated HCC were
compared with those of the French patients [3]. The Institu-
tional Review Board of the Samsung Medical Center in Korea
approved this study. The study was considered exempt from the
requirement for informed consent because of the use of stored
biospecimens.

All fresh-frozen tissues were stored at -70°C until the extrac-
tion of genomic DNA and RNA. To screen for the presence of
AAV2 in the tumors, genomic DNA was extracted from 289
fresh-frozen tumor tissues. All the tumor specimens were exam-
ined by pathologists, and each tumor had a minimum tumor
burden of 90%. In brief, the tumor tissues (15 mg) were incu-
bated overnight at 55°C in nuclei lysis solution (500 pL) and pro-
teinase K (17.5 pL) with gentle shaking. After protein precipita-
tion and vortexing, the tube was centrifuged at 13,000g for 4
min. The supernatant was transferred to a new tube, and isopro-
panol (500 plL) was added. The solution was mixed by inversion
until the white thread-like strands of DNA were visible. After cen-
trifugation at 13,000g for 1 min, the supernatant was discarded,
and 70% ethanol (500 pL) was added. After additional centrifu-
gation at 13,000g for 1 min, the pellet was air-dried for 10-15
min. DNA rehydration solution (100 pL) was added and incu-
bated at 56°C for 1 hr. The concentration of the extracted DNA
was measured with a PicoGreen dsDNA assay (Quanti-iT Pico-
Green dsDNA kit; Thermo Fisher Scientific Inc., Waltham, MA,
USA). The RNA was extracted with TRIzol methods, and the
RNA integrity number was measured as 7 with an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA, USA).

2. Virus detection
Viral DNA PCR was performed with nine primer pairs targeting
the AAV2 genome (AF043303.1), as described previously [3].
The viral fragments were further investigated with subsequent
Sanger sequencing.

In one tumor tissue sample with AAV2 DNA fragments, we
performed mRNA sequencing (mMRNA-seq) to investigate their
functional impact on the tissue, such as fusion transcript gener-
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ation events. cDNA library preparation (TruSeq Library prepara-
tion Kits, lllumina, Inc., San Diego, CA, USA) and mRNA-seq
(100-bp paired-end reads, 40 million reads, on HiSeq2000, II-
lumina, Inc.) was done according to the manufacturer’s instruc-
tions. VirusSeq (The University of Texas, Houston, TX, USA) was
coupled with MOSAIK (Boston College, MA, USA) to identify the
virus and host integration sites (http://odin.mdacc.tmc.edu/
~xsul/NVirusSeq.html) [10, 11]1. The following criteria were ap-
plied for a fusion transcript: at least two discordant read pairs
and at least one junction-spanning read.

RESULTS

We found AAV2 fragments in the samples of only two of the 289
Korean patients (0.69%) by DNA PCR and Sanger sequencing.
The viral fragments involved the 5" inverse tandem repeat (ITR),
replication proteins (Rep), and capsid protein (VP1) (Fig. 1).
The mRNA-seq results, which were available only in Case 1,
showed no remarkable findings, such as fusion transcripts or
RNA-processing events.

The clinicopathological features are described in Table 1. Al-
though risk factors, such as chronic HBV infection and/or alco-
hol intake, were identified in both patients, there were no signs
of LC (Table 1). Two patients with AAV2-associated HCC were
relatively younger than the other patients with HCC, despite the
limited number of cases; the ages at diagnosis of the two Ko-
rean patients were 47 and 39 yr, while the median age of the 11
French patients was 55 yr (range 43-90 yr). High levels of HBV
replication were detected in two patients with AAV2-associated

ANN
LAB
MED

HCC (Table 1).

DISCUSSION

Nault et al [3] demonstrated the carcinogenic properties of
AAV2 in human HCC with functional experiments. We found
that AAV2-associated HCC was very rare in Korean patients with
HCC through DNA PCR and subsequent Sanger sequencing.
The mRNA-seq showed no remarkable findings, such as fusion
transcripts. One possibility that may explain this discrepancy
between the mRNA-seq and DNA sequencing is the extrachro-
mosomal existence of viral DNA rather than its viral integration
into the host genome. Currently, it is not clear if all viral DNA
fragments in tumor tissues are necessarily associated with viral-
human fusion transcripts. Furthermore, the oncogenic role of
the extrachromosomal existence of viral DNA should be as-
sessed in a context-dependent manner. It remains to be deter-
mined whether an extrachromosomal viral existence may lead
to oncogenic effects through trans-effects or simply passenger
effects in the background of uninvestigated driver mutations. In
the current study, we did not investigate the carcinogenic roles
and mechanisms of AAV2 fragments with functional experi-
ments.

The viral fragments that were identified in the Korean patients
were 5 ITR, Rep, and VP1 (Fig. 1). However, most of the frag-
ments in the study of French patients were the 3" ITR or capsid
proteins (with the exception of the identification of a Rep frag-
ment in one patient) [3]. It remains to be determined how differ-
ent viral fragments contribute to hepatocarcinogenesis.

5TTR  ORF1 ORF2 ORF3 3R

1 P P19 P40 4,679

—i i i il
320 bp 992 bp 2,808 bp 4,554 bp

Rep 68 (321-2,252)
Rep 78 (321-2,286)

VP1 (2,203-4,410)

Rep 40 (993-2,252)

VP2 (2,614-4,410)

Rep 50 (993-2,186)

ORF1 (379-476 bp)

51TR (117-245)

ORF3 (2,826-3,074)
I

VP3 (2,809-4,410)

AAV2 fragments identified in CASE 1

ORF3 (2,826-3,074)

AAV2 fragments identified in CASE 2

Fig. 1. Genomic sequences of the adeno-associated virus 2 (AAV2) and the viral fragments that were identified in the Korean patients with
hepatocellular carcinoma. The reference genome of AAV2 is AF043303.1.
Abbreviations: ORF, open reading frame; ITR, inverse tandem repeat; Rep, replication protein; VP, viral capsid protein.
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Table 1. Clinical and pathological characteristics of the Korean patients with AAV2-associated HCC

Case 1

Case 2

Age at diagnosis
Sex

Etiology
Operation location

Disease-free survival
Overall survival
Status

Medical histories

Liver cirrhosis

Viral serology

HBV DNA quantitation

AFP (RI, 0-8.1 ng/mL)
PIVKA-II (RI, 0-40 mAU/mL)
Child-Pugh score

Total bilirubin (R, 0.2-1.5 mg/dL)

Serum albumin (RI, 3.2-5.2 g/dL)

Prothrombin time (sec)

Ascites

Hepatic encephalopathy
Tumor tissues

Differentiation

Histologic type

Cell type

Tumor size

Necrosis

Hemorrhage

Fibrous capsule

Tumor invasion in tumor capsule

Microvessel invasion

Portal vein invasion

Bile duct invasion

Serosa invasion

Intrahepatic metastasis

Multicentric occurrence

Surgical margin invasion

Pathological stage
Nontumor tissues

Chronic hepatitis

Etiology

Lobular activity

Portal/periportal activity

Fibrosis

Cirrhosis

Dysplastic nodule

47

M

HBV, Heavy alcohol intake
S4/S8, Central hepatectomy

168 days

1,788 days

Alive

Previously healthy

Chronic hepatitis B (on Entecavir)
Radiofrequency ablation

No

HBsAg (+), HBeAg (+), Anti-HCV Ab (-), Anti-HAV, IgG (+)
632,139 IU/mL

19,163

122

B

0.6

45

16.2

None

None

Edmondson grade Il
Macrotrabecular
Hepatic
6x5.5%4cm

5%

2%

Partial

Yes

Capsule and peritumoral
No

No

No

Yes

No

No

T3

Yes
HBV
Minimal
Minimal
Septal
No

No

39

F

HBV

Right liver, S7/S8

Extended hemihepatectomy

71 days

449 days

Death

Tuberculosis (on medication)
Chronic hepatitis B (on Entecavir)
Transarterial chemoembolization
No

HBsAg (+), HBeAg (+), Anti-HCV Ab (-), Anti-HAV, IgG (-)
1,675 IU/mL

200,000

1,200

B

0.5

41

12.7

Mild

None

Edmondson grade Il
Macrotrabecular and microtrabecular
Hepatic
19x14x10.5¢cm
0%

2%

Partial

Partial

Peritumoral
Segmental

No

No

Yes

No

No

T4

Yes
HBV
Mild
Mild
Septal
No

No

Abbreviations: AAV2, adeno-associated virus 2; HCC, hepatocellular carcinoma; HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen; HBeAg, hepatitis
B envelope antigen; HCV, hepatitis C virus; Ab, antibody; HAV, hepatitis A virus; AFP, Alpha-fetoprotein; RI, reference interval; PIVKA-II, prothrombin induced

by vitamin K absence-ll.
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Currently, the establishment of the oncogenic roles of AAV2
faces formidable challenges because of the limited data. This is
because oncoviruses are necessary but possibly not sufficient
for carcinogenesis. Literature reviews have suggested that the
pathogenicity of AAV2 in cancers should be determined based
on context-dependent interpretations, such as the cell specific-
ity, interaction with other risk factors, and immune status of the
host [4-6, 8]. Indeed, the immune system of the host can play
dual roles in carcinogenesis. For instance, the incidence of HCC
could increase in the context of immunosuppression as well as
in the presence of hyperactivation of the immune system, such
as with chronic inflammation.

It is difficult to separate the role of AAV2 from those of other
risk factors, such as HBV or heavy alcohol intake, in the devel-
opment of HCC, which is characterized by a multistep process.
According to the French study, known risk factors, such as HCV
(n=1), HBV (n=1), and/or alcohol intake (n=4), were identified
in more than 50% of the patients with AAV2 integration [3]. In
addition, it is noteworthy that alcohol intake (n=4) and HBV in-
fection (n=2) were relatively frequently associated with the de-
velopment of AAV2-associated HCC in French and Korean pa-
tients, respectively.

The present results suggested the possibility of an interaction
between HBV and AAV2 infection. Currently, little is known
about the interactions of risk factors and AAV2 in HCC and
whether they have subadditive or supra-additive effects. The in-
teraction between HBV and AAV2 could be important on the
basis of the previous findings that 1) AAV2 inhibits adenovirus
replication, although it requires adenovirus for productive infec-
tion, and 2) AAV2 infection in osteosarcoma cells, which fail to
trigger an innate immune response, has been reported to initi-
ate replication even without adenovirus [12]. It remains to be
determined how the interaction between viruses contributes to
hepatocarcinogenesis according to immune status.

Some limitations of this study need to be acknowledged. Al-
though we compared the frequency of AAV2-associated HCC to
those reported in the French study, we did not investigate the
frequency with all of the same strategies that were used in the
French study. Unfortunately, a number of processes, such as vi-
ral capture sequencing and exome sequencing, were not con-
ducted in this study. Of note, screening methods, as well as eth-
nic backgrounds, could influence the results. In addition, the vi-
ral integration site and the functional oncogenic effects of viral
fragments were not investigated.

In summary, the DNA PCR and subsequent Sanger sequenc-
ing revealed that AAV2-associated HCC was very rare in Korean
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patients with HCC [13, 14]. Despite the limited number of
cases, this study is the first to report the clinical and pathologi-
cal characteristics of Korean patients with AAV2-associated
HCC, and it provides further information regarding the epidemi-
ologic differences in viral hepatocarcinogenesis between Korean
and European patients. Further studies regarding the interac-
tions between the risk factors for HCC, the specific roles of the
viral fragments, and the seroprevalence and effects of the AAV2-
neutralizing antibody are warranted.
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