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Table 1. Characteristics of HCC Cases and Controls
HCC Cases Controls
Number with Number with
Study Variables Complete Data n (%) Complete Data n {%)
Matched variables
Gender 224 644
Male 136 (60.7) 387 (60.1)
Female 88 (39.3) 257 (39.9)
Age at HCC diagnosis (yr) 224 67.6 (10.1)* - -
City 224 644
Hiroshima 155 (69,2) 444 (68.9)
Nagasaki 69 (30.8) 200 (31.1)
Age at serum storage (yr) 224 66.4 (10.2)* 644 63.7 (9.8)*
Unmatched variables
Viral etiology 211 640
HBV—/HCV — 45 (21.3) 579 (90.5)
HBV-+-/HCV 29 (13.7) 18 (2.8}
HBY—/HCV -+ 132 (62.6) 41 (6.4)
HBY +/HCV + 5 (2.4) 2 (0.3)
Alcohol consumption 199 577
(g ethanol/day)
None 97 (48.7) 315 (54.6)
0< <20 37 (18.6) 130 (22.5)
20< <40 20 (10.1) 64 (11.1)
>40 45 (22.6) 68 (11.8)
BMI (kg/m?) 210 633
10 yrs before diagnosis
<195 38 (18.1) 122 (19.3)
19.6 - 21.2 33 (15.7) 136 (21.5)
21.3-229 36 (17.2) 142 (22.4)
23.0 - 25.0 49 (23.3) 124 (19.6)
>25.0 54 (25.7) 109 (17.2)
Smoking habit 199 578
Never 80 (40.2) 283 (49.0)
Current smoker 107 (53.8) 262 (45.3)
Former smoker 12 (6.0) 33 (5.7)
Radiation dose to the liver (Gy) 204 0.46 (0.69)* 606 0.34 (0.56)*,1

*Mean (SD).

TWeighted mean radiation dose (among controls), calculated by weighting according to their countermatching selection probabilities.

BMI, and smoking habit based on all cases of HCC.
The analysis was performed using 186 HCC cases and
600 controls, both separately (radiation only or hepati-
tis virus infection only) and jointly (radiation and hep-
atitis virus infection were fit simultaneously), based on
subjects with known radiation dose and known HBV
and HCV infection status. In analyses where effects of
radiation and hepatitis virus infection were fitted sepa-
rately, unadjusted RR at 1 Gy of HCC for radiation
was 1.40 (95% confidence interval [CI], 1.07-1.89,
P = 0.013), whereas unadjusted RRs of HCC for
HBY+/HCV— status and HBV—/HCV+ status were
34 (95% CI, 13-106, P < 0.001) and 57 (95% CI,
27-140, P < 0.001), respectively. After adjustment for
categorical alcohol consumption, BMI, and smoking
habit, significant association was found between HCC
and radiation dose or hepatitis virus infection, result-

ing in an RR at I Gy of 1.67 (95% CI, 1.22-2.35,

P < 0.001) for radiation and RRs of 63 (95% CI, 20-
241, P < 0.001) for HBV-++/HCV— status and 83
(95% CI, 36-231, P < 0.001) for HBV—/HCV+ sta-
tus. The above estimates changed little when radiation
and hepatitis virus infection were fit simultaneously.
Risk of HCC for Radiation After Excluding
Persons with Either or Both Hepatitis Virus
Infections. After excluding subjects with either or both
hepatitis virus infections, the RRs at 1 Gy of HCC for
radiation were estimated as shown in Table 3. There
were 161 cases including 119 HCV-infected individu-
als and 452 matched controls including 29 HCV-
infected individuals without HBV infection only.
There were 66 cases including 24 HBV-infected indi-
viduals and 176 matched controls including 5 HBV-
infected individuals without HCV infection only. The
adjusted analyses indicated that radiation exposure was
significantly associated with increased risks for HCC,
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Fig. 1. Cumulative incidence of HCC (1970-2002) by radiation
dose. Dotted line: radiation dose >1.0 Gy; dashed line: radiation
dose 0.001 < «1.0 Gy; solid line, radiation dose 0 < <0.001 Gy.
Cumulative HCC incidence by follow-up time (A) and age (B) increased
significantly (P = 0.028, P = 0.0003, respectively) with radiation dose.

even after excluding HBV- or HCV-infected individuals.
Furthermore, significant association was found between
non-B, non-C HCC and radiation dose, resulting in an
RR at 1 Gy of 1.90 (95% CI, 1.02-3.92, P = 0.041)
for radiation without adjustment for categorical alcohol
consumption, BMI, and smoking habit and 2.74 (95%
CI, 1.26-7.04, P = 0.007) with such adjustment.

Risk of Non-B, Non-C HCC. Effects of alcohol
consumption, BMI, and smoking habit on non-B,
non-C HCC risk with or without adjustment for radi-
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ation dose were estimated using continuous and cate-
gorical covariates as shown in Table 4. RRs for contin-
uous covariates are for a one-unit difference in the
factor. Risk of non-B, non-C HCC for alcohol con-
sumption per 20 g of ethanol per day was significant
with a log-lincar model (adjusted RR 1.64, 95% CI,
1.05-2.81, P = 0.029), but was limited to the category
>40 g of ethanol per day (adjusted RR 5.49, 95% CI,
0.98-39.2, P = 0.052). Significant log-linear associa-
tion was not found with continuous BMI, and even
the category BMI >25.0 kg/m” (obese) 10 years
before diagnosis did not evidence significant risk
despite a rather large estimate of RR (adjusted RR
3.17, 95% CI, 0.92-12.3, P = 0.068). Current smok-
ing evidenced significant risk (adjusted RR 5.95, 95%
CI, 1.34-33.2, P = 0.018), but there were no continu-
ous data on amount smoked. These results indicate
that alcohol consumption per 20 g of ethanol per day,
current smoking, and perhaps BMI of >25.0 kg/m”
10 years before diagnosis are associated independently
with increased risk for non-B, non-C HCC.

Discussion

The present study confirmed that radiation is associ-
ated with increased incidence of HCC among atomic
bomb survivors. Additionally, the nested case-control
study indicates that radiation and HBV and HCV
infection are associated with increased risk for HCC,
and that radiation remains an independent risk factor
for HCC after taking into account hepatitis virus
infection, alcohol consumption, BMI 10 years before
HCC diagnosis, and smoking habit. Furthermore, sig-
nificant association was observed between non-B, non-
C HCC and radiation dose, alcohol consumption, and
smoking, whereas obesity 10 years before diagnosis
was marginally significantly associated with increased
risk for non-B, non-C HCC.

In the analysis (Table 2) in which radiation dose
and hepatitis virus infection were fitted separately, radi-
ation was significanty associated with increased risk

Table 2. Risk of HCC for Radiation and HBV or HCV Infection Status

Unadjusted RR {95% CI}

Adjusted* RR {85%Cl)

Joint} Alonef Joint}

Number of
Variables Cases/ Controls Alonet
Radiation (at 1Gy) 186/600 1.40 (1.07-1.89)
HBV+-/HCV — 24/14 34 (13-106)
HBV-—/HCV + 119/35 57 (27-140)

1.39 (0.93-2.26)
30 (11-91)
58 (28-147)

1.67 (1.22-2.35)
63 (20-241)
83 (36-231)

1.82 (1.09-3.34)
50 (16-184)
87 (37-251)

Abbreviations: Cl, confidence interval; RR, relative risk.

*Adjusted for categorical alcohol consumption, BMI 10 yrs before diagnosis, and smoking habit.
TRadiation dose to the liver and hepatitis virus infection status were fit separately.
fRadiation dose to the liver and hepatitis virus infection status were fit simuftaneously.
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Table 3. Risk of HCC for Radiation After Excluding Persons Infected with HBV and/or HCV

HEPATOLOGY, April 2011

Unadjusted

Adjusted*

RR at 1 Gy (95% CI)

RR at 1 Gy (95% Cl)

Number of
Subjects Cases/Controls
Exclude HBV~ (no HCV adjustment) 161/452
(adjust for HCV)
Exclude HCV+ (no HBV adjustment) 66/176
(adjust for HBV)
Exclude both HBV-+ and HCV--1 42/108

1.48 (1.10-2.05)
1.60 (0.997-2.78)
1.61 (1.003-2.76)
1.68 (0.96-3.23)
1.90 (1.02-3.92)

1.91 (1.34-2.81)
2.32 (1.25-4.76)
1.91 (1.13-3.48)
2.16 (1.12-4.76)
2.74 (1.26-7.04)

Abbreviations: Cl, confidence interval; RR, relative risk.

*Adjusted for categorical alcohol consumption, BMI 10 yrs before diagnosis, and smoking habit.

1tNon-B, non-C status.

for HCC with or without adjustment for alcohol con-
sumption, BMI, and smoking habit. Although this
finding is in agreement with our previous understand-
ing that liver cancer risk is significantly associated with
radiation without adjustment for hepatitis virus infec-
tion among atomic bomb survivors, it is difficult to
compare the HCC risk estimates between the previous
and current study resules.”>'® The difficulty is caused
by the inclusion of hepatoblastoma and intrahepatic
cholangiocarcinoma in addition to HCC as liver can-
cer cases in analyses of tumor registry-based liver can-
cer risk (ERR at 1 Sv = 0.49),"" mortality study- and
tumor registry-based'>'® liver cancer mortality risk
(male: ERR per Sv = 0.39, female: ERR per Sv =
0.35), and liver cancer risk (male: ERR per Gy =
0.32, female: ERR per Gy = 0.28), despite the fact
that the majority of liver cancer cases were HCC.
Because a relatively large fraction of liver cancer cases

was included that were diagnosed only on the basis of
death certificates,'>'® complete exclusion of metastatic
liver tumor cases from such cases may not have been
possible. Metastatic liver tumor cases were excluded in
an analysis of pathological review-based liver cancer risk
(ERR per Gy = 0.81), but hepatoblastoma and intrahe-
patic cholangiocarcinoma were included with HCC."
In the current analyses adjusted for alcohol con-
sumption, BMI, and smoking habit, the RR estimates
for radiation increased slightly and showed statistical
significance with adjustment for HBV and HCV infec-
tion status. HBV infection may be considered an inter-
mediate risk factor for HCC, because three of four
previous HBV screenings demonstrated that HBsAg
prevalence increases with radiation dose' 1938, there-
fore, adjustment for HBV infection status might be
expected to result in a decreased radiation risk esti-
mate. However, such interpretation is difficult because

Table 4. Risk of Non-B, Non-C HCC for Alcohel Consumption, BMI, and Smoking Habit

Unadjusted Adjusted*
Number of
Variables Cases/Controls RR (95% CI)t RR (95% Ch)}
Continuous
Alcoho! consumption (per 20 g ethanol per day) 37/96 1.51 (0.98-2.60) 1.64 (1.05-2.81)
BMI 10 yrs before diagnosis (per +1 kg/m? difference) 417107 1.06 (0.95-1.18) 1.06 (0.95-1.19)
Categorical
Alcoho! consumption (g ethanol per day)
None 22/58 1 1
0< <20 5/21 0.98 (0.24-3.60) 0.85 (0.18-3.48)
20 < < 40 2/10 0.78 (0.09-4.49) 0.68 (0.08-4.07)
> 40 8/7 5.25 (1.04-33.5) 5.49 (0.98-39.2)
BMI (kg/m?) 10 yrs before diagnosis
< 19.5 8/18 1.64 (0.45-6.20) 1.66 (0.42-6.83)
19.6 - 21.2 3/22 0.74 (0.12-3.66) 0.80 {0.13-4.15)
21.3-229 6/25 1 1
23.0 - 25.0 10/24 1.76 (0.42-7.93) 2.37 (0.52-11.5)
> 25.0 14 /18 2.85 (0.86-10.5) 3.17 (0.92-12.3)
Smoking habit
Never 17/58 1 1
Current smoker 19/38 3.78 (0.99-17.1) 5.95 (1.34-33.2)
Former smoker 1/3 2.83 (0.10-52.3) 4.67 (0.16-93.7)

Abbreviations: Cl, confidence interval; RR, relative risk.
*Adjusted for radiation dose to the liver.
TAlcohol consumption, BMI, and smoking habit were fit simultaneously, either as continuous (alcohol and BM! only) or categorical factors.

— blb —



HEPATOLOGY, Vol. 53, No. 4, 2011

the risk estimate was also adjusted for HCV infection
status, although anti-HCV Ab prevalence is not signifi-
cantly associated with radiation dose.”® We therefore
examined HBV and HCV infection status and con-
comitant radiation effects separately, excluding persons
with one or the other viral infection.

RRs of HCC for radiation after excluding persons
infected with HBV or HCV were generally higher
than with the full data, but differed licle depending
on which virus was used for exclusion (Table 3). As
with the full data, adjustment for HBV or HCV infec-
tion status reduced the statistical significance of the
radiation effect but had little impact on the RR esti-
mates themselves. The RR of HCC for radiation after
excluding persons infected with HBV and HCV (i.e.,
the RR of non-B, non-C HCC for radiation) was sig-
nificant with or without adjustment for alcohol con-
sumption, BMI, and smoking habit. As there can be
no viral mediation of the radiation risk in noninfected
individuals, lower radiation risks estimated in infected
individuals might be considered evidence of mediation,
but mediation would imply that risk decreases with
adjustment for viral infection status, which did not
occur. The reduction in statistical significance with
adjustment for HBV and HCV infection status might
be due to loss of power when further parameters for the
risks of HCC for hepatitis virus infection are estimated
or the number of subjects is reduced by exclusion.

As with the results reported previously,’ there is evi-
dence that alcohol consumption of >40 g/day ethanol
and BMI >25.0 kg/m® 10 years before diagnosis are
associated with non-B, non-C HCC risk (Table 4).
However, the evidence is not as strong given the small
amount of data after excluding persons infected with
HBV and HCV. The current study demonstrates that
smoking is significantly associated with non-B, non-C
HCC risk, although lack of continuous data precluded
estimation of the relationship to amount smoked. This
finding is consistent with recent assessments by the
International Agency for Research on Cancer (IARC)
where HCC has been positioned as a smoking-related
malignant disease.”” Some studies have shown effects
of smoking on risk of HCC, but few studies have
incorporated, in a strict and in-depth manner, HBV
and HCV infections.' "% ,

Cohort studies of atomic bomb survivors'>'® and
Mayak nuclear facility workers®*?* have indicated
beyond a doubt that radiation increases liver cancer
risk, even though hepatitis virus infection was not
taken into account. It is also well known that persis-
tent long-term internal exposure to o particles from
Thorotrast, a radioactive contrast agent, can induce
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hemangiosarcoma, cholangiocarcinoma, and HCC in
humans.*'™* Because a significant radiation effect is
observed in a high proportion of HCC cases having a
p53 mutation, it has been suggested that p53 is one of
the intracellular targets of atomic bomb radiation and
thus a cause of the increased HCC incidence among
atomic bomb survivors.*® A lifespan study in mice
exposed to continuous low-dose-rate y rays demon-
strated that the incidence of HCC was significantdy
increased, especially in male mice.”> Liver weights of
irradiated mice were significantly greater than those of
nonirradiated controls, and the lipid content was sig-
nificantly increased in irradiated mouse livers.*® It is
considered that hepatic steatosis itself is a state confer-
ring risk for high carcinogenicity, and that in steatohe-
patitis, oxidative stress due to fatty acid oxidation in
hepatocytes may cause DNA injury and eventually
lead to carcinogenesis.*® There is a significant associa-
tion of radiation dose with prevalence of fatty liver
among Nagasaki AHS participants, although a signifi-
cant association has not been found between obesity
(BMI >26.0 kg/mz) and radiation dose.”” These find-
ings may explain part of the mechanism of increased
risks of HCC with radiation exposure.

The main strengths of our study include its prospec-
tive cohort-based, nested case-control design, which
minimizes selection bias, the use of stored sera, and a
wealth of epidemiological information obtained prior
to HCC diagnosis. It is difficult and expensive to per-
form full cohort serum analyses, whereas the nested
case-control design utilized here can provide substan-
tial reductions in cost and effort with little loss of sta-
tistical efficiency.’® Another major strength of our
study is that it incorporated, in a strict and in-depth
manner, hepatitis virus infection status and HCC cases
were identified through the Hiroshima Tumor and Tis-
sue Registry and Nagasaki Cancer Registry, supple-
mented by additional cases detected by way of patho-
logical review of related diseases.*®

A limitation of our study is that the joint effects of
radiation and hepatitis virus infection could not be
estimated from the standpoint of causality. As dis-
cussed previously, HBV and possibly HCV infection
may act as intermediate risk factors in radiation-associ-
ated HCC. Previous studies have consistently demon-
strated that prevalence of HBsAg increases with radia-
tion dose within the AHS,'" although no dose
response for anti-HCV Ab has been detected.*® There-
fore, when the risk of HCC for radiation is estimated
while controlling for HBV infection, some of the radi-
ation risk may be absorbed in the coefficient for HBV
infection. In other words, the radiation risk coefficient
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does not represent the radiation effect independent of
mediation by HBV infection and the HCC risk for
HBYV infection itself is not correctly estimated, because
the actual causal pathway is not explicitly modeled. In
addition, we cannot easily disentangle the joint effects
of radiation and HBV infection using standard regres-
sion models, because HBV infection is not a true con-
founding risk factor but an intermediate risk factor.
Nevertheless, that the radiation risk did not decrease
with concomitant adjustment for viral infection sug-
gests that the practical extent of mediation may be
small. We are currently developing methods of statisti-
cal analysis that jointly consider the dose response for
the intermediate viral factor as well as the joint risk of
HCC for both hepatitis virus infection and radiation
in the countermatched, nested case-control design.

In conclusion, radiation exposure was associated
with increased risk of HCC, even after adjusting for
HBV or HCV infection, alcohol consumption, BMI,
and smoking habit. Moreover, radiation exposure was
an independent risk factor for non-B, non-C HCC
with no apparent confounding by alcohol consump-
tion, BMI, or smoking habit. The mechanistic form of
joint effects of radiation and HBV or HCV infection
on HCC risk could not be estimated, but the develop-
ment of new statistical methods that jointly consider
the dose response for the intermediate viral factor will
make such an analysis possible in the future. In partic-
ular, in-depth understanding of the mechanisms by
which radiation exposure as well as obesity, alcohol
drinking, and smoking contribute to development of
non-B, non-C HCC may lead to prevention, early
detection, and better therapeutic strategies.
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Complementary DNA microarray analysis of human livers
cannot exclude the influence of the immunological response.
In this study, complementary DNA microarray analysis was
performed under immunodeficient conditions with human
hepatocyte chimeric mice, and gene expression profiles were
analyzed by hepatitis B virus (HBV) infection and/or in-
terferon treatment. The expression levels of 183 of 525 genes
upregulated by interferon treatment were significantly sup-
pressed in response to HBV infection. Suppressed genes were
statistically significantly associated with the interferon sig-
naling pathway and pattern recognition receptors in
the bacteria/virus recognition pathway (P = 1.0 X 10”® and
P = 1.2 X 107% respectively). HBV infection attenuated
virus recognition and interferon response in hepatocytes,
which facilitated HBV escape from innate immunity.

Chronic hepatitis B virus (HBV) infection is associated with the
development of virus-related liver diseases, including chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma.
Interferon oo (IFN-a) has been used for the treatment of chronic
hepatitis B, and many large clinical trials and meta-analyses have
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demonstrated the effectiveness of interferon [1-3]. However,
the effect of IFN-o therapy is unsatisfactory, and the molecular
basis for tolerance to IFN-a is not clearly defined.

DNA microarray technology has enabled genome-wide
analysis of gene transcript levels with the use of clinical tissues
and animal models, which has yielded insights into the molec-
ular features of several liver diseases [4-6]. However, it has been
difficult to determine whether the changes in gene expression
were caused by viral interference or by the human immune
response, because all of these studies that used clinical and
experimental samples were analyzed under the influence of
adaptive immune responses. Recently, Mercer and colleagues
developed a human hepatocyte chimeric mouse model [7].
These mice were derived from severe combined immunodefi-
ciency (SCID) mice, which are severely immunocompromised,
and the mouse liver cells were extensively replaced with human
hepatocytes [7, 8]. With the use of this chimeric mouse model,
in which HBV can continuously infect human hepatocytes, the
effect of drugs and the response of viral infection can be analyzed
in human hepatocytes under immunodeficient conditions [9].
In this study, we performed microarray analysis with human
hepatocyte chimeric mouse livers to assess the direct impacts of
HBYV infection and IFN treatments on gene expression profiles.
We successfully demonstrated that HBV infection attenuated
the expression of IFN-stimulating genes under immunodeficient
conditions, which suggests that HBV proteins might afford escape
mechanisms from cellular innate immunity.

METHODS

A serum sample was obtained from a HBV carrier after ob-
taining written informed consent for the donation and evalua-
tion of the blood sample. The inoculum was positive for
Hepatitis B surface and Hepatitis B e antigens, with slightly
elevated levels of serum alanine aminotransferase and high-level
viremia (HBV DNA load, 7.1 log copies/mL). The studied pa-
tient was infected with HBV genotype C. The experimental
protocol conformed to the ethical guidelines of the Declaration
of Helsinki and was approved by the Hiroshima University
Hospital ethical committee (approval ID: D08-9).

The uPA™*/SCID*"* mice were prepared and the human
hepatocytes were transplanted as described elsewhere [8]. The
experiments were performed in accordance with the guidelines
of the local committee for animal experiments at Hiroshima
University.

Sixteen chimeric mice, in which >90% of the liver tissue
was replaced with human hepatocytes, were divided into
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4 experimental groups. Group A contained 4 mice that were
neither infected with HBV nor treated with IFN. Group B
consisted of 3 mice that were treated with IFN-a for 6 h (7,000
IU per gram of body weight) just before being humanely killed
but were not infected with HBV. Mice in groups C and D were
inoculated via the mouse tail vein with human serum containing
6 X 10° copies of HBV. After inoculation, we collected mouse
serum samples every 2 weeks and analyzed HBV DNA titers by
real-time polymerase chain reaction (PCR) and human albumin
levels by means of a human albumin enzyme-linked immuno-
sorbent assay quantitation kit (Bethyl Laboratories), as de-
scribed elsewhere [9]. Virus and human albumin titer levels are
shown in Supplementary data 1. All 9 mice developed measur-
able viremia 4 weeks after inoculation. Eight weeks after in-
oculation, 4 of the 9 infected mice (group C) were humanely
killed without IFN treatment and the remaining 5 mice
(group D) were humanely killed after 6 h of IFN-o treatment
(7,000 IU per gram of body weight). The mice were infected, had
serum samples extracted, and were killed humanely under ether
anesthesia, as described elsewhere [8].

All 16 chimeric mice were killed humanely, and human
hepatocytes were finely dissected from the mouse livers and
stored in liquid nitrogen after submerging in RNA later solution
(Applied Biosystems). Total RNA was extracted with TRIzol
reagent (Invitrogen) and labeled with cyanine 3 by use of a low
RNA input linear amplification kit (Agilent Technologies) after
amplification. Cyanine-3-labeled complimentary RNA was hy-
bridized to a 44-K whole human genome oligo microarray
(Agilent). Detailed protocols are described in Supplementary
data 2.

Gene expression profiles were analyzed using GeneSpring GX
software (version 10.0.2; Tomy Digital Biology). The detailed
protocol is described in Supplementary data table 3. Complete
linkage hierarchical clustering analysis was applied using
Euclidean distance, and differentially expressed genes were
annotated using information from the Gene Ontology (GO)
Consortium. Global molecular networks and comparisons of
canonical pathways were generated using Ingenuity Pathway
Analysis (IPA) software (version 8.6; Ingenuity Systems).

Total RNA was extracted from the implanted human
hepatocytes in the mouse livers by use of an RNeasy mini kit
(Qiagen) and was reverse transcribed. The selected messenger
RNA (mRNA) was quantified by real-time PCR using the 7300
real-time PCR system (Applied Biosystems), and the expression
of glyceraldehyde-3-phosphate dehydrogenase served as a con-
trol. The amplification protocol and primer sequences are
described in Supplementary data 4 and 5.

RESULTS

To analyze the direct effects of IFN in human hepatocytes, we
compared the gene expression profiles between groups A (mice

without IFN treatment) and B (mice with IFN treatment). Of
the 1403 genes that remained after screening with the Welch
T test, 685 genes showed a >3.0-fold change between groups. Of
these 685 genes, 525 genes were up-regulated and the other
160 genes down-regulated by IFN. The top 20 IFN-regulated
genes are listed in Supplementary data table 6. GO analysis re-
vealed that 8 (40%) of the top 20 genes that were upregulated
with IEN treatment were related to immune response.

To analyze the effect of HBV infection in human hepatocytes,
we compared the gene expression profiles between groups
A (mice without HBV infection) and C (mice with HBV in-
fection). Among the 1,714 genes hat remained after screening,
373 genes showed a >3.0-fold change between groups. Of these
373 genes, 159 genes were up-regulated and the other 214 genes
down-regulated by HBV. The top 20 HBV-regulated genes are
listed in Supplementary data table 7. Several oncogenic genes
such as growth differentiation factor 15 and glial cell derived
neurotrophic factor were included in the top group. Most of the
top 20 genes that were downregulated with HBV infection were
associated with transcriptional regulation.

To examine whether HBV infection may alter the effect
of IFN response in human hepatocytes, we compared gene
expression profiles among all groups. As mentioned above,
525 genes were upregulated by >3.0-fold by IFN in the absence
of HBV infection. A comparison of groups C (mice with HBV
infection but no IFN treatment) and D (mice with both HBV
infection and IFN treatment) revealed that 183 (34.9%) of the
525 genes showed statistically significantly reduced IFN response
with HBV infection (P < .01) (Supplementary data 8A). The top
20 genes in which IFN response was significantly changed by
HBYV infection are shown in Table 1. The mRNA expression
levels of 11 selected genes among the 183 genes with reduced
IFN response were also analyzed by real-time PCR, and the
reductions in IFN response by HBV infection were verified
(Supplementary data 8B). Additionally, we used IPA software to
analyze the influence of HBV infection on the IFN response of
these 183 genes by means of a pathway-oriented approach.
Pathway analysis revealed that several pathways were affected by
HBV infection (Table 2). The IFN response was statistically
significantly attenuated by HBV infection in the pathways
related to IFN signaling and pattern recognition of bacteria and
viruses (P = 1.0 X 10" and P = 1.2 X 107%, respectively).

DISCUSSION

Elsewhere we have demonstrated a human hepatocyte chimeric
mouse model that can be chronically infected with hepatitis B
and C viruses [9-11]. This mouse model facilitates analysis of
the effect of viral infection and the response to medication under
immunodeficient conditions. In this study, we performed
complementary DNA microarray analysis using the chimeric
mouse model and obtained gene expression profiles to analyze
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Table 1. Genes With Interferon Responsiveness Downregulated by Hepatitis B Virus (HBV) Infection
Fold change in expression level

Gene symbol GenBank accession no. Function Without HBV infection With HBV infection P
ENST00000322831 None Unknown 4.52 -1.45 415 x 1077
AA593970 AAB593970 EST 9.70 1.61 558 X 1077
THC2533996 None Unknown 3.74 —2.50 6.97 x 1077
LOC388532 None Unknown 3.11 —2.48 1.61x10°°
ZNF267 NM_003414 Transcription regulator 7.66 1.79 2.30 X 1078
ZNF217 NM_006526 Transcription regulator 3.69 1.03 3.62x107°
CRSP3 NM_015979 Transcription regulator 7.50 -1.02 406 X107
MGC39372 BC025340 Hypothetical protein 30.92 7.03 5.74 X 107°
BF972140 BF972140 EST 16.91 471 578 X 107°
LOC731599 XR_015536 Hypothetical protein 3.17 —-4.18 8.58 X 107°
LOC645676 AK126559 Hypothetical protein 3.76 1.35 9.13x 107®
THC2650457 None Unknown 78.07 6.28 1.29 x 107°
ZNF24 NM_006965 Transcription regulator 3.69 1.36 1.64 X 107°
CCDC68 NM_025214 Unknown 5.88 —2.83 1.89 X 1078
SP110 NM_004510 Transcription regulator 5.00 10.77 2.00 X 107°
FLJ21272 AK024925 Hypothetical protein 14.70 2.49 3.18x 107
PLEKHF1 NM_024310 Unknown 6.65 1.84 4.70 X 1078
AK026418 AK026418 Unknown 9.50 2.58 5.02 X 107°
hCG_1790262 XM_001133847 Unknown 3.13 —-2.94 6.25 X 107°
CEBPD NM_005195 Transcription regulator 8.16 1.56 7.03 X 107°
FLJ20273 NM_019027 RNA binding 3.37 1.1 7.11 % 1078

NOTE. Pvalues were analyzed by the Welch Ttest. CEBPD, CCAAT/enhancer binding protein (C/EBP) delta; CCDCE8, coiled-coil domain containing 68; CRSP3,
mediator complex subunit 23 (MED23); EST, expressed sequence tag; FLJ20273, RNA binding motif protein 47 (RBM47); PLEKHF1, pleckstrin homology domain
containing, family F {with FYVE dormain) member 1; SP770, SP110 nuclear body protein; ZNF24, zinc finger protein 24; ZNF217, zinc finger protein 217; ZNF267, zinc

finger protein 267.

the direct influence of HBV infection and IFN-o treatment on
human hepatocytes.

To avoid contamination with mouse tissue, human hepato-
cyte chimeric mice, in which liver tissue is largely (>90%)
replaced by human hepatocytes, were used in the present study.
However, a small amount of mouse-derived cells, such as in-
terstitial cells, bile duct cells, and vascular cells, still remain in the
chimeric mouse livers. Because of high homology between the
human and mouse genomes, the signals from microarray anal-
yses may be influenced by cross-hybridization with mouse
mRNA. It is difficult to produce uPA™*/SCID*'* mice >10
weeks old without hepatocyte transplantation, and a previous
study demonstrated that it is feasible to use microarray analysis
in a functional genomics analysis of chimeric mice [12].
Therefore, to compensate for the contamination, the mice in
group A, which were neither infected with HBV nor treated with
IFN, were used as negative controls.

To analyze the effect of IFN treatment, we compared gene
expression profiles between groups A (mice without IFN treat-
ment) and B (mice with IEN treatment); 525 genes with >3.0-
fold upregulation following IFN treatment were observed.
Among them, chemokine (C-X-C motif) ligand 9, chemokine
(C-X-C motif) ligand 10, and chemokine (C-X-C motif) ligand
11, which promote T cell adhesion, were remarkably highly

induced with IFN treatment (Supplementary data table 6) [13].
These results suggest that the antiviral effects of IFN might
involve not only direct activation of IFN-stimulated proteins
such as myxovirus resistance protein A and double strand RNA-
dependent protein kinase but also activation of immunity via
chemokines.

Second, we compared the profiles between groups A (mice
without HBV infection) and C (mice with HBV infection). As
shown in Supplementary data table 7, more than half (12) of the
top 20 genes upregulated by HBV infection localized to the cell
membrane or the extracellular region, but 14 (70%) of the 20
downregulated genes localized to the nucleus. In addition, GO
analysis demonstrated that genes related to cell cycle and DNA
modification were affected by HBV infection. We speculate that
HBV infection promotes cell growth and DNA damage in the
hepatocyte nucleus and activates the immune response in the
cytoplasm. From the clinical standpoint, some healthy HBV
carriers develop hepatocellular carcinoma without chronic
hepatitis or cirrhosis. The present results strongly support this
observation, showing that most of the affected genes are known
to be associated with carcinogenesis.

Clinically, HBV is known to develop tolerance to IFN treat-
ment in patients with chronic hepatitis B, although the mech-
anism is not clear. We analyzed the IFN response with and
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Table 2. Pathway Analysis of 183 Interferon-Induced Genes With Interferon Responsiveness Downregulated by Hepatitis B Virus
Infection

Canonical pathways P Genes
Interferon signaling 1.00 X 1078 IFIT3, SOCS1, IFIT1, MX1, IFNGR1,
JAK2, STAT1, TAP1, IRF1
Role of pattern recognition receptors in 1.20 x 1078 IL12A, OAS2, OAS3includes EG:4940), IFIHT,
recognition of bacteria and viruses PIK3R3, TLR4, NOD2, TICAM1, DDX58, CASPT,
NOD1, TLR3, RIPK2
Type 1 diabetes mellitus signaling 2.00 X 107* SOCST, IL12A, RIPK1, GAD1, SOCS6, SOCS2,
IFNGR1, JAK2, STAT1, IRF1
Prolactin signaling 2.70 X 107* PIK3R3, SOCS1, SOCS6, SOCS2, NMI, JAK2,
STATI, IRF1
TREM?1 signaling 350 x 107* TLR4, NOD2, ICAM1, CASP1, JAK2, TLR3, CASP5
Production of nitric oxide and reactive 3.90 x 1074 PIK3R3, TLR4, RND3, PPP2R2A, PPM1J, RHOU,
oxygen species in macrophages IFNGR1, MAP3K8, IRF8, JAK2, STAT1, IRF1
Pathogenesis of multiple sclerosis 1.10x 1072 CXCL10, CXCLG, CXCL11
Activation of IRF by cytosolic pattern 2.60 x 1072 IFIH1, RIPK1, DDX58, STAT1, IFIT2, ISG15
recognition receptors
Dendritic cell maturation 2.60 X 1078 B2M, PIK3R3, TLR4, ICAM1, IL12A, IL1RN,
IRF8, JAK2, TLR3, STAT1
Interleukin 12 signaling and production 3.60 X 1073 PIK3R3, TLR4, IL12A, IFNGR1, MAP3KS8, IRFS,
in macrophages STAT1, IRF1
Sphingosine-1-phosphate signaling 3.60 x 1072 PIK3R3, S1PR2, RND3, CASP1, RHOU, CASP4,
CASP7, CASP5
JAK-STAT signaling 400 % 1073 PIK3R3, SOCS1, SOCS6, SOCS2, JAK2, STAT1
Growth hormone signaling 470 x 1078 PIK3R3, SOCS1, SOCS6, SOCS2, JAK2, STAT1
Retinoic acid mediated apoptosis signaling 8.50 x 1073 TNFRSF10B, PARPS, TNFSF10, TIPARP, IRF1

NOTE. B2M, beta-2-microglobulin; CASP1, caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase); CASP4, caspase 4, apoptosis-
related cysteine peptidase; CASPS, caspase 5, apoptosis-related cysteine peptidase; CASP7, caspase 7, apoptosis-related cysteine peptidase; CXCL9, chemokine
(C-X-C motif) ligand 9; CXCL10, chemokine (C-X-C motif) ligand 10; CXCL171, chemokine (C-X-C motif) ligand 11; DDX58, DEAD (Asp-Glu-Ala-Asp) box
polypeptide 58; GAD1, glutamate decarboxylase 1 (brain, 67kDa); ICAM1, intercellular adhesion molecule 1; IFIHT, interferon induced with helicase C domain 1;
IFIT1, interferon-induced protein with tetratricopeptide repeats 1; /FIT2, interferon-induced protein with tetratricopeptide repeats 2; IFIT3, interferon-induced protein
with tetratricopeptide repeats 3; IFNGRT, interferon gamma receptor 1; ILTRN, interleukin 1 receptor antagonist; /L12A, interleukin 12A (natural killer cell
stimulatory factor 1, cytotoxic lymphocyte maturation factor 1, p35); IRF, interferon regulatory factor; IRF1, interferon regulatory factor 1; /RFS8, interferon regulatory
factor 8; ISG15, ISG15 ubiquitin-like modifier; JAKZ, Janus kinase 2; MAP3K8, mitogen-activated protein kinase kinase kinase 8; MX71, myxovirus (influenza virus)
resistance 1, interferon-inducible protein p78 (mouse); NMI, N-myc (and STAT) interactor; NOD1, nucleotide-binding oligomerization domain containing 1; NOD2,
nucleotide-binding oligomerization domain containing 2; OASZ, 2'-5’-oligoadenylate synthetase 2, 69/71kDa; OAS3, 2'-5'-oligoadenylate synthetase 3, 100kDa;
PARPS, poly (ADP-ribose) polymerase family, member 8; PIK3R3, phosphoinositide-3-kinase, regulatory subunit 3 (gamma); PPM1J, protein phosphatase, Mg2+/
Mn2+ dependent, 1J; PPP2R2A, protein phosphatase 2, regulatory subunit B, alpha; RHOU, ras homolog gene family, member U; RIPK1, receptor (TNFRSF)-
interacting serine-threonine kinase 1; RIPK2, receptor-interacting serine-threonine kinase 2; RND3, Rho family GTPase 3; STPR2, sphingosine-1-phosphate receptor
2; SOCS1, suppressor of cytokine signaling 1; SOCS2, suppressor of cytokine signaling 2; SOCS6, suppressor of cytokine signaling 6; STATT, signal transducer and
activator of transcription 1, 91kDa; TAP1, transporter 1, ATP-binding cassette, sub-family B (MDR/TAP); TICAM1, TolHike receptor adaptor molecule 1; TIPARP,
TCDD-inducible poly(ADP-ribose) polymerase; TLR3, Toll-like receptor 3; TLR4, Toll-like receptor 4, TNFRSF10B, tumor necrosis factor receptor superfamily,
member 10b; TNFSF10, tumor necrosis factor {ligand) superfamily, member 10; TREM1, triggering receptor expressed on myeloid cells 1.

without HBV infection, focusing on the 525 upregulated genes support chronic infection of HBV in escaping the effects of innate
with IFN treatment and using all obtained gene expression  immunity or IFN therapy. On the other hand, genes involved in
profiles. Interestingly, 61.3% of the extracted genes maintained recognition of viral infection were also inhibited following HBV
an IFN response, but in 34.9% of those genes, IFN responses were infection. Both NODI and RIPK2 are related to innate and
attenuated by HBV infection (Supplementary data 8A). Genes adaptive immune responses [14, 15]. We speculated that in-
corresponding to interferon signaling, including suppressor of  hibition of NODI or RIPK2 expression facilitates HBV survival.
cytokine signaling 1 (SOCSI) and interferon regulatory factor 1,  Although further study is needed, these results may have im-

and those corresponding to pattern recognition of bacteria and ~ portant implications for the mechanisms of viral escape from
viruses, including nucleotide-binding oligomerization domain innate immunity.
containing 1 (NODI) and receptor-interacting serine-threonine In conclusion, we performed complementary DNA micro-

kinase 2 (RIPK2), were statistically significantly associated with array analysis using human hepatocyte chimeric mice. With this
HBV-mediated attenuation to IFN response (P = 1.0 X 10~® system, we could analyze the direct effects of IFN treatment and
and P = 1.2 X 107% respectively). According to these results, HBV infection without the confounding effects of the lympho-
HBYV infection significantly up-regulated SOCSI expression and  cyte immunological response and obtained evidence that HBYV
reduced the IEN responsiveness of SOCSI. Thus, SOCSI might  infection attenuated the virus recognition and IFN response in
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hepatocytes, by which means HBV could evade innate immune
detection and response.

Supplementary Data

Supplementary data are available at The Journal of Infectious Diseases online.
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Abstract

Disease-specific serum miRNA profiles may serve as biomarkers and might reveal potential new avenues for therapy. An
HBV-specific serum miRNA profile associated with HBV surface antigen (HBsAg) particles has recently been reported, and
AGO2 and miRNAs have been shown to be stably associated with HBsAg in serum. We identified HBV-associated serum
miRNAs using the Toray 3D array system in 10 healthy controls and 10 patients with chronic hepatitis B virus (HBV) infection.
19 selected miRNAs were then measured by quantitative RT-PCR in 248 chronic HBV patients and 22 healthy controls.
MIRNA expression in serum versus liver tissue was also compared using biopsy samples. To examine the role of AGO2
during the HBV life cycle, we analyzed intracellular co-localization of AGO2 and HBV core (HBcAg) and surface (HBsAg)
antigens using immunocytochemistry and proximity ligation assays in stably transfected HepG2 cells. The effect of AGO2
ablation on viral replication was assessed using siRNA. Several miRNAs, including miR-122, miR-22, and miR-99a, were up-
regulated at least 1.5 fold (P<<2E-08) in serum of HBV-infected patients. AGO2 and HBcAg were found to physically interact
and co-localize in the ER and other subcellular compartments. HBs was also found to co-localize with AGO2 and was
detected in multiple subcellular compartments. Conversely, HBx localized non-specifically in the nucleus and cytoplasm, and
no interaction between AGO2 and HBx was detected. SiRNA ablation of AGO2 suppressed production of HBV DNA and HBs
antigen in the supernatant.

Conclusion: These results suggest that AGO2 and HBV-specific miRNAs might play a role in the HBV life cycle.
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biomarkers for liver injury and cancer [4]. Elucidating the function
of hepatic miRNAs in HBV infection is important in the
development of strategies to eradicate the virus and assess the

risk of HCC. A number of miRNAs have been shown to be up- or

Introduction

Hepatitis B virus (HBV) is a partially double-stranded DNA
virus in the Hepadnaviridae family [1]. New therapies are urgently

needed for the 350 million chronically infected individuals who
face a significantly elevated lifetime risk of cirrhosis and
hepatocellular carcinoma [2,3]. Recent insight into the role of
non-coding RNAs in the liver has highlighted potential applica-
tions of microRNAs (miRNAs) in HBV diagnosis and treatment
(4,5,6,7,8,9].

MiRNAs are a class of short non-coding RNAs involved in post-
transcriptional gene regulation of multiple pathways [10]. In
contrast to messenger RNAs, exosome-free extracellular miRNAs
may be nuclease-resistant and remain in circulation for long
periods of time by being stably bound to AGO2, a component of
the RNA-induced silencing complex [11]. The origin and function
of these extracellular miRINAs is unclear, but they may serve as

PLOS ONE | www.plosone.org

down-regulated in HBV infection [4,12,13]. Noting that the
defective hepatitis delta virus co-opts HBsAg subviral particles for
export, Novellino et al. hypothesized that HBsAg subviral particles
might also sequester miRNAs from the liver [5]. Using HBsAg
immunoprecipitation, they identified a set of liver-specific and
immune regulatory AGO2-bound miRNAs associated with
HBsAg.

These reports suggest that AGO2 and a specific subset of
miRNAs may participate in HBV replication, ecither as part of a
host anti-HBV defense or as viral strategy to exploit or evade the
RISC machinery. In this study, we examined serum miRNA
expression in chronic HBV and healthy individuals and found a
specific subset of miRINAs that are over-expressed in HBV-positive
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patients and in which miR-122 was strongly up-regulated. To
determine whether components of the miRNA system are
associated with other HBV components, we performed subcellular
localization experiments with viral proteins and AGO2.

Materials and Methods
Study Subjects

We performed a series of experiments to compare miRNA
profiles of healthy and HBV-infected individuals in serum and
liver tissue. All patients had chronic hepatitis B and agreed to
provide blood samples for a viral hepatitis study. Patient profiles
are shown in Table 1. Histopathological diagnosis was made
according to the criteria of Desmet et al. [14]. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki, and all patients provided written informed consent. This
study was approved a priori by the ethical committee of Hiroshima
University.

miRNA Expression Levels in Serum

miRNA expression in serum samples was measured using the
Toray Industries miRINA analysis system, in which serum miRNA
samples were hybridized to 3D-Gene human miRNA verl2.1
chips containing 900 miRNAs (Toray Industries, Inc., Tokyo,
Japan). MiRNA gene expression data were scaled by global
normalization, and differential expression was analyzed using the
limma package in the R statistical framework. Serum was collected
from 20 patients with high HBV DNA and HBsAg levels and with
either high (>42 IU/1) or low (=42 IU/1) ALT levels. Serum from
the 10 low ALT patients was analyzed as a mixture, whereas
serum from each of the 10 high ALT patients was analyzed both
separately and as a mixture. For comparison with healthy controls
we collected separate mixtures of serum from 10 healthy females
and 12 healthy males. Serum samples from each healthy female
were also measured separately. All healthy controls were negative

Table 1. Clinical characteristics of chronic hepatitis B virus
patients (n = 248).

Alanine‘aminot‘réns'ferase'('lU/l)f? -

Aspartate aminotransferase (IU/l)

A!pha{-fetoproteiri {ug/l)

Factor Value
Age 44 (15-76)
Sex (male/female) 169/77

56'(1’0—1867) i

43.5 (15-982)

HBV DNA (1U/ml) 63(189.1)
Liver fibrosis (1/2/3/4) 69/102/46/26
Necroinflammatory activity (0/1/2/3/4)  1/70/127/45/0
v-glutamyl transpeptidase (1U/1) 43 (9-459)

6,15 (0-9400)

Promthrombin time (s) 93 (0-146)

Albumin (g/d) 44052
Platelets (x1d4/mm3) 16.75 (1-36)

HBsAg (UM) 2765 (0.05-239000)
HBeAg (—/+) 115/127

HBeAb (~/4) 13128

are shown as counts.

Desmet et al. [14].
doi:10.1371/journal.pone.0047490.t001
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Continuous variables are shown as median and range, and categorical variables

Fibrosis and necroinflammatory activity were scored according to the criteria of
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for HBsAg, HBcAb, and HCV Ab. For comparison with miRNA
expression in hepatocytes, miRNA expression was measured in
non-tumor biopsy tissue from an HBV-infected patient and
compared to non-cancerous liver tissue samples from two patients
without HBV or HCV infection.

Quantitative Real-time Polymerase Chain Reaction
miRNA Analysis

Using real-time polymerase chain reaction (RT-PCR) we
measured the expression of 19 miRNAs in serum from 248
patients with chronic HBV infection and from 10 healthy females
and 12 healthy males. Circulating microRNA was extracted from
300 ul of serum samples using the mirVana PARIS Kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. RNA
was eluted in 80 pl of nuclease free water and reverse transcribed
using TagMan MicroRNA Reverse Transcription Kit (Life
Technologies Japan, Tokyo, Japan). Caenorhabditis elegans miR-
238 (cel-miR-238) was spiked to each sample as a control for
extraction and amplification steps. The reaction mixture con-
tained 5 pl of RNA solution, 2 pl of 10X reverse transcription
buffer, 0.2 pl of 100 mM dNTP mixture, 4 pl of 5x RT primer,
0.25 ul of RNase inhibitor and 7.22 pl of nuclease free water in a
total volume of 20 pl. The reaction was performed at 16°C for
30 min followed by 42°C: for 30 min. The reaction was terminated
by heating the solution at 85°C: for 5 min. MiRNAs were
amplified using primers and probes provided by Applied
Biosystems using TagMan MicroRNA assays according to the
manufacturer’s instructions. The reaction mixture contained
12.5 ul of 2x Universal PCR Master Mix, 1.25 ul of 20x
TaqMan Assay solution, 1 il of reverse transcription product and
10.25 pl of nuclease free water in a total volume of 25 pl
Amplification conditions were 95°C for 10 min followed by 50
denaturing cycles for 15 sec at 95°C and annealing and extension
for 60 sec at 60°C in an ABI7300 thermal cycler. For the cel-miR-
238 assay, a dilution series using chemically synthesized miRNA
was used to generate a standard curve that permitted absolute
quantification of molecules.

Pathway Analysis

Target genes of differentially expressed miRNAs were predicted
based on agreement among three miRNA prediction tools,
miRanda, miRBase, and TargetScan. Gene Set Enrichment
Analysis (http://www.broadinstitute.org/ gsea) was used to identify
significantly over-represented gene ontology (GO) terms among
the predicted targets.

Plasmid Construction

The construction of wild-type HBV 1.4 genome length, pTRE-
HB-wt, was described previously [15]. We used pTRE2 vector
without pTet-off vector and doxycycline because a sufficient
amount of HBV transcript was produced from internal HBV
promoters, and transcription from the pTRE2 promoter is
negligible under these conditions. The nucleotide sequence of
the HBV genome that we cloned into plasmids pTRE-HB-wt was
deposited into GenBank under accession number AB206817.

Cell Culture

HepG2 cells, derived from a human hepatoma cell line, were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum at 37°C and under 5%
COq. For the production of stably transfected cell lines, HepG2
cells were transfected with 20pug of the plasmid pTRE-HB-wt by
calcium precipitation and the transfected cells were selected with
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400pug/ml hygromycin-included DMEM. Sixty colonies were
isolated, and clones that were positive for both HBs and HBe
antigens were selected. Finally, one cell line named T23 was
selected and used for further experiments. T23 cells continuously
produced more than 6 log copies/ml of HBV DNA in supernatant
over more than 12 months (data not shown).

Immunocytochemistry

Co-localization between AGO2 and several HBV proteins
(HBc, HBs, and HBx) was analyzed using immunocytochemistry,
followed by cellular localization assays using antibodies targeting
various sub-cellular compartments. HepG2 or T23 cells were
seeded in 2-well chamber plates and harvested 48 hours after
seeding. The cells were washed with PBS and fixed with 4% (v/v)
paraformaldehyde. After fixation, the cells were stained with
several primary antibodies (Table S1). The bound antibodies were
detected with an Alexa 488-conjugated antibody against rabbit
IgG (1:2000) or Alexa 568-conjugated antibody against mouse IgG
(1:2000), respectively (Molecular Probes, Eugene, OR). Nuclei
were counterstained with 6-diamidino-2-phenylindole (DAPI)
(Vector laboratories, Burlingame, CA). The stained cells were
examined with a Fluoview FV101 microscope (Olympus, Tokyo,

Japan).

In situ Proximity Ligation Assay

We used proximity ligation assays (PLA) to determine whether
AGO2 and HBc physically interact. PLA is a recent method to
detect protein-protein interactions using protein-DNA conjugates
that can be detected using fluorescence microscopy [16]. PLA
improves on traditional immunoassays by directly detecting even
weak or transient protein interactions [16]. HepG2 and T23 cells
were seeded in 2-well chamber plates and harvested 48 hours after
seeding. The cells were washed with PBS and fixed with 4% (v/v)
paraformaldehyde. After fixation, the cells were stained with
primary antibodies. The primary antibodies used are listed in
Table S1. After overnight incubation with primary antibody at
4°C, PLA was performed using Duolink II PLA probe anti-rabbit
plus and anti-mouse minus and Duolink II Detection Reagents
Orange (Olink, Uppsala, Sweden) following the manufacturer’s
protocol. Nuclei were counterstained with DAPIL. Imaging was
performed using a Fluoview FV10i microscope.

Analysis of Supernatant HBV Production by RNA

Interference Against AGO2

To investigate the necessity of AGO2 for HBV production, we
performed RNA interference assay using T23 cells that are
HepG2 cells stably transfected with the plasmid pTRE-HB-wt. We
used Silencer Select Pre-designed siRNA small interfering RNA
targeting AGO2 (#s25932, Ambion, Austin, TX) and Silencer
Select Negative Control #1 siRNA for control (Ambion). T23 cells
were transfected with one of the siRNA oligonucleotides (10 nM)
using Lipofectamine RNAIMAX (Invitrogen, Carlshad, CA)
according to the manufacturer’s instructions. To examine the
knockdown effect of siRNAs against AGOZ2 by real-time quanti-
tative RT-PCR, T23 cells transfected with siRNAs were harvested
72 hours after transfection. Total RNA was isolated using the
QuickGene RNA cultured cell kit S (Fujifilm, Tokyo, Japan). One
ug of each RNA sample was reverse transcribed with the
SuperScript VILO ¢cDNA Synthesis kit (Invitrogen). First-strand
complementary DNA (cDNA) was amplified with specific primers
for the coding sequence of AGO2. The primers were as follows:
forward, 5'-CCAGCATACTACGCTCACCT-3'; reverse, 5'-
CAGAGTGTCTTGGTGAACCTG-3". We quantified AGO2
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mRNA with EXPRESS SYBR Green ER gPCR Supermix
Universal (Invitrogen) according to the manufacturer’s instruc-
tions. Amplification and detection were performed using the
Mx3000P Multiplex quantitative PCR system (Stratagene, La
Jolla, CA). Results were normalized to the transcript levels of the
housekeeping reference gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Three to seven days after transfection, the
culture media were collected to examine HBV production in
supernatant. HBs antigen was measured quantitatively using the
Abbott chemiluminescence immunoassay kit (Abbott Japan,
Tokyo, Japan). HBV DNA levels were determined by Cobas
TagMan HBYV standardized real-time PCR assay (Roche Molec-
ular Systems, Pleasanton, CA). Results are expressed in logl0
international units/ml. We also evaluated viability of cells using
the Cell Counting kit-8 (Dojindo Laboratories, Kumamoto, Japan)
at 3, 5 and 7 days after transfection, according to the
manufacturer’s instructions. All assays were performed in tripli-
cate, and the results are expressed as mean £ SD.

Statistical Analysis

All analyses were performed using the R statistical package
(http://www.r-project.org). Continuous variables are reported
using the median and range. Moderated t statistics or Mann
Whitney U tests were used to detect significant associations, as
appropriate, and P-values were adjusted for multiple testing based
on the false discovery rate.

Results

MiIRNA Microarray Results

We performed miRNA microarray analysis to identify HBV-
associated differences in serum miRNA profiles between 10
chronic HBV patients and 10 healthy controls (Fig. S1). 26
miRNAs with an absolute log fold change greater than 1.5 were
found to be significantly (Prpr <0.05) up-regulated in serum of
HBV patients, and 8 miRNAs were significantly down-regulated
(Table 2). MiR-122, miR-22, and miR-99a levels were the most
strongly up-regulated in serum of HBV-infected patients, and
levels of miR-575, miR-125a-3p, and miR-4294 were the most
down-regulated. We also examined miRNAs associated with
presence of HBe antigen or HBe antibody, but no miRNAs were
significant following correction for multiple testing (data not
shown).

Analysis of Serum Sample Mixtures from HBV-infected
Patients and Healthy Controls

In addition to individual serum samples, we also examined 4
pooled serum samples as follows: 10 healthy males, 10 healthy
females, 10 HBV patients with low ALT levels, and 10 HBV
patients with high ALT levels (Fig. S2). In agreement with results
from individual analysis, miR-122 and miR-99 levels were
significantly higher in serum from HBV serum samples compared
to healthy control samples (Table 2). Corresponding results with a
log change greater than 1.5 were found for several other miRNAs,
including miR-22, miR-642b, miR-125b (up-regulated) and miR-
575 and miR-4294 (down-regulated), but results were not
significant following correction for multiple testing in the mixture
samples due to the small number of samples compared.

RT-PCR Analysis

Serum levels of 19 miRNAs were analyzed using quantitative
RT-PCR analysis of 250 chronic HBV patients and 20 healthy
controls. Several miRNAs (miR-122, miR-22, miR-99a, miR-720,
miR-125b, and miR-1275) were significantly up-regulated in
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serum from HBV-infected patients (Table 3). Agreement of
microarray and RT-PCR results was strongest for up-regulation
of miR-122, miR-22, and miR-125b in serum of HBV patients. To
determine whether there is a linear relationship between HBV
markers and HBV-associated miRNAs, we analyzed the correla-
tion between HBsAg and 6 up-regulated miRNAs. MiR-122, miR-
99a, and miR-125b levels were found to be significantly correlated
with HBsAg levels with R*>0.5 (Fig. S3). These three miRNAs
were also significantly correlated with HBV DNA titers, with R of
about 0.4 (Fig. S4). MiR-122 and miR-22 were significantly but
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Table 2. Top 10 up- or down-regulated serum miRNAs associated with chronic HBV infection.
Sample Direction miRNA logFC AveExpr t P Pror
Serum Up “f:hsaif,hiR*iZZ o o soyr . 909 5‘]3.;2‘7E%f1k2, - '3}()6;;09,
k Hsa—miR-QQa’ ’ 6.20 2.11E—10 2.19E—-08
iz 2iogst0 | gieeos
‘hsa‘miR-191 ‘ . 8.42 1.68Ek—ﬂ 3.93E*09‘
. hsamiR642b 203 1007 592610 426608
hsa-miR-125b 1.95 5.99 9.91E—09 4.2i E-07
 hsamiR4863p 179 900 31908 995E-07
hsa-‘miR‘~378' ’ B 1'.78 ' 597 9005&—10 ‘ k6.02E—08
’ hsa-mi|VR~’23bk ‘ 1.69 8.99 7.64E~08 1,9'3E-‘06
hsa-miR-125a-3p -1.99 f.22 1.56E— 1‘1 3.93E—69
hsa-miR-4294 ~175 1182 407E-11 7.63E-09
hsa-miR-92a-2* - 1 64 11.03 6.36E—08‘ 1 ;75E—06
hsa-miR-1202 ~159 860 6712 304E-09
hsa-miR-30c-1* ~i;31 6.29 1.12E—08 ' 4.3SE;07
hsa-miR-1275 ~119 991  100E-07  235E-06
hsa-miR-3197 - 1 .05 11 ;46 9.24E;09 ‘ '4.21 E—O7‘
hsa-miR-1908 103 1375 | 349E-00  204E-07
Mixture Up hsa-miR-122 6.80 ‘ 9.09 1.09E—-06 b‘001
hsak—mkiR-99a : 258 634 'k 980E—05 - 0,037 =
hsa-miR-22 207 8.60 3.16 0.020 0.528
 Hsa-miR-125b 203 629 5.09 0,002 0.264
hsa-miR-1915* 1.80 832 6.24 0.001 0.158
hsa-miR-3648 1.6¢ 1416 5.06 oo,z 0264
hsa-mfR-642b K ' 9.82 '0.004 0.377'
hsa-miR-1288 e gy ooiz . om0
hsa-miR-325 1.30 4.91 0.047‘ ‘0.5‘86 ‘
hsa-miR-486-3p 120 898 Goe 0 odm
Down hsa-miR-575 -1.95 8.43 6.001 0.1 58
hsa-miR-4294 179 1195 0001 oase
hsa-miR-654-3p —-1.35 536 0.042 0.569
 hsamiR-1202 -124 85 0008 0480
hsa-miR‘lk237 —1.06 ‘ 7.52 0.022 ‘ 0.531
. hsamiR744 103 o9 . e e
Expression levels were compared using moderated t-statistics, and P-values were corrected for multiple testing using the false discovery rate.
logFC: log2 fold-change between patients with chronic HBV infection relative to healthy individuals.
AveExpr: The average log2 expression level for each miRNA over all samples.
t: moderated t-statistic for patients with chronic HBV infection compared to healthy individuals P for each miRNA.
P: uncorrected P-value for t-test.
Peor: P-value adjusted for multiple testing based on the false discovery rate.
doi:10.1371/journal.pone.0047490.t002

diffusely associated with serum ALT levels (R?>0.2; Fig. S5). To
identify miRNAs associated with different phases of HBV
infection, we also analyzed the 6 significantly up-regulated
miRNAs with respect to the presence of HBe antigen and
antibody. MiR-122, miR-99a, miR-720, and miR-125b were each
highly significantly elevated in chronic HBV patients who were
positive for the HBe antigen (P<4.0E—07; Fig. S6). Similarly,
each miRNA was significantly elevated in chronic HBV patients
who were negative for the HBe antibody (P<<9.1E—05; Fig. S7).
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Figure 1. Co-localization of HBcAg and HBsAg with AGO2 in stably transfected T23 cells. A) Anti-AGO2 and anti-HBc staining overlapped
in stably transfected T23 cells, but not in HepG2 control cells, suggesting an interaction between HBc and AGO2. B) HBc-AGO2 was detected in T23
but not HepG2 cells using proximity ligation assays (PLA), suggesting a protein-protein interaction between HBcAg and AGO2. C) Overlap of anti-
AGO2 and anti-HBs staining suggests co-localization of HBs and AGO2. D) Anti- HBc, and anti-HBs staining overlapped in 723 cells, which may indicate
that HBc and HBs co-localize. E) Overlap of anti-AGO2, anti-HBc, and anti-HBs staining in T23 cells suggests that all three proteins may co-localize.

doi:10.1371/journal.pone.0047490.g001

Pathway Analysis

Predicted gene targets of up-regulated miRNAs were most
strongly associated with the GO term PROTEIN_TYROSINE _
PHOSPHATASE_ACTIVITY (P=5.24E—3), and down-regu-
lated miRNAs were associated with the term POSITIVE_RE-
GULATION_OF_JNK_ACTIVITY (P 9.47e—4). Predicted
target genes associated with phosphatase activity and dephosphor-
ylation included MTMR3, PTPN18, DUSP5, PTPN2, DUSP2,
and PPPICA.

MiRNA Expression in Liver Biopsy Samples

We compared miRINA expression in non-cancerous liver biopsy
samples from a patient with chronic HBV to two uninfected
patients (Table S2, Fig. S8). MiRNA levels were highly correlated
between liver tissue and serum in all patients (P=<0.001;
R?=0.57), including the top HBV-associated miRNAs identified
by microarray and RT-PCR analysis in this study.

Co-localization of HBcAg and HBsAg with AGO2

Using immunocytochemistry and PLA analysis, we found that
HBV core protein and AGO2 co-localized within T23 cells
(Fig. 1A-B), suggesting a potential protein-protein interaction
between HBcAg and AGO2. AGO?2 also co-localized with HBs in
T23 cells (Fig. 1C), indicating a potential interaction between HBs
and AGO2. Overlap between anti-HBc and anti-HBs staining
(Fig. 1D) and between anti-AGO2, anti-HBc, and anti-HBs
(Fig. 1E) suggests that these three proteins may co-localize. No

overlap was observed between anti-AGO?2 and anti-HBx staining
in HepG2 cells transfected with HBx expression plasmid
(p3FLAG-HBx) nor in control cells, suggesting that HBx does
not interact with AGO2 (data not shown).

Subcellular Localization

We also examined HBcAg sub-cellular localization using
immunocytochemistry and PLA analysis and found that HBcAg
localized to several intracellular compartments, including the ER,
autophagosomes, endosomes, and Golgi (Fig. 2). No evidence was
found for interaction with mitochondria (data not shown). Using
immunocytochemistry, HBsAg was also found to localize diffusely
to several intracellular compartments, including the ER, endo-
somes, autophagosomes, Golgi, mitochondria, processing bodies,
multi-vesicular bodies, and the nuclear envelope (Fig. 3). HBx
localized non-specifically in the nucleus and cytoplasm, and no
sub-cellular location could be ascertained (Fig. S9).

RNA Interference against AGO2

Antisense RNA directed against AGO2 strongly suppressed
AGO?2 expression (Fig. 4A) and resulted in lower HBV DNA
(Fig. 4B) and HBsAg (Fig. 4C) levels in the supernatant. Cell
viability was not significantly reduced (Fig. 4D).

Discussion

In this study, we report a set of miRNAs that were up-regulated
in serum of HBV infected individuals compared to healthy

Table 3. Quantitative RT-PCR results of selected miRNAs associated in serum of chronic HBV patients.

Factor Total (n=270)

HBV (n=248)

hsa-miR-122/celmiR-238
hsa—miR—ZZ/ceI—miR;238 a
hsa«m;R—an/cel~mlR-238
hsa~miR—720/cel—mikR—’238
hsamlR-125b/cel—m|R—238 i: -
hsa-miR-1 275/cel—mi§‘238
hsa-miR-1826/cel-miR-238
hsa-miR-1308/cel-miR-238
hsa-miR-923/cel-miR-238
hsa-miR-1 280/cel-rﬁiR-238
hsa-miR-26a/cel-miR-238
hsa-let-7a/cel-miR-238
hsa—let-7f/cel—m§R;238 i
hsa-let-7d/cel-miR-238
hsa-miR-638/cel-miR-238
hsa-miR-1908/cel-miR-238
hsa-miR-34a/cel-miR-238
hsa-miR-886-5p/cel-miR-238

| 01513 (00068-25)

ommiossrs
0.1 206 (0.024—3.7)

04842 (0 099 1 6)

*?38 (1 8——96)‘ o
1089(036—5)

- ‘{1134(0052:‘6)

0.3 (0.06-1.7)

| 01131 (0.0066-3.1)
0.5046 (0.099-1.6)
05583 (0.26-4.6)
2.578 (1.1-6.9)

0.5023 (. 14—46)
2.831 (1.1-69)

1.106 (035 18)

1147 (035-19)
o 1.082 { (03 7)

1369 (045-32)
007502 (0013-12)

1357 045-19)
0,108 (0.026-12)

1.627 (0.54-3.6) 1.773 (0.54-3.6)

01635 (00068-25)
03028 (006-17)

0 1345 (0 031-3. 7)

1126 (0052-26) 114300817

Healthy (n=22) P
| 002074 (0013-004) 11913
0.2252 (0.11-048) k 635E-03
00136 (00046-0051)  46lE-12
0.04274 (0.024-0.12) 893E-11
| 002255 (00066-005) 192611
0.4044 (0.24-0.6) 0.010781066
033 (0.14-14) 723E-03
3113 (23-47) 0.223164946
0ty 0104331611
05275 (0.36-0.8) 1.06E-05
o (082—24);;' . osa2

1.074 (0.71-1 9) 0235258945

1.231 (073 1 9)

 1sslees

0.370765019

1447 (07-3.2)
0.02738 (0.013-0.044). - 14105
1.55 (0.97-2.7) 0.478520977

doi:10.1371/journal.pone.0047490.t003
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Expression levels were compared using the Mann-Whitney U test.
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A DAPI anti-Calnexin (ER)  anti-HBc Merged PLA (Merged)

B DAPI anti-LC3B anti-HBc Merged PLA (Merged)

DAPI anti-Rab5 anti-HBc Merged PLA (Merged)
DAPI anti-Golgi anti-HBc Merged PLA (Merged)
E DAPI anti-COX IV anti-HBc

Figure 2. Interactions between HBc and HBs. A) Co-localization of anti-HBc and anti-Calnexin staining by immunocytochemistry and PLA
analysis indicate that HBc probably localizes in the ER. Overlap with B) anti-LC3B, C) anti-Rab5, and D) anti-Golgi staining suggests that HBc probably
also localizes in autophagosomes, endosomes, and Golgi, respectively. E) However, no overlap was observed with anti-COX IV staining, indicating
that HBc probably does not localize at mitochondria.

doi:10.1371/journal.pone.0047490.g002
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Figure 3. HBsAg localization. A) Co-localization of anti-HBs suggests that HBs localizes in the ER, processing bodies, autophagosomes, and
multivesicular bodies, B) and more diffusely in mitochondria, Golgi, endosomes, and at the nuclear envelope.
doi:10.1371/journal.pone.0047490.g003
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