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High Levels of Hepatitis B Virus After the Onset
of Disease Lead to Chronic Infection in Patients
With Acute Hepatitis B
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Background. Some patients with acute hepatitis B virus (HBV) infection develop chronic infection. However,
the method for identifying these patients has not been established.

Methods. We followed 215 Japanese patients with acute HBV infection until the clearance of hepatitis B surface
antigen (HBsAg) or the development of chronic infection. Levels of HBsAg and HBV DNA were serially monitored
from the onset.

Results.  Of the 215 patients, 113 (52.5%) possessed HBV genotype A, 26 (12.0%) genotype B, and 73 (34.0%)
genotype C. Twenty-one of the 215 (9.8%) developed chronic infection, with the persistence of HBsAg for >6
months. The rate of chronicity of genotype A, B, and C was 12.4%, 3.8%, and 8.2%. Of the 21 patients, only 6 (2.8%)
patients, including 5 with genotype A, failed to clear HBsAg within 12 months. Levels of HBsAg at 12 weeks and
HBV DNA at 4 weeks were useful for distinguishing the patients who became chronic from those who did not
(P<.001 and P <.001, respectively). Likewise, the levels of HBsAg at 12 weeks and HBV DNA at 8 weeks were
useful for discriminating between the patients who lost HBsAg within 12 months and those who did not (P <.01

and P < .05, respectively).
Conclusions.

In acute HBV infection, clearance of HBV may happen between 6 and 12 months from the onset.

Only those who fail to clear HBV within 12 months from the onset may develop chronic infection.

Keywords.

hepatitis B virus antigen; hepatitis B virus; genotype.

The clinical outcome of acute hepatitis B is self-limited
in the majority of immunocompetent adults. However,
some patients run a prolonged or even chronic course,
or are complicated by acute liver failure. Several factors
are implicated in different clinical courses.
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Hepatitis B virus (HBV) genotypes and subtypes are
known to influence the clinical outcome of acute hepa-
titis B. For instance, HBV subgenotype Bl is associated
with fulminant hepatic failure in acute hepatitis B [1].
On the other hand, genotype A is associated with chron-
ic sequelae [2-5]. Furthermore, patients with subgeno-
type C2 are more likely to develop chronic infection
than those with subgenotype B2 [6]. These characteris-
tics may reflect viral kinetics in acute HBV infection
that would differ among HBV infections with distinct
genotypes/subgenotypes, but little is known about them.

Quantitation of hepatitis B surface antigen (HBsAg),
in addition to HBV DNA, has been introduced to analy-
sis of viral kinetics in patients with chronic hepatitis B in
recent years. HBsAg levels are also useful for estimating
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viral loads and predicting the response to antiviral treat-
ments [7-9], and for determining the natural history of chronic
hepatitis B {10, 11]. Therefore, HBsAg and HBV DNA would
be instrumental in foretelling the outcome of acute hepatitis
B. However, the clinical utility of these markers in patients with
acute hepatitis B is largely unknown.

Therefore, the aim of the present study was to examine dif-
ferences in viral kinetics among patients with acute hepatitis B,
who were infected with HBV of different genotypes, and evalu-
ate the usefulness of quantifying HBsAg and HBV DNA for
predicting the clinical outcome.

PATIENTS AND METHODS

Patients

This was a retrospective study of patients who were diagnosed
with acute hepatitis B in our institutions during 1994 through
2010. Criteria for the diagnosis of acute hepatitis B were (1)
acute onset of liver injury without a previous history of liver
dysfunction; (2) detection of HBsAg in the serum; (3) immuno-
globulin M (IgM) antibody to HBV core (anti-HBc) in high
titers (detectable in serum samples diluted 10-fold) [3]; (4)
absence of a past or family history of chronic HBV infection;
and (5) exclusion of coinfection with hepatitis A virus, hepatitis
C virus, or other hepatotropic viruses by serologic testing.
Among the 232 patients who met these criteria, 215 patients
(159 men and 56 women with a mean age of 31.8 & 10.0 years)
whose serum samples were available for virologic analyses were
included in the study. No patient developed liver failure.

No patient received antiviral treatment. Of the 215 patients,
159 (74.0%) patients could be regularly followed up until the
confirmation of clinical outcomes. Based on the duration of
HBsAg (defined as the interval between the onset [defined by
the first visit] and the last visit with detectable HBsAg), we clas-
sified the 159 patients into the following 4 groups (the duration
of HBsAg is indicated in parentheses): group 1 (<3 months);
group 2 (3-6 months); group 3 (>6-12 months); and group 4
(>12 months). Changes in virologic parameters were analyzed
in relation with clinical characteristics. The study was approved
by the ethics committees of our institutions, and written in-
formed consent was obtained from each patient.

Quantification of Serologic Markers for HBV Infection

and HBV DNA

HBsAg had been measured quantitatively by chemiluminescent
enzyme-linked immunosorbent assay (ELISA; Sysmex JAPAN
Co, Ltd, Kobe, Japan) every 2-4 weeks, until the clinical
outcome was known. It has a dynamic range of 0.03-2, 500 IU/
mL. Serum samples scaling out from this range were diluted so
as to contain them within it. Antibody to hepatitis B s antigen
(anti-HBs), hepatitis B e antigen (HBeAg), and IgM anti- HBc

were determined by ELISA (Abbott JAPAN Co, Ltd, Tokyo,
Japan). Levels of HBV DNA were determined using the COBAS
TagMan HBV v.2.0 kit (Roche Diagnostics, Basel, Switzerland),
which has a dynamic range over 2.1-9.0 log copies/mL.

HBV Genotyping

The HBV genotype was determined by a genotype-specific
probe assay (Smitest HBV genotyping Kit, Genome Science,
Fukushima, Japan) as previously reported [12].

Molecular Evolutionary Analyses

HBV genotype A started to prevail in Japan merely several
years ago, suggesting that it was imported to Japan only recent-
ly [3, 13]. Therefore, genomic sequences of HBV genotype A
(HBV/A), recovered from sera of patients with acute HBV in-
fection, would be closely related to one another and with those
reported from abroad. To evaluate this possibility, 20 HBV/A
samples were selected randomly and sequenced by the method
reported previously [14].

The number of nucleotide substitutions per site was estimat-
ed by the 6-parameter method [15], and a phylogenetic tree
was constructed by the neighbor-joining method [16] based on
the numbers of substitutions. To confirm the credibility of phy-
logenetic analyses, bootstrap resampling tests were carried out
1000 times [17].

Statistical Analyses

Categorical variables were compared by x? test or Fisher exact
test, and continuous variables by the Mann-Whitney U test.
P <.05 was considered statistically significant. Receiver operat-
ing characteristic (ROC) analysis was performed to compute
the area under the ROC curves for viral markers to determine
cutoff points for predicting the outcome.

RESULTS

Distribution of HBV Genotypes in Patients With Acute Hepatitis B
HBV genotypes were determined in 215 of the 232 (93%) pa-
tients with acute hepatitis B. Of the 215 patients, genotype A was
detected in 113 (52%), B in 26 (12%), C in 73 (33%), D in 1
(1%), Ein 1 (1%), and F in 1 (1%). The distribution of genotypes
was compared among 4 periods during 1994 through 2010
(Table 1). The proportion of patients with genotype A gradually
increased to 65.9% in 2007-2010; it was higher than those in the
earlier periods (34.4% in 1994-1998 [P =.002], 36.8% in 1999-
2002 [P =.002], and 51.9% in 2003-2006 [P = .093]).

Phylogenetic Relationship Among HBV Strains of Genotype A

We randomly selected 11 HBV/A strains sampled in 2007-2010
and 9 of those in 2001-2006, and constructed a molecular evolu-
tionary tree (Figure 1). All 20 samples had similar nucleotide se-
quences with a concordance of 99%. They were close to previously

936 o CID 2013:57 (1 October) e Yotsuyanagi et al

— 220 —



Table 1. Prevalence of Hepatitis B Virus Genotypes in Patients
With Acute Hepatitis B During 4 Chronologic Periods

Period Genotype A Genotype B Genotype C  Others

1994-1998 112 (34.4%)  3(9.3%) 18(56.3%) O
(n=32)

1994-1998 14° (36.8%) 4(10.5%) 20(62.7%) 0
(n=238)

1994-1998 28°(51.9%) 6(11.1%) 19(35.1%) 1(1.9%)
(n=54)

1994-1998  60°P°(65.9%) 13(143%) 16(17.6%) 2(2.2%)
(n=91)

Total 113(52.5%) 26(12.0%) 73(34.0%) 3(1.5%)
(N=215)

@ p=.0032.

b p=.0014.

¢ p=.02.

reported genotype A2 sequences from Western countries. The
results support the possibility that HBV/A was imported to Japan
only recently and has been spreading throughout the country.

Clinical Features Among Patients Infected With HBV of Different
Genotypes

Clinical features of patients with acute hepatitis B of different
genotypes are compared in Table 2. The mean age was no dif-
ferent among patients infected with HBV of different geno-
types. The proportion of men was higher in genotype A or B
than C infection (93.8% or 80.7% vs 39.7% [A vs C, P<.001; B
vs C, P <.001]).

The maximum alanine aminotransferase (ALT) level was
lower in patients with genotype A than in those with genotype
C (2126 £938 vs 2857 £ 1668 IU/L, P =.002). The maximum
bilirubin level was higher in patients with genotype A
(7.1 £6.4 mg/dL) or C (9.0 + 7.5 mg/dL) than in those with ge-
notype B (4.8 £3.3 mg/dL) (A vs B, P=.003; B vs C, P<.001).
Regarding viral markers, the peak HBV DNA level was higher
in patients with genotype A than in those with genotype C
(6.3%1.7 vs 4.9 £ 1.5 log copies/mL, P <.001). HBeAg was de-
tected in 95 of the 121 (77.3%) patients with genotype A, 24 of
the 28 (88.5%) with genotype B, and 37 of the 58 (65.5%) with
genotype C (A vs C, P=.036). Men who have sex with men
were more frequently represented among patients with geno-
type A than B or C (31.4% vs 4.8% or 11.3% [A vs B, P=.017;
Avs C, P=.002]). Antibody to human immunodeficiency virus
(anti-HIV) was examined in 72 of the 113 (63.7%) patients
with genotype A, 7 of the 26 (26.9%) with genotype B, 58 of the
73 (79.5%) with genotype C, and 1 with genotype E. Anti-HIV
was detected in 7 of the 72 (9.7%) patients with genotype A,
and the other 96 patients tested for anti-HIV showed negative
results. All of the 7 patients with anti-HIV cleared HBsAg from
the serum within 6 months without antiviral treatment.

Among the 215 patients whose HBV genotypes were deter-
mined, 159 could be followed until the confirmation of clinical
outcomes. The distribution of HBsAg-positive period is com-
pared among patients with different genotypes. Group 1
(HBsAg persisting for <3 months) comprised 84 patients;
group 2 (3-6 months) comprised 54 patients; group 3 (>6-12
months) comprised 15 patients; and group 4 (>12 months)
comprised 6 patients. HBsAg remained >6 months in 21 of the
215 (9.8%) patients, including 14 of the 113 (12.4%) with geno-
type A, 1 of the 26 (3.8%) with genotype B, and 6 of the 73
(8.2%) with genotype C. Among the 21 patients, 15 (71.4%)
cleared HBsAg within 12 months from the onset, and were
classified into group 3. The remaining 6 (5 with genotype A
and 1 with genotype B) who failed to clear HBsAg within 12
months were classified into group 4. All of the 6 were negative
for anti-HIV. The proportion of group 4 was 6.0% in the pa-
tients with genotype A, 4.0% in those with genotype B, and 0%
in those with genotype C.

The mean duration of HBsAg was 13.9 + 8.7 weeks in pa-
tients with genotype A, 7.1 £5.3 weeks in those with genotype
B, and 9.6 * 7.6 weeks in those with genotype C, presuming the
duration of HBsAg in group 4 at 12 months. The duration was
longer in patients with genotype A than in those with B or C
(Avs B,P<.001; Avs C, P=.04).

Prediction of the Qutcome by the Duration of HBsAg

Table 2 shows that the duration of HBsAg among patients with
genotype A varied to a higher extent than that among those
with other genotypes. Therefore, we determined HBsAg and
HBV DNA levels serially, and evaluated them for the ability to
predict the outcome of acute hepatitis B in patients with geno-
type A.

Serial changes in HBsAg levels are shown in Supplementary
Figure 1A. HBsAg levels declined more slowly in group 2 than
group 1, as well as in group 3 than group 2. In group 4, HBsAg
reelevated at 12 weeks after the onset. Figure 2 compares
HBsAg levels among groups 1-4 at different intervals from the
onset. HBsAg at 8 weeks from the onset was useful for distin-
guishing group 3 or 4 from group 1 or 2. Likewise, HBsAg at 12
weeks from the onset was helpful for discriminating among
groups 2, 3, and 4.

Prediction of the Qutcome by HBV DNA

We also studied serial changes of HBV DNA in patients with
genotype A, and examined if they also were useful for predict-
ing the clinical outcome of acute hepatitis B. Supplementary
Figure 1B shows serial changes in HBV DNA levels in patients
in 4 groups. Although the reelevation of HBV DNA was not ob-
served, the decline of HBV DNA was quite slow in group
4. Figure 3 compares HBV DNA levels among groups 1-4 at
different intervals from the onset. HBV DNA at 4 weeks from
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Figure 1.

Evolutionary relationships of 86 hepatitis B virus genotype A taxa, including 20 from the present cases. The evolutionary history, inferred using

the neighbor-joining method, shows that all 20 samples had similar nucleotide sequences close to previously reported genotype A2 sequences from

Western countries.

the onset was useful for distinguishing group 3 or 4 from group
1 or 2. Likewise, HBV DNA levels at 8 weeks from the onset
were useful for discriminating between group 4 and group 3, as
well as for distinguishing group 3 or 4 from group 1 or 2.

Levels of HBsAg and HBV DNA for Predicting Persistent Infection

As the levels of HBsAg at 12 weeks and HBV DNA at 8 weeks
from the onset were useful for distinguishing group 4 from the
other groups, we evaluated the appropriate levels for predicting
persistent infection in patients with genotype A. When we set
the cutoff value of HBsAg at 1000 IU/mL based on the ROC anal-
ysis, both the positive predictive value and the negative predic-
tive value were 100% with high sensitivity (100%) and specificity

(98.1%). Likewise, when we set the cutoff value of HBV DNA at
10%log IU/mL based on the ROC analysis, both the positive pre-
dictive value and the negative predictive value were 100% with
high sensitivity (100%) and specificity (96.4%). Therefore, HBsAg
at 12 weeks >1000 IU/mL or HBV DNA at 8 weeks >10° log
copies/mL is useful for predicting persistent infection.

DISCUSSION

In Japan, as shown in Table 1, the dominant HBV in acute hep-
atitis has been shifting from genotype C to A [3, 5, 14, 18]. The
fact that nucleotide sequences of HBV/A isolates from patients
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Table 2. Baseline Characteristics and the Duration of Hepatitis B Surface Antigen in Patients With Acute Hepatitis B Virus With Differ-

ent Hepatitis B Virus Genotypes

HBV Genotypes
Features An=113) B (n=26) Cin=73) Din=1) Ein=1) Fin=1)
Age, y 30.8+95 323+95 33.3+10.9 27 26 58
Male 106 (93.8%)° 21(80.7%)° 29 (39.7%)% 0 0 1{(100%)
Transmission routes Identified 102 (90.2%) 21 (80.8%) 53(72.6%) 1(100%) 1(100%) 1(100%)
Heterosexual 70 (68.6%) 19 (90.4%) 47 (88.7%) 1(100%) 1(100%) 1(100%)
MSM 32 (31.4%)°¢ 1(4.8%)° 6(11.3%)° 0 0 0
ALT, IU/L 2126 + 938°%* 2394 + 820 2857 + 1668° 4180 1175 1533
Bilirubin, mg/dL. 7.1£6.4™ 48+33" 9.0+7.5° 6.8 39 3.5
HBV DNA, log copies/mL 6.3+ 1.7M* 55+2.3 49+15" 5.2 7.4 4.8
HBeAg 95/121(77.3%)"* 24/28 (88.5%) 37/58(65.5%)' 1/1(100%) 1/1 (100%) 1/1 (100%)
Anti-HIV 7172 (9.7%) 0/7 (0%) 0/23 (0%) Not tested 0/1 (0%) Not tested
Duration of HBsAg*
Group (mo)
1(<3) 35 (42.2%) 16 (64.0%) 31 (64.6%) 0 1 1
2 (3-6) 34 (41.0%) 8(32.0%) 11 (22.9%) 1 0 0
3(>6-12) 9(10.8%) 0 6(12.5%) 0 0 0
4(>12) 5 (6.0%) 1(4.0%) 0 0 0 0

Abbreviations: ALT, alanine aminotransferase; anti-HIV, antibody to human immunodeficiency virus; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface

antigen; HBV, hepatitis B virus; MSM, men who have sex with men.
2 P<.001.

® P<.001.

¢ p=.017.

4 p=.002.

¢ P=.002.

fp=.003.

9 P<.001.

" p<.001.

'p=.036.

* Data from anti-HIV-positive patients are excluded.

with acute hepatitis B in this study were very close to one
another suggests that most HBV/A strains were imported re-
cently and have spread rapidly, which may be attributed to the
features of HBV/A in transmission routes and viral kinetics.
We have reported that patients with genotype A tend to have
multiple sexual partners [5]. Consequently, chances of second-
ary transmission of HBV/A would be higher than those of
other genotypes, which may increase the number of patients
who contract HBV/A infections. On the other hand, HBsAg
persisted longer in patients with genotype A than B or C,
which is consistent with the in vivo experiment using chimera
mice carrying human hepatocytes showing that proliferation of
HBYV starts later and lasts longer in genotype A than in B or C
infection [19].

Our results have shown that 6% of the patients with genotype
A develop persistent infection. Because liver cirrhosis or hepa-
tocellular carcinoma can develop in a substantial population of
HBYV carriers [20, 21}, it is important to distinguish the patients

in whom HBYV infection becomes chronic, and follow them
carefully. Although polymorphisms in host genes may be useful
for identifying patients who are prone to develop chronic HBV
infection [22], simple surrogate markers for the outcome have
not been reported. Our data indicate that it would be difficult
to predict the clinical outcome based on serum levels of viral
markers at the first visit alone. This is understandable, because
the dose of infecting virus, as well as the interval between infec-
tion and the first visit, can vary widely. Hence, we set out to
analyze changes in serum levels of viral markers.

As seen in Figure 2, HBsAg levels at 12 weeks from the onset
were most useful for discriminating among groups 2, 3, and 4
in the genotype A infection. Therefore, the outcome of acute
hepatitis B may be predictable at this time point. Of note is the
reelevation of HBsAg observed in group IV (Supplementary
Figure 1A). Reelevation of viral markers suggests prolonged
viral proliferation in the liver, and may be useful to identify the
patients who may develop chronic infection.
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As shown in Figure 3, HBV DNA levels at 4 weeks from the
onset can discriminate groups 1/2 from groups 3/4. Furthermore,
HBV DNA levels at 8 weeks from the onset can distinguish
group 4 from group 1, 2, or 3. Therefore, the combination of
HBV DNA levels at weeks 4 and 8 would be useful for predicting
the outcome. For the prediction of a chronic outcome, HBV
DNA level at 8 weeks from the onset is a useful surrogate marker
of the outcome as well as HBsAg level at 12 weeks. There were
differences in viral kinetics among groups 1, 2, 3, and 4.

Our present study showed that 15 of the 215 patients (7.0%)
cleared HBsAg from >6 to 12 months after the onset. Sixty
percent of the 15 patients had HBV/A. Although these patients
met the criteria of chronic infection, they finally cleared HBsAg
from the sera. Therefore, we would like to propose that transi-
tion to chronic infection in acute hepatitis B be judged at 12
months from onset in patients with genotype A; further studies
in larger cohorts are necessary. One reason for our proposal is
the indication of antiviral treatment. Antiviral treatment in pa-
tients with acute hepatitis B is not indicated because previous
studies failed to show the efficacy of antiviral treatments in the
patients with acute hepatitis B [23, 24]. However, if patients
who actually develop chronic infection can be identified and
treated by antiviral treatment, the number of those who
develop secondary infection may be markedly reduced. Evalua-
tion of the efficacy of antiviral treatments by prospective
studies, based on surrogate markers for the outcome, should be
conducted as the next step. HBeAg, which was reported to be
useful as a surrogate marker for chronicity, should also be as-
sessed as a surrogate marker [25, 26].

Our study has some limitations. First, the lack of data in early
stages made it difficult to study viral kinetics precisely. Second,
viral kinetics in the infection with each HBV genotype were ob-
tained from a restricted number of patients, not large enough to
establish the usefulness of changes in viral markers in earlier
stages of HBV infection. Third, anti-HIV was not checked in all
patients due to the lack of informed consent. Fourth, HBsAg and
HBV DNA were not determined 24 weeks after onset when dis-
crimination between groups 3 and 4 may be possible more easily.
Fifth, the maximum levels of ALT and bilirubin may be affected
by the time of blood test. Validation studies in larger cohorts are
necessary to evaluate the feasibility of our hypotheses.

In conclusion, we have shown that viral kinetics and the clinical
outcome are different among patients with acute hepatitis B who
are infected with HBV of distinct genotypes. HBsAg levels at 12
weeks and HBV DNA at 8 weeks after the onset would be useful
to predict the clinical outcome of patients with acute hepatitis B.
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While inhibition of microRNA122 (miR122) function in vivo results in reduced serum cholesterol and
fatty acid levels, the molecular mechanisms underlying the link between miR122 function and lipid
metabolism remains unclear. Because the expression of SREBP1, a central transcription factor involved
in lipid metabolism, is known to be increased by suppressor of cytokine signaling 3 (SOCS3) expression,

Keywords: and because we previously found that SOCS3 expression is regulated by miR122, in this study, we exam-
microRNA ined the correlation between miR122 status and the expression levels of SOCS3 and SREBP1. SREBP1
'5“3’223 expression decreased when SOCS3 expression was reduced by miR122 silencing in vitro. Conversely,
SREBP SREBP1 expression in miR122-silenced cells was restored by enforced expression of SOCS3. Such corre-

lations were observed in human liver tissues with different miR122 expression levels. These signaling
links may explain one of the molecular mechanisms linking inhibition of miR122 function or decreased
expression of miR122 to decreased fatty acid and cholesterol levels, in the inhibition of miR122 function,

Expression regulation

or in pathological status in chronic liver diseases.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

MiRNA122 (miR122) is the most abundant and tissue-specific
miRNA in the liver [1], and inhibition of miR122 in vivo was shown
to greatly reduce serum cholesterol and fatty acid levels [2-6]. Re-
cently, miravirsen, a locked nucleic acid-modified DNA phosphoro-
thioate antisense oligonucleotide against miR122, was introduced
practically to reduce hepatitis C virus (HCV) RNA levels in patients
with HCV infection [7]. Although the primary purpose of the trial
was to inhibit HCV replication, lipid levels were also found to de-
crease [7]. Despite consistent results concerning miR-122-medi-
ated lipid metabolism, the underlying molecular mechanisms
remain unclear, and although the expression levels of genes asso-
ciated with lipid metabolism were affected by miR-122 inhibition,
these genes were not direct targets of miR122, as judged by se-
quence similarities.

Members of the family of sterol regulatory element-binding
proteins (SREBPs) are critical regulators of cholesterol and lipid
homeostasis. The SBEBP family belongs to the basic helix~loop-he-
lix-leucine zipper (bHLH-zipper) family of transcription factors
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School of Medicine, The University of Tokyo, 5-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan. Fax: +81 3 3814 0021.
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and comprises SREBP-1a, SREBP-1c, and SREBP-2. The SREBF-1
gene on chromosome 17p11.2 encodes SREBP-1a and SREBP-1c,
which are generated as alternatively spliced variants. Increased
SREBP activity causes cholesterol and fatty acid accumulation by
activating the expression of more than 30 genes dedicated to the
synthesis and uptake of cholesterol, fatty acids, triglycerides, and
phospholipids, as well as the NADPH cofactor required for synthe-
sis of these molecules [8], which increases lipid levels.

The promoter activities of SREBP1 are potently inhibited by
activated STAT3 [9]. In addition, STAT3-mediated inhibition of
SREBP1 expression was shown to be antagonized by co-expression
of the SOCS3 protein [9]. Conversely, SOCS3 inhibition in the liver
in obese mice subjected to antisense treatment was reported to
completely normalize the increased expression of SREBP1, leading
to dramatic amelioration of hyperlipidemia. These results indicate
the importance of SOCS3 in regulating SREBP expression and sub-
sequent lipid metabolism [9].

We recently reported that silencing miR122 in hepatocytes
leads to decreased SOCS3 expression accompanied by hypermethy-
lation of the SOCS3 promoter in a Dnmtl-independent manner
[10]. In this study, we first assessed the correlated expression lev-
els of SREBP1 in miR122-silenced and miR122 precursor-over-
expressing cells. In addition, SREBP1 was recovered by enforced
expression or inhibition of SOCS3 in miR122-modulated cells. We
next confirmed the correlations among miR122, SOCS3, and SREBP
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expression levels in human liver tissues in various pathological
states with different miR122 expression levels [11]. Based on these
analyses, we infer a molecular link between miR122 and lipid
metabolism in miR122 inhibition and various liver pathological
states.

2. Methods
2.1. Cells

The Huh7 and Hep3B human hepatocellular carcinoma cell lines
were obtained from the Japanese Collection of Research Biore-
sources (JCRB, Osaka, Japan). Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum.

2.2. Plasmids, viral production, and transduction

A miR122 precursor-expressing plasmid with a puromycin
resistance gene (pCDH-miR122 with puro) and an H1 promoter-
driven antisense miR122 stem-loop-stem RNA-expressing
plasmid (pmiRZIP122 with puro) were constructed as described
previously [10]. For double stable Hep3B cells with miR122 precur-
sor and SOCS3 shRNA expression, a miR122 precursor with
hygromycin resistance gene (pCDH-miR122 with hygro) was con-
structed by replacement of the puromycin resistance gene with a
hygromycin resistant gene using the infusion method (Clontech,
Mountain View, CA). SOCS3 shRNA-expressing lentiviral particles
were purchased from Santa Cruz Biotechnology (Dallas, TX). An
HA-SOCS3-expressing lentiviral construct with a neomycin resis-
tance gene was constructed as described previously [10]. A pCDH
control vector (System Biosciences, Mountain View, CA) was used
as a negative control. Lentiviral particles, produced using pPACKH1
lentivector packaging plasmid mix (System Biosciences) according
to the manufacturer’s recommendations, were used as a negative
control. Cells were transduced with lentiviruses using polybrene
(EMD Millipore, Billerica, MA) and were then selected using
puromycin.

2.3. Reporter plasmids, transient transfections, and luciferase assays

The reporter plasmids used for analysis of miR122 function
were constructed as described previously [12]. Plasmid transfec-
tion was performed using FuGene6 Transfection Reagent (Boehrin-
ger Mannheim, Mannheim, Germany) according to the
manufacturer’s instructions. pGL4-TK, a control plasmid containing
Renilla reniformis (sea pansy) luciferase under the control of the
herpes simplex virus thymidine kinase promoter (Promega, Madi-
son, WI), was used to determine transfection efficiency. Relative
luciferase values were calculated by normalizing firefly luciferase
activity values to sea pansy luciferase activity values to account
for changes in transfection efficiency. Luciferase activity was mea-
sured using a Dual Luciferase Reporter Assay System (Promega)
with a Lumat LB9507 luminometer (EG&G Berthold, Bad Wildbad,
Germany).

2.4. Northern blotting of miRNAs

Northern blotting of miRNAs was performed as described previ-
ously [23]. Briefly, total RNA was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA). Ten micrograms of RNA was resolved
in denaturing 15% polyacrylamide gels containing 7 M urea in 1x
TBE and then transferred to a Hybond N+ membrane (GE Health-
care, Milwaukee, WI) in 0.25x TBE. Membranes were UV-cross-
linked and prehybridized in hybridization buffer. Hybridization

was performed overnight at 42°C in ULTRAhyb-Oligo Buffer
(Ambion, Austin, TX) containing a biotinylated probe specific for
miR122 (tgg agt gtg aca atg gtg ttt g), antisense miR122 (caa aca
cca ttg tca cac fcc a), or U6 (cac gaa ttt geg tgt cat cct t), which
had previously been heated at 95 °C for 2 min. Membranes were
washed at 42 °C in 2x SSC containing 0.1% SDS, and the bound
probe was visualized using a BrightStar BioDetect Kit (Ambion).
A pre-stained RNA size marker for small RNA (BioDynamics Labo-
ratory, Tokyo, Japan) was used to estimate band sizes. Blots were
stripped by boiling in a solution containing 0.1% SDS and 5 mM
EDTA for 10 min prior to rehybridization.

2.5. Western blot analysis and antibodies

Western blotting was performed as described previously [12].
Anti-SREBP was purchased from Santa Cruz Biotechnology. Anti-
B-actin was acquired from Sigma-Aldrich (St. Louis, MO). An
anti-HA antibody was obtained from Roche Applied Science (Penz-
berg, Germany). Other antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA).

2.6. Immunohistochemistry

Tissue arrays containing liver tissues (LV1504) were purchased
from US Biomax (Rockville, MD). Immunohistochemistry was per-
formed as described previously [23]. Briefly, after deparaffinization
of the slides, endogenous peroxidase activity was blocked with 3%
hydrogen peroxide buffer. Antigen retrieval was achieved by incu-
bating the slides at 89 °C in 10 mM sodium citrate buffer (pH 6.0)
for 30 min. To minimize nonspecific background staining, slides
were blocked in 5% normal goat serum (Dako, Glostrup, Denmark).
Tissues were labeled overnight at 4 °C with primary antibodies
raised against SOCS3 or SREBP1. Slides were then incubated with
an anti-mouse horseradish peroxidase-conjugated secondary anti-
body (Nichirei Bioscience, Tokyo, Japan) for 1 h. Bound antibody
was visualized by incubation in 3,3’-diaminobenzidine (Nichirei
Bioscience) for 5 min. The slides were counterstained with hema-
toxylin, dehydrated with ethanol, and mounted using Clarion
mounting medium (Biomeda, Foster City, CA).

2.7. In situ hybridization to assess miR122

Locked nucleic acid (LNA)-scramble (negative control), LNA-
anti-U6 (positive control), and LNA-anti-miR122 probes were ob-
tained from EXIQON (Vedbeak, Denmark). The expression of
miR122 in liver tissues was examined by in situ hybridization as
described previously [12]. Briefly, after deparaffinization, tissue
sections were treated with 10 pg/ml proteinase K for 5 min at
37 °C, refixed with 4% paraformaldehyde, and acetylated with
0.25% anhydrous acetic acid in 0.1 M Tris-HCI buffer (pH 8.0). Fol-
lowing prehybridization for 30 min at 48 °C, hybridization was
performed overnight with each LNA probe (20 nM) in hybridiza-
tion buffer (5x SSC buffer, 50% formamide, 500 pig/ml tRNA,
50 ng/ml Cot-1 DNA). After the completion of hybridization, the
sections were washed with 0.1x SSC buffer for 10 min at 52 °C
three times and blocked with DIG blocking buffer (Roche Diagnos-
tics, Basel, Switzerland) for 30 min. Sections were then probed
with anti-DIG (1:500; Roche Diagnostics) for 1 h at room temper-
ature. Detection was performed by incubation in NBT/BCIP buffer
(Promega) overnight. Nuclei were stained with Nuclear Fast Red
(Sigma-Aldrich).

2.8. Histological scoring

Tissue staining was scored as described previously [23]. Briefly,
staining intensity was semiquantitatively categorized into the
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Fig. 1. Establishing of miR122-overexpressing and miR122-silenced cell lines. A, B,
Northern blotting against miR122 and miR122 antisense oligonucleotides in Hep3B
cells (A) and Huh7 cells (B). U6 levels were used as a loading control. Representative
images from three independent experiments are shown. C, D, Luciferase expression
from the reporter construct containing two tandem miR122 responsive elements in
its 3'UTR, which are targeted by miR122, were examined. The suppressive effects of
stably miR122 precursor-overexpressing Hep3B cells (C) and silencing effects on
endogenous miR122 function in stably miR122 antisense-expressing Huh7 cells (D)
are shown. Test values were normalized to those obtained from the cells transduced
with a miRNA precursor-non-expressing negative control, which were set to 1 (nc).
Data represent the mean # standard deviations (SD) of three independent
experiments.

following four categories by two independent investigators: —, no
staining; +, weak staining; ++, moderate staining; and +++, intense
staining. The color scale reflects staining intensity from green (no
staining) to pink (intense staining).

2.9. Statistical analysis

Statistically significant differences between groups were deter-
mined using Student’s t-test. P-values less than 0.05 were consid-
ered statistically significant.

3. Results
3.1. Establishment of miR122-overexpressing and -silenced cell lines

To determine the function of miR122, we modulated miR122
expression levels and function in liver cell lines by overexpressing
an miR122 precursor construct or antisense sequences, respec-
tively, against miR122, as previously reported [10,12]. Because
Hep3B cells have relatively low miR122 expression and Huh7 cells
have relatively high miR122 expression [13], we constructed
miR122-overexpressing Hep3B cells and miR122-silenced Huh7
cells to examine the effects of modulating miR122. Overexpression
of the miR122 precursor construct in Hep3B cells was confirmed by
Northern blotting against miR122 sequences (Fig. 1A). Expression
of the antisense construct against miR122 in Huh7 cells in North-
ern blotting appeared to be lower when using a probe to detect
antisense miR122 (Fig. 1B). In these cells, miR122 levels were also
lower, although miR122 was highly expressed in control Huh7
cells (Fig. 1B), suggesting that introduction of the antisense con-
struct against miR122 may result not only in sequestration of
endogenous miR122 by binding but also degradation of endoge-

nous miR122 after formation of double-stranded RNA composed
of sense and antisense miR122.

Next, we confirmed the changes in miR122 function using a
luciferase reporter targeted by miR122. As predicted, in miR122-
overexpressing Hep3B cells, luciferase activity decreased by more
than half due to the ectopic miR122 expression (Fig. 1C). In con-
trast, in miR122-silenced Huh7 cells, luciferase activity increased
about three times compared to control cells (Fig. 1D). These results
suggest that modulation of miR122 by overexpressing exogenous
constructs targeting miR122 was efficient.

3.2. SOCS3 and SREBP1 expression is decreased by miR122 silencing

Because we previously reported that miR122 silencing in-
creased methylation in the promoter region of the SOCS3 gene
and decreased its expression [10], we confirmed the expression
levels of SOCS3 in miR122-overexpressing Hep3B cells and
miR122-silenced Huh7 cells. Consistent with previous reports
[10], SOCS3 expression increased and was downregulated in
miR122-overexpressing Hep3B cells and miR122-silenced Huh7
cells, respectively (Fig. 2A and B). SOCS3 is a potent inhibitor of
STAT3 activation [14]. Thus, we examined the phosphorylation sta-
tus of STAT3. While total STAT3 expression levels remained un-
changed, STAT3 phosphorylation decreased in miR122-
overexpressing Hep3B cells and was higher in miR122-silenced
Huh7 cells (Fig. 2A and B), suggesting that miR122 overexpression
results in decreased STAT3 activation and that miR122 silencing
has the opposite effect. Because a previous report revealed that
STAT3 inhibits the promoter activity of SREBP1, a key regulator
of fatty acid synthesis in the liver, we next examined the
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Fig. 2. SREBP1 expression is regulated by SOCS3. (A and B) SOCS3, SREBP1, and
STAT3 protein expression levels and phosphorylation levels of STAT3 were
determined by western blotting. Representative results from three independent
experiments using Hep3B cells (A) and miR122-silenced Huh7 cells (B) are shown.
(C) The effects of SOCS3 knockdown on SREBP expression in miR122 overexpressing
Hep3B cell were stably transduced with SOCS3 shRNA. Representative results from
three independent experiments are shown. (D) The effects of SOCS3 overexpression
on SREBP expression in miR122-silenced Huh7 cells. Indicated protein expression
levels were determined after miR122-silenced Huh7 cells were stably transduced
with HA-SOCS3 expressing lentiviruses. HA-SOCS3 was visualized using anti-SOCS3
(the upper panel) and anti-HA (the second panel). Representative results from three
independent experiments are shown.
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expression levels of SREBP1 in miR122-modulated cells. The
expression of SREBP1 was found to increase in miR122-over-
expressing Hep3B cells and decrease in miR122-silenced Huh7
cells (Fig. 2A and B).

To confirm the role of OSCS3 in SREBP1 expression, we deter-
mined the effects of knockdown of SOCS3 expression in miR122-
overexpresing Hep3B cells and enforced the expression of SOCS3
in miR122-silenced Huh7 cells (Fig. 2C and D). Knockdown of
SOCS3 in miR122-overexpressing Hep3B cells reduced SREBP1
expression and enforced the expression of SOCS3 in miR122-si-
lenced Huh7 cells increased SREBP1 expression (Fig. 2C and D).
These results suggest that miR122 upregulates SOCS3 expression,
resulting in the inhibition of STAT3 activation and subsequent
upregulation of SREBP1 expression, and that inhibition of miR122
has the opposite effect.

3.3. Correlation of mIR122, SOCS3, and SREBP1 expression levels in
human liver tissues

To confirm the above results in human clinical liver tissues, we
examined 50 human liver tissues for the expression levels of

A

Case 1

miR122, SOCS3, and SREBP1 by in situ hybridization and immuno-
histochemistry (Fig. 3A and B). The expression levels of miR122
varied in liver tissues under various conditions (Fig. 3). When the
expression levels of miR122 were reduced, the expression levels
of SOCS3 and SREBP1 also decreased in more than 70% of cases
(Fig. 3C). As previously reported [11,15], the expression levels of
miR122 tended to decrease in liver cirrhosis, and SOCS3 and
SREBP1 levels typically also decreased under such pathological
conditions (Fig. 3C and Supplementary Table 1). These results
may explain, at least in part, the decreased fatty acid and choles-
terol synthesis observed clinically in the cirrhotic liver.

4. Discussion

In this study, we demonstrated that silencing miR122 function
in liver cells resulted in decreased expression of SOCS3, and subse-
quently, decreased the expression of SREBP1. Because SREBP1
plays a key role in regulating fatty acid and cholesterol synthesis,
reduced expression of miR122, which is frequently observed clini-
cally in various chronic liver diseases [11,15], may be a cause of the
decreased fatty acid and cholesterol synthesis in such pathological

C Expression levels

Low High

Case 2

miR122 SOCS3 SREBP1

miR122

mR1Z2Y

Fig. 3. Correlation of miR122, SOCS3, and SREBP expression levels in human liver tissues. (A and B), Representative liver tissues from four cases with correlated low (A) and
high (B) expression levels of miR122, SOCS3, and SREBP. MiR122 was visualized by in situ hybridization (blue) and nuclei were stained with Nuclear Red (pink). SOCS3 and
SREBP1 were stained by immunohistochemistry (brown). Bars, 500 um. Hematoxylin and eosin (H&E)-stained tissues from each case are also shown as references. (C)
Summarized expression levels of miR122, SOCS3, and SREBP1 in liver tissues from 50 cases. The color reflects the expression level of each parameter examined. Green denotes
the lowest expression level and pink the highest, as the color scale bar at the top indicates. In 37 cases (indicated by black bars to the right), the differences between the
expression scores of the three parameters are within one point on the color scale. , Case 1 (A); #=, Case 2 (A); =#x, Case 3 (B); =#x+x, Case 4 (B). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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states. In addition, silencing miR122 function decreases cholesterol
and fatty acid levels [2-7]. While miR122 does not directly target
known fatty acid-related molecules based on sequence similarities,
the results of this study may explain the molecular mechanism
linking miR122 silencing to decreased fatty acid and cholesterol
levels.

We previously reported that silencing miR122 leads to de-
creased SOCS3 expression levels and increased SOCS3 promoter
methylation in a Dnmt1-independent manner [10]. Such correla-
tions in human clinical tissues were confirmed in most cases in this
study. However, some cases did not show such a correlation, per-
haps because while SOCS3 expression is mainly regulated by meth-
ylation of its promoter [16,17], such modifications are probably not
mediated solely by miR122. Nonetheless, the decrease in SOCS3
expression that frequently accompanies decreased miR122 expres-
sion in chronic liver pathological states suggests that the SOCS3
expression in hepatocytes is largely regulated by miR122 expres-
sion or function.

The expression of SREBP1 is negatively regulated by activated
STAT3, which inhibits SREBP1 promoter activities [9]. Decreased
SREBP1 expression caused by increased STAT3 activity, which
was itself due to decreased SOCS3 expression, was observed in
miR122-silenced Huh7 cells and in liver tissues with decreased
miR122 expression. Because miR122 expression levels tend to de-
crease as the pathological status of the liver progresses from
chronic hepatitis to liver cirrhosis [11,15], observing a decreased
synthesis of fatty acid and cholesterol in progressed chronic liver
diseases such as liver cirrhosis may be reasonable.

One complex liver pathological situation from this point of view
is obese subjects with fatty liver and insulin resistance. In these
subjects, persistently elevated cytokine levels may have downreg-
ulated STAT3-mediated signaling by increasing SOCS3 protein lev-
els in the liver [18]. Increased SOCS3 protein levels may in turn
increase fatty acid synthesis by upregulating SREBP1 expression,
presumably through suppression of STAT3 activation [18]. Over-
production of fatty acids and lipotoxicity result in further insulin
resistance [19]. However, as these pathological conditions persist,
liver cirrhosis gradually becomes apparent and fatty acid synthesis
decreases. At this stage, miR122 expression in the liver becomes
low [11]. Thus, in these cases, the effects of decreased miR122
expression may become apparent for the first time at the later
stages of disease progression, which may be one of the reasons
why not all cases showed an exact correlation between miR122
expression and SREBP levels in clinical samples.

Recently, miravirsen, an anti-miR122 oligonucleotide, was suc-
cessfully applied as a novel therapeutic against HCV [7]. Although
the main purpose of applying antisense miR122 in vivo is at pres-
ent to inhibit HCV replication, decreased fatty acid and cholesterol
levels were also reported [7]. In several in vivo experiments, anti-
sense miR122 reduced serum lipid levels [3-5]. In addition, mice
with a miR122 gene deletion in the liver showed reduced fatty acid
and cholesterol levels [2,20], despite SREBP1 not being a direct tar-
get of miR122. The molecular pathway reported here may explain
the reduced lipid levels observed in miR122 inhibition or gene
deletion. Moreover, from these results, inhibiting miR122 may be
a promising approach to controlling serum lipid levels, although
the long-term inhibition of miR122 must be confirmed to be safe
with no unfavorable consequences because miRNAs have pleiotro-
pic effects [21,22].

Author contributions

C.S. and M.O. planned the research and wrote the paper. CS.,
TK., M.O., M.O., T.Y,, and AY. performed the majority of the exper-
iments. H.Y. supported several experiments. KK. supervised the
entire project.

Acknowledgments

This work was supported by Grants-in-Aid from the Ministry of
Education, Culture, Sports, Science and Technology, Japan
(#25293076 and #24390183) (to M.O. and KK.), by Health Sci-
ences Research Grants of The Ministry of Health, Labour and Wel-
fare of Japan (to KK.), and a Grant from the Japanese Society of
Gastroenterology (to M.O.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.07.064.

References

[1] P. Landgraf, M. Rusu, R. Sheridan, A. Sewer, N. lovino, A. Aravin, S. Pfeffer, A.
Rice, A. Kamphorst, M. Landthaler, C. Lin, N. Socci, L. Hermida, V. Fulci, S.
Chiaretti, R. Foa, J. Schliwka, U. Fuchs, A. Novosel, R. Miiller, B. Schermer, U.
Bissels, J. Inman, Q. Phan, M. Chien, D. Weir, R. Choksi, G. De Vita, D. Frezzetti,
H. Trompeter, V. Hornung, G. Teng, G. Hartmann, M. Palkovits, R. Di Lauro, P.
Wernet, G. Macino, C. Rogler, J. Nagle, J. Ju, F. Papavasilioy, T. Benzing, P.
Lichter, W. Tam, M. Brownstein, A. Bosio, A. Borkhardt, J. Russo, C. Sander, M.
Zavolan, T. Tuschl, A mammalian microRNA expression atlas based on small
RNA library sequencing, Cell 129 (2007) 1401-1414.

[2] S.H. Hsu, B. Wang, ]. Kota, ]. Yu, S. Costinean, H. Kutay, L. Yu, S. Bai, K. La Perle,
R.R. Chivukula, H. Mao, M. Wei, K.R. Clark, J.R. Mendell, M.A. Caligiuri, S.T.
Jacob, J.T. Mendell, K. Ghoshal, Essential metabolic, anti-inflammatory, and
anti-tumorigenic functions of miR-122 in liver, J. Clin. Invest. 122 (2012)
2871-2883.

[3] RE. Lanford, E.S. Hildebrandt-Eriksen, A. Petri, R. Persson, M. Lindow, M.E.
Munk, S. Kauppinen, H. @rum, Therapeutic silencing of microRNA-122 in
primates with chronic hepatitis C virus infection, Science 327 (2010) 198-201.

[4] J. EImén, M. Lindow, S. Schiitz, M. Lawrence, A. Petri, S. Obad, M. Lindholm, M.
Hedtjdrn, H.F. Hansen, U. Berger, S. Gullans, P. Kearney, P. Sarnow, EM.
Straarup, S. Kauppinen, LNA-mediated microRNA silencing in non-human
primates, Nature 452 (2008) 896-899.

[5] C.Esau, S. Davis, S.F. Murray, X.X. Yu, S.K. Pandey, M. Pear, L. Watts, S.L. Booten,
M. Graham, R. McKay, A. Subramaniam, S. Propp, B.A. Lollo, S. Freier, C.F.
Bennett, S, Bhanot, B.P. Monia, MiR-122 regulation of lipid metabolism
revealed by in vivo antisense targeting, Cell Metab. 3 (2006) 87-98.

[6] J. Kriitzfeldt, N. Rajewsky, R. Braich, K. Rajeev, T. Tuschl, M. Manoharan, M.
Stoffel, Silencing of microRNAs in vivo with ‘antagomirs’, Nature 438 (2005)
685-689.

[7] H.L. Janssen, H.W. Reesink, E.J. Lawitz, S. Zeuzem, M. Rodriguez-Torres, K. Patel,
AJ. van der Meer, AXK. Patick, A. Chen, Y. Zhou, R. Persson, B.D. King, S.
Kauppinen, A.A. Levin, M.R. Hodges, Treatment of HCV Infection by targeting
MicroRNA, N. Engl. J. Med. 368 (2013) 1685-1694.

[8] J.D. Horton, Sterol regulatory element-binding proteins: transcriptional
activators of lipid synthesis, Biochem. Soc. Trans. 30 (2002) 1091-1095.

[9] K. Ueki, T. Kondo, Y.H. Tseng, C.R. Kahn, Central role of suppressors of cytokine
signaling proteins in hepatic steatosis, insulin resistance, and the metabolic
syndrome in the mouse, Proc Natl Acad Sci U S A 101 (2004) 10422-10427.

[10] T. Yoshikawa, A. Takata, M. Otsuka, T. Kishikawa, K. Kojima, H. Yoshida, K.
Koike, Silencing of microRNA-122 enhances interferon-[agr] signaling in the
liver through regulating SOCS3 promoter methylation, Sci. Rep. 2 (2012).

[11] RT. Marquez, S. Bandyopadhyay, E.B. Wendlandt, K. Keck, B.A. Hoffer, M.S.
Icardi, R.N. Christensen, W.N. Schmidt, A.P. McCaffrey, Correlation between
microRNA expression levels and clinical parameters associated with chronic
hepatitis C viral infection in humans, Lab Invest. 90 (2010) 1727-1736.

[12] K. Kojima, A. Takata, C. Vadnais, M. Otsuka, T. Yoshikawa, M. Akanuma, Y.
Kondo, YJ. Kang, T. Kishikawa, N. Kato, Z. Xie, WJ. Zhang, H. Yoshida, M.
Omata, A. Nepveu, K. Koike, MicroRNA122 is a key regulator of a-fetoprotein
expression and influences the aggressiveness of hepatocellular carcinoma, Nat.
Commun. 2 (2011) 338.

[13] S. Bai, M. Nasser, B. Wang, S. Hsu, ]. Datta, H. Kutay, A. Yadav, G. Nuovo, P.
Kumar, K. Ghoshal, MicroRNA-122 inhibits tumorigenic properties of
hepatocellular carcinoma cells and sensitizes these cells to sorafenib, J. Biol.
Chem. 284 (2009) 32015-32027.

[14] A. Yoshimura, The CIS family: negative regulators of JAK-STAT signaling,
Cytokine Growth Factor Rev. 9 (1998) 197-204.

[15] K. Morita, A. Taketomi, K. Shirabe, K. Umeda, H. Kayashima, M. Ninomiya, H.
Uchiyama, Y. Soejima, Y. Maehara, Clinical significance and potential of
hepatic microRNA-122 expression in hepatitis C, Liver Int. 31 (2011) 474-484.

[16] B. He, L. You, K. Uematsu, K. Zang, Z. Xu, A.Y. Lee, J.F. Costello, F. McCormick,
D.M. Jablons, SOCS-3 is frequently silenced by hypermethylation and
suppresses cell growth in human lung cancer, Proc. Natl. Acad. Sci. USA 100
(2003) 14133-14138.

[17] Y. Niwa, H. Kanda, Y. Shikauchi, A. Saiura, K. Matsubara, T. Kitagawa, J.
Yamamoto, T. Kubo, H. Yoshikawa, Methylation silencing of SOCS-3 promotes

— 231 —



C. Shibata et al. / Biochemical and Biophysical Research Communications 438 (2013) 230-235 235

cell growth and migration by enhancing JAK/STAT and FAK signalings in
human hepatocellular carcinoma, Oncogene 24 (2005) 6406-6417.

[18] H. Tilg, The role of cytokines in non-alcoholic fatty lver disease, Dig. Dis, 28
(2010) 179~185.

[19] V.T. Samuel, KF. Petersen, G.J. Shulman, Lipid-induced insulin resistance:
unravelling the mechanism, Lancet 375 (2010) 2267-2277.

[20] W.C. Tsai, S.D. Hsu, C.5. Hsu, T.C. Lai, 5.J. Chen, R, Shen, Y. Huang, H.C. Chen, C.H.
Lee, T.F. Tsai, M.T. Hsu, J.C. Wu, H.D. Huang, M.5. Shiao, M. Hsiao, A.P. Tsou,
MicroRNA-122  plays a critical vole in  liver homeostasis  and
hepatocarcinogenesis, J. Clin. Invest. 122 (2012) 2884-2897.

[21] G. Szabo, P. Sarnow, S. Bala, MicroRNA silencing and the development of novel
therapies for liver disease, |. Hepatol, 57 (2012) 462-466.

[22] S.P. Nana-Sinkam, C.M. Croce, Clinical applications for microRNAs in cancer,
Clin. Pharmacol, Ther. 93 (2013) 98-104.

[23] A. Takata, M. Otsuka, T. Yoshikawa, T. Kishikawa, Y. Hikiba, S. Obi, T. Goto, Y.J.
Kang, S. Maeda, H. Yoshida, M. Omata, H. Asahara, K. Koike, MicroRNA-140 acts
as a liver tumor suppressor by controlling NF-«kB activity by directly targeting
DNA methyltransferase 1 (Dnmt1) expression, Hepatology 57 (2013) 162-170.

— 232 —



Virology 450-451 (2014) 13-23

Contents lists available at ScienceDirect

Virology

journal homepage: www.elsevier.com/locate/yviro

In vitro selection of the 3’-untranslated regions of the human liver
mRNA that bind to the HCV nonstructural protein 5B

Kazuhito Yuhashi?, Shin Ohnishi?, Tatsuhiko Kodama ®, Kazuhiko Koike ?,
Hiroshi Kanamori **
2 Department of Gastroenterology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

b Jaboratory for Systems Biology and Medicine, Research Center for Advanced Science and Technology, The University of Tokyo, 4-6-1 Komaba,
Meguro-ku, Tokyo 153-8904, Japan

CrossMark

ARTICLE INFO ABSTRACT

Available online 18 December 2013 Hepatitis C virus (HCV) nonstructural protein 5B (NS5B) has RNA-dependent RNA polymerase (RdRp)
Keywords: activity. Because NS5B recognizes various RNA motifs besides the HCV genome, NS5B has the potential of
HCV interacting with host RNA molecules. In this study, an RNA pool enriched with the 3’-UTR sequences was
NS5B generated and mRNA molecules with high affinity binding to NS5B were selected by iterative selection.

LGALS1 (GAL-1) Among the high binding mRNA 3’-UTR segments, we analyzed the housekeeping ribosomal protein S4,

mRNA 3'-UTR X-linked [RPS4X] mRNA 3’-UTR and the 3’-UTR of galectin-1 (GAL-1) mRNA, which is known to be one of
RPS4X the genes upregulated in HCV-infected liver cells and to have a wide spectrum of biological properties. By
means of IP-RT-PCR, it was demonstrated that both of the mRNA molecules bind to NS5B in the
cytoplasm. Interestingly, GAL-1 and RPS4X mRNA can serve as templates for NS5B RdRp, suggesting these

RNA molecules are regulated in vivo by NS5B.
© 2013 Elsevier Inc. All rights reserved.
Introduction Earlier studies showed that NS5B binds to both the 3'X RNA and the

Hepatitis C virus (HCV) is a member of the Flaviviridae family
and contains a positive-sense, single-stranded RNA genome of
approximately 9.6 kb (Choo et al, 1989; Kato et al, 1990;
Takamizawa et al., 1991), which encodes 4 structural and 6 non-
structural viral proteins (Eckart et al., 1993; Grakoui et al., 1993;
Lin et al,, 1994; De Francesco 1999). The nonstructural protein 5B
(NS5B), which has RNA-dependent RNA polymerase (RdRp) activ-
ity (Behrens et al,, 1996), has been shown to play a pivotal role in
the replication process of the virus. Purified NS5B transcribes the
full-length HCV RNA in vitro via a copy-back mechanism (Lohmann
et al., 1997) and/or de novo replication (Luo et al., 2000). Although
the crystal structure of NS5B has been determined (Lesburg et al.,
1999; Bressanelli et al., 1999; Ago et al.,, 1999) and the host cellular
factors required for HCV replication have been identified (Poenisch
and Bartenschlager, 2010), the mechanism of HCV replication is
still not completely clear.

The 3’-non-coding region of HCV is composed of variable
sequences of approximately 40 nucleotides, a poly(U/UC) tract, and
a highly conserved 98-nucleotide 3'-terminal segment termed 3'X
(Kolykhalov et al, 1996; Tanaka et al, 1995; Yamada et al., 1996).

* Corresponding author. Tel./fax: +81 3 5800 8901.
E-mail address: hkanamori-tky@umin.net (H. Kanamori).

0042-6822($ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.virol.2013.11.036

poly(U/UC) tract (Cheng et al, 1999; Oh et al, 2000). More recent
studies have indicated that NS5B binds also to cognate coding
sequences (Kim et al, 2002; Lee et al, 2004). Our previous study
revealed that one of the stem-loop structures in the NS5B coding
region, 5BSL3.2, which is indispensable for viral replication, binds
tightly to NS5B (Kanamori et al., 2009). The complimentary strand of
5BSL3.2 RNA, which forms a similar secondary structure to the
positive strand, was also shown to bind to NS5B, suggesting the
mechanistic importance of the RNA-protein interaction for synthesis
of the plus-strand (Kanamori et al., 2010). The 5BSL3.2 RNA sequence
interacts not only with the NS5B protein but also with its cis-acting
elements on the RNA genome, resulting in the formation of a
replication initiation complex in association with cellular proteins.
The 5BSL3.2 stem-loop structure and the distant stem-loop structure
(SL2) in the 3’X region have been shown to form a pseudoknot
(Friebe et al., 2005). More recent study has shown that 5BSL3.2
interacts with domain Illd of the internal ribosome entry site located
in the 5’-UTR (Romero-Lopez and Berzal-Herranz, 2009).

Beside its own genomic RNA, NS5B has been shown to be able
to utilize diverse RNA molecules such as rat dimerization cofactor
of hepatocyte nuclear factor-1a (Behrens et al, 1996), various
homopolymers (Lohmann et al,, 1997) and certain synthetic RNA
molecules (Kao et al., 2000) as its RdRp templates. On the other
hand, certain template RNA sequence requirement for NS5B to
synthesize the anti-strand RNA does appear to exist. Strict
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sequence-specific RARp activities of NS5B on RNA molecules have
been demonstrated in experiments using artificial RNA stem-loop
structures (Kanamori et al., 2009; Kao et al,, 2000; Biroccio et al,,
2002; Vo et al., 2003).

Thus, NS5B can bind to or replicate several different RNA motifs
depending on the sequence and structure of the RNA. In virus-
infected cells, certain viral proteins such as the SOX protein
Kaposi's sarcoma-associated herpes virus and the vaccinia D10
protein regulate cellular RNA expression through direct interac-
tions (Lee and Glaunsinger, 2009; Parrish et al., 2007). The wide
spectrum of NS5B RNA recognition suggests the possible interac-
tion of NS5B with cellular mRNA molecules and regulation of these
mRNA species by NS5B in the infected cells. In fact, the HCV
products appear to induce an increase or decrease in the
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expression levels of cellular genes associated with cellular defense
mechanisms, cellular metabolism or intracellular transport
(Blackham et al, 2010). Among these genes, GIcT-1 (ceramide
glucosyltransferase) expression is known to be induced by NS5B
(Guo et al., 2012).

The mRNA 3-UTRs have been intensively investigated in
studies of the RNA binding proteins, in part because the mRNA
3'-UTRs are more accessible to cellular factors than are the coding
regions of mRNA, which usually form polyribosomes in association
with ribosomes (Warner et al,, 1963; McCarthy and Kollmus, 1995;
Levine et al., 1993; Antic et al,, 1999; Imai et al., 2001),

In the present study, we constructed an RNA library that mainly
contained the 3'-UTR portions of human liver cell line mRNA,
selected RNA species that were found to bind tightly to the NS5B
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Fig. 1. Outline of the in vitro selection for high affinity binding hepatic mRNA 3'-UTR sequences to the HCV NS5B protein. (A) Construction of a hepatic cDNA library enriched
with 3'-UTR sequences. The bottom portion indicates the construction of the template plasmids for the mRNA 3'-UTR library. (B) Scheme for in vitro selection of the mRNA
3'-UTRs that exhibit high-affinity binding to NS5B. (C) Relative binding to NS5B was determined by filter binding analysis and is represented by a bar graph. The dot blot
analysis of the RNA pools from the different selection cycles is shown at the top. The relative binding of pool 0 was set at 1. (D) The relative binding strength of the individual
clones from pool 0 (n=21) and pool 5 (n=122) was determined by filter binding dot blot analysis. The binding strength of each clone was plotted relative to that of the
highest binder, RPS5 3’-end mRNA, which was set at 100. The significance of the difference in binding ability to NS5B between pools 0 and 5 RNA clones was analyzed by

Welch's t-test.

— 234 —



K. Yuhashi et al. / Virology 450-451 (2014) 13-23 15

protein of HCV by employing iterative selection cycles, and
identified mRNA 3'-UTRs that can be templates of the NS5B
polymerase.

Results

Selection of mRNA 3'-UTR sequences that bind tightly to the HCV
NS5B protein

We constructed a ¢cDNA library that mostly consisted of 3’-UTR
sequences plus poly(A) tails (Fig. 1A). The 3’-UTR mRNA portion
varies in length, ranging from less than 50 to over 5,000 nucleo-
tides, with many of the mRNA 3’-UTRs around a 100-nucleotide
length (Grillo et al.,, 2010). To construct a ¢cDNA library enriched
with the 3'-UTR sequences, we added a step in which partial
digestion of the total RNA from HepG2 cells with RNase T1 was

Table 1
Genes for which the 3'-RNA sequences bind tightly to HCV NS5B.

included. After the synthesis of cDNA from the partially digested
liver cell poly(A) RNA, the cDNA with a length between 75 and 150
nucleotides was constructed under the T7 promoter to generate
the templates for the initial RNA library for the selection. We
estimated that the library contained approximately 10° indepen-
dent clones. By sequence analysis of the library (40 clones), we
found that the cDNA clones contained 3'-UTRs of 15-105 nucleo-
tides in length (on average 56.2 nucleotides) and the poly(A) tails
(on average 18 nucleotides). The initial RNA pool (pool 0) was
synthesized by in vitro transcription using the cDNA library as a
template.

By applying a selection cycle using GST-NS5B (genotype 1b,
strain BK) as the target molecule (Fig. 1B), we obtained RNA clones
with stronger binding to NS5B. In the selection procedure, the
bound poly(A)+ RNA molecules to NS5B were recovered, ampli-
fied by RT-PCR, in vitro transcribed and subjected to iterative
selection cycles. The binding capacities of each RNA pool was

Symbol Accession Gene name Expression level® Relative binding®
clone 3-UTR
RPS5 NM_001009.3 Ribosomal protein S5 2460.5 100 68
ATP5I NM_007100.2 ATP synthase, H+ transporting, mitochondrial 470.6 90 ND
FO complex, subunit E, nuclear gene encoding mitochondrial protein
c5 NM_001735.2 Complement component 5 189.5 79 ND
GNB2L1 NM_006098.4 Guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 2869.2 70 96
NFS1 NM_021100.3 NFS1 nitrogen fixation 1 homolog (S. cerevisiae), nuclear 155.4 67 ND
gene encoding mitochondrial protein
RPS15A NM_001019.4 Ribosomal protein S15a, transcript variant 2 4826.1 64 33
RPS4X NM_001007.3 Ribosomal protein S4, X-linked 3404.1 61 85
RPL41 NM_001035267.1 Ribosomal protein L41, transcript variant 2 53741 60 93
LGALS1 (GAL-1) NM_002305.3 Lectin, galactoside-binding, soluble, 1 (galectin-1) 80.1 59 100

2 The relative expression level of each gene in HepG2 human hepatoblastoma cells was determined using CHIP (HG-U133A) from the Reference database for gene

expression analysis: RefExA (http://157.82.78.238/refexa/main_search.jsp).

5 The relative binding strength of each pool 5 RNA clone to GST-NS5B was determined by dot blot experiments. The binding strength of the RPS5 clone was set equal to
100. The relative binding strength of the 3’-UTR RNA sequence (47 nucleotides) of each gene to GST-NS5B was determined by the RNA gel mobility shift analysis shown in

Fig. 2A. The binding strength of the GAL-1 3’-UTR was set equal to 100.

Table 2
Frequency of each selected gene in pool 0 and pool 5.

Gene Nucleotide length? Frequency Functional category
Coding 3'-UTR Pool 0 Pool 5

RPS5 30 60 1/67 1/188 Structural constituent of ribosome
(615)

ATP5I 10 61 0/67 1/188 Contributes to ATPase activity, hydrogen ion transmembrane
(210) transporter activity, transmembrane transporter activity

5 0 72 0/67 1/188 C5a anaphylatoxin chemotactic receptor binding, chemokine activity,
(5031) (401) endopeptidase inhibitor activity, receptor binding

GNB2L1 39 21 0/67 2/188 GTPase activity, protein kinase C binding, receptor activity, kinase activity
(954)

NFS1 0 93 0/67 1/188 Cysteine desulfurase activity, protein binding, protein homodimerization activity,
(1374) (657) pyridoxal phosphate binding

RPS15A 51 41 0/67 5/188 structural constituent of the ribosome
(393)

RPS4X 4 64 0/67 4/188 RNA binding, rRNA binding, structural constituent of the ribosome
(792)

RPL41 0 79 1/67 3/188 Structural constituent of the ribosome
(78) (308)

LGALS1 (GAL-1) 44 51 0/67 1/188 Galactose binding, promotes apoptosis of activated T cells,
(408) regulation of CD4+CD25+ T cells, tumor-immune escape and

correlation with tumor aggressiveness
Total 2/67 (0.030) 19/188 (0.101)

2 Nucleotide length of coding and 3’-UTR lesions of each selected clone is indicated. In the parenthesis, the nucleotide length of the full length coding or 3’-UTR of each

¢DNA is indicated.
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