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Introduction

Globally, liver cancer is the fifth and seventh most common
malignancy in men and women, respectively, and the third
most deadly [1]. Most (85-95%) of these cancers are
hepatocellular carcinoma (HCC) [2], and many are associated
with persistent intrahepatic infections with hepatitis C virus
(HCV) or hepatitis B virus (HBV) [2,3]. Although the total
cancer death rate decreased within the United States by over
1.5% between 2001-2007, deaths due to liver cancer increased
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by 50% among males and by 29% in females [4]. These
changes in the incidence of HCC are largely due to increases
in HCV-associated malignancy. Similarly, while HBV infection
historically has been the major risk factor underlying
development of HCC in Asia, in Japan it has been supplanted
in recent decades by HCV infection [5].

The exact mechanisms underlying HCV- and HBV-
associated malignancy are unknown [6,7]. Chronic infections
with either virus may result in cirrhosis, which alone is a major
risk factor for liver cancer [2]. However, there may also be
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virus-specific mechanisms at work. While immune-mediated
mechanisms are both necessary and sufficient for the
development of HBV-related cancer in murine models, liver
cancer arises in the absence of inflammation in HCV-
transgenic mice [8,9]. Moreover, some HCV proteins may
interact with host tumor suppressors and possibly impair
cellular responses to DNA damage [10]. If virus-specific
mechanisms of oncogenesis are important in the development
of HCC, it is reasonable to anticipate that the pathways leading
to HCV- and HBV-associated cancer might differ, possibly
leaving distinguishing genetic or epigenetic marks in the tumors
that arise. If so, understanding these differences would be
important for biomarker discovery, and potentially design of
preventative and therapeutic interventions.

Here, we describe a study that was aimed at determining
whether the abundance of microRNA-122 (miR-122) is different
in liver cancer arising in patients with chronic HCV infection
compared to cancers arising in the context of chronic HBV
infection. Mature microRNAs (miRNAs) are 20-23 nucleotides
in length and encoded either by microRNA genes or from within
conventional protein-coding genes. They act generally by
binding to specific sites within the 3' untranslated region (3’
UTR) of cellular mRNAs, to which they recruit RNA-induced
silencing complexes (RISC) that repress translation and
destabilize the mRNA [11-13]. miR-122 is a liver-specific
miRNA that accounts for the majority of miRNAs in hepatocytes
[14]. It regulates a large number of genes within the liver [15],
and has several tumor suppressor-like properties [16,17].
Importantly, miR-122 is a crucial host factor for HCV
replication, binding to the 5 untranslated RNA segment of the
viral genome, physically stabilizing it, and promoting viral
protein expression [18-20].

Because of its liver-specific nature and tumor suppressor-like
qualities [16,17], it is of interest to know whether miR-122
expression is altered in liver cancers. Prior studies investigating
miR-122 expression in liver cancers have produced conflicting
results, particularly as related to the underlying viral causes of
cancer. Two early studies suggest that miR-122 abundance is
generally reduced in HCC [21,22]. However, Hou et al. [23]
reported that miR-122 expression was maintained in both HBV-
and HCV-associated cancer, while Varnholt et al. [24] reported
that miR-122 levels were increased significantly in HCV-
associated cancers when compared to non-cancerous tissue.
Coulouarn et al. [25] reported higher miR-122 expression levels
in HCV- versus HBV-associated cancers. To some extent,
these conflicting results may reflect different patient
populations, or possibly methodologic differences, not only in
the measurement of miR-122 abundance but also in how
miR-122 abundance was compared across tissue samples.

In an effort to resolve this controversy, we conducted a
comprehensive analysis of miR-122 expression in liver cancers
arising in a genetically homogenous group of Japanese
patients. Using a highly accurate, miR-122-specific quantitative
reverse-transcription, polymerase chain reaction (gRT-PCR)
assay, and paying particular attention to how miR-122
measurements are compared between tissue samples, we
show that miR-122 expression is significantly reduced in HBV-
associated HCC but not in most HCV-associated cancers. We
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also demonstrate that miR-122 abundance is reduced in non-
tumor HCV-infected liver in association with increased
expression of interferon (IFN)-stimulated genes (ISGs).

Materials and Methods

Ethics statement

Liver tissue was obtained from Japanese patients
undergoing surgical resection of liver cancer (primary or
metastatic) at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). All subjects provided written informed
consent for participation in the study, and tissue acquisition
procedures were approved by the ethics committee of
Kanazawa University under a protocol entitled "Gene
expression analysis of peripheral blood cells and liver in
patients with liver and gastrointestinal cancers”. Archived liver
tissue and serum samples were collected prior to December
15, 2011 from chimpanzees housed and cared for at the
Southwest National Primate Research Center (SNPRC) of the
Texas Biomedical Research Institute in accordance with the
Guide for the Care and Use of Laboratory Animals. All
protocols were approved by the Institutional Animal Care and
Use Committee. SNPRC is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International and operates in accordance with the
NIH and U.S. Department of Agriculture guidelines and the
Animal Welfare Act.

Human subjects and tissue samples

Paired samples of HCC and non-tumor liver tissue were
obtained from Japanese patients undergoing surgical resection
of HCC at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). Non-infected ‘normal’ liver tissue was
similarly collected from patients undergoing resection of
metastases of non-hepatic primary cancers. Patients were
categorized as HCV-infected by the presence of HCV RNA
(COBAS Ampli-Prep/COBAS TagMan System) and absence of
hepatitis B surface antigen (HBsAg) in serum or plasma at the
time of surgery, while HBV infection was defined by the
presence of HBsAg and absence of anti-HCV antibodies. HCC
was categorized according to the degree of cellular
differentiation, while fibrosis and inflammation in non-tumor
tissue from HBV- and HCV-infected patients were compared
after scoring each [26,27]. The IL28B genotype of study
subjects with HCV infection was defined at the rs8099917
locus as described previously [28].

Chimpanzee care and sample collection

We studied archived liver tissue and serum samples
collected prior to December 15, 2011 from chimpanzees
housed and cared for at the Southwest National Primate
Research Center (SNPRC) of the Texas Biomedical Research
Institute. At the time samples were obtained, animals
considered to be non-infected (‘normal’) were negative for HBV
and HCV markers; HBV infection was defined as the presence
of serum HBsAg, and HCV infection by the presence of HCV
RNA detectable in sera by RT-PCR.
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Small RNA quantitation in human samples

Human tissue samples were stored in liquid nitrogen until
processed for RNA extraction. Approximately 1 mg of tissue
was ground using a tissue homogenizer and total RNA isolated
using the mirVana miRNA isolation kit (Ambion). Liver RNA
samples were subsequently stored at -80°C or on dry ice
during shipment. The quality of the isolated RNA (RIN score)
was assessed using an Agilent 2100 Bioanalyzer (Agilent RNA
6000 Nano Kit, Agilent Technologies) [29]. Quantification of
miR-122, miR-191, Let-7a, miR-24, and the small nuclear RNA
(snRNA) U6 was carried out by quantitative reverse-
transcription, polymerase chain reaction (QRT-PCR) in a two-
step process. RNA (12.5 ng) was reversed transcribed in a 10
ul reaction mix using reagents provided with the Universal
cDNA Synthesis kit (Exiqon) and the manufacturer's
recommended procedure. Quantitative PCR was carried out
subsequently with the SYBR Green Master Mix Kit (Exiqon),
mixed locked-nucleic acid primer sets specific for each miRNA
or snRNA (Exigon), and the CFX96 PCR System (Bio-Rad).
Results are presented as relative copy number normalized to
total RNA. Alternatively, absolute miR-122 copy numbers were
estimated using serial dilutions of single-stranded synthetic
miR-122 (Dharmacon) as a standard.

miR-122 and HCV RNA quantitation in chimpanzee
samples

Total RNA was extracted from serum and liver using RNA
Bee (Leedo Medical Labs, Houston, TX), chloroform extraction
and isopropanol precipitation. Detection of miR-122 was
performed using primers and probes for miR-122 included in
the ABI TagMan assay (Cat No. 4373151) and the ABI TagMan
microRNA Reverse Transcription Kit (Cat No. 4366596). The
RT reaction was performed with 5 ng of total cell RNA, and the
PCR amplification was performed with one-tenth of the
resulting cDNA. The RT reaction was performed at 16°C for 30
min, followed by 42°C for 30 min, and 85°C for 5 min. The
TagMan Universal PCR Master Mix with no AmpErase UNG
was used for PCR amplification with reaction conditions of
95°C for 10 min followed by 40 cycles at 95°C for 15 sec and
60°C for 1 min. A standard curve was generated using a
synthetic RNA equivalent to mature miR-122. HCV viral RNA
levels in the serum and liver were determined using a real-time,
quantitative RT-PCR (TagMan) assay detecting sequences in
the viral 5 noncoding RNA using an ABI 7500 sequence
detector (PE Biosystems, Foster City, CA) as previously
described [30]. Synthetic HCV RNA was used to generate a
standard curve for determination of genome equivalents. The
forward primer was from nucleotide 149 to 167 (5-
tgcggaaccggtgagtaca-3'), the reverse primer was from
nucleotide 210 to 191 (5'-cgggtitatccaagaaagga-3') and the
probe was from nucleotide 189 to 169 (5-
ccggtcgtectggcaattceg-3’) in the 5 NCR of HCV.

Affymetrix array analysis

Human RNA samples were subjected to high-density
oligonucleotide microarray analysis as described previously
[28]. In brief, cDNA amplified using the WT-Ovation Pico RNA
Amplification System (NuGen, San Carlos, CA, USA) was used
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for fragmentation and biotin labeling with the FL-Ovation cDNA
Biotin Module V2 (NuGen). Biotin-labeled cDNA suspended in
hybridization cocktail (NuGen) was hybridized to Affymetrix
U133 Plus 2.0 GeneChips, followed by labeling with
streptavidin-phycoerythrin. Probe hybridization was determined
using a GeneChip Scanner 3000 (Affymetrix) and analyzed
using GeneChip Operating Software 1.4 (Affymetrix).

Statistical analysis

Statistical analyses were carried out using Prism V software
(Graphpad Software, Inc). The paired t test was used for
comparison of results arising from groups of paired tissue
specimens (HCC versus non-tumor tissue), while the unpaired t
test or Mann-Whitney test was used for comparisons between
groups of unrelated tissues (e.g., HBV versus HCV infection).
Nonparametric analysis of the correlation between miR-122
and ISG expression levels was done by the Spearman method.
Other statistical tests were as described in the text.

Results

miR-122 abundance in HCV- versus HBV-associated
liver cancer

We measured miR-122 abundance in paired tumor and non-
tumor tissues collected from 26 patients undergoing surgical
resection of HCC: 16 with concomitant chronic HCV infection,
and 10 infected with HBV. The age, gender, histological
classification of HCC, and fibrosis score of non-tumor tissues
are shown in Figure 1 (see also Table 1). Subjects infected
with HCV (predominantly genotype 1b) were approximately one
decade older than those with HBV infection (66.6 + 8.0 s.d.
versus 54.3 = 9.1 s.d. years, p=0.001, Figure 1A), consistent
with previous studies indicating that HCC is generally
diagnosed at an earlier age in HBV-infected Japanese patients
[31]. There were no significant differences in the histological
classification of HCC or scores for fibrosis or inflammatory
activity in non-tumor tissues between the two groups (Figure
1B and C, and Table 1). There were more females among
those with HCV infection (10 male and 6 female) than HBV (9
male and 1 female), but this difference did not achieve
statistical significance (Chi square test with Yate’s correction).

gRT-PCR revealed significant differences in the abundance
of miR-122 in both tumor and non-tumor tissue samples when
the HBV- and HCV-infected groups were compared (Figure 2).
miR-122 abundance (miR-122 copy number per ug total RNA)
was significantly lower in HCC tissue from HBV-infected versus
HCV-infected subjects (p=0.009 by two-sided t test). In
contrast, the miR-122 abundance in non-tumor tissue from
HBV-infected patients was significantly greater than that in the
HCV-infected patients (p=0.0005 by two-sided t test). The
mean miR-122 abundance in HCC tissue was less than half
that in non-tumor tissue in HBV-infected patients (p=0.003 by
two-sided, paired t test). Strikingly, this relationship was
reversed in the HCV-infected patients, in whom miR-122
abundance in HCC tissue was almost twice that in the non-
tumor tissue (p=0.008 by two-sided paired t test). There was no
significant difference in the abundance of miR-122 in the non-
tumor tissue from HBV-infected patients and HCV-associated
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Figure 1. Age, histological classification of tumors, and scoring of non-tumor tissue for inflammation and fibrosis. (A)
Age of subjects from whom HBV- and HCV-associated HCC and paired non-tumor samples were obtained. (B) Histological
classification of tumors: W = well differentiated, M = moderately differentiated, P = poorly differentiated. (C) Individual scores for
fibrosis and inflammatory activity in non-tumor tissue. Bars represent mean values. See also Table 1.

doi: 10.1371/journal.pone.0076867.g001

HCC. miR-122 abundance varied quite widely in liver tissue
collected from non-infected individuals undergoing resection of
metastatic tumors. Despite this, miR-122 abundance was
significantly less in HBV-associated cancer tissue and non-
tumor HCV-infected tissue than in the non-infected tissues
(p=0.016 and 0.013, respectively).

To account for potential differences in degradation of the
RNA or efficiency of reverse transcription between tissue
samples, we assessed the abundance of several other small
RNAs against which we could normalize the abundance of
miR-122. UB, a noncoding snRNA component of the
spliceosome, is commonly used to normalize miRNA
abundance. However, we observed substantial differences in
U6 abundance in these tissues, suggesting that U6 would be a
poor normalizer (Figure 3A). Substantially less variation was
observed in the abundance of the miRNAs, miR-24 or Let-7a
(Figure 3B and C), for which the standard deviation of the
critical threshold [25] in the PCR assay was 0.79 and 1.27,
respectively, compared to 1.34 for U6. Notably, we observed
no difference in the abundance of Let-7a in HBV-associated
cancer and non-tumor tissues (p=0.52 by two-sided, paired t
test), despite a prior report suggesting that Let-7a expression is
regulated by the HBx protein and increased in abundance in
HBV-associated HCC [32]. In addition, although miR-24
negatively regulates the expression of hepatocyte nuclear
factor 4-alpha (HNF4-alpha) and thus might be up-regulated in
some liver cancers [33], we did not observe this. A strong
positive correlation was evident between the abundance of
miR-24 and Let-7a (Figure 3E, Spearman r,=0.7959, p<0.001
by two-tailed t test), suggesting that these miRNAs might
belong to a common regulatory network and that either could
be used to normalize miR-122 abundance. In contrast, there
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was no correlation between miR-24 and either U6 or miR-122
abundance (Figure 3D and F), which indicates that U6 and
miR-122 are regulated independently of miR-24. Importantly,
when the miR-122 abundance was normalized to miR-24
levels, miR-122 expression remained significantly depressed in
HBV-associated HCC when compared either with paired non-
tumor tissue, or HCC tissue from HCV-infected subjects
(p<0.001 and p=0.002, respectively, Figure 2B). In replicate
assays, the abundance of miR-122 in non-tumor HCV-infected
tissue also remained significantly lower than either non-infected
or HBV-infected liver tissues (Figure 2B). Similar associations
were found when miR-122 abundance was normalized to
Let-7a (data not shown).

To assess further the possibility of bias in these results due
to differences in the quality of the RNA samples, we compared
the RNA integrity number (RIN) [29] of each sample with the
abundance of each of the small RNAs detected. Interestingly,
while the quantity of U6 snRNA detected correlated positively
with the RIN score (Spearman r, = 0.5216, two-tailed p =
0.0001) (Figure S1A in Supporting Information), this was not
the case with miR-24 or Let-7a (r, = -0.124 and -0.045,
respectively). RIN scores also did not vary significantly
between tumor and non-tumor tissue-derived RNA samples, or
RNA from HBV- vs. HCV-infected tissue. Thus, although the
quality of the RNA samples was generally high (mean RIN =
8.0 + 0.17 s.e.m.), it was an important factor in determining the
abundance of U6 but not either of these miRNAs. These data
suggest that U6 is less stable than the miRNAs and provide
additional support for the use of miR-24 (or Let-7a) as a
standard against which to normalize miR-122 abundance (see
Discussion). Nonetheless, when miR-122 results were
normalized to U6 abundance, the correlations described above
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Table 1. Characteristics of Study Subjects.

miR-122 in HCV- vs. HBV-Associated Liver Cancer

HCV (n = 16)

HBV (n=10) Non-infected (n=9)

Gender (M/F) 10M/6F

OM /1F 5M/ 4F

Fibrosis Stage n (%)

n (%) n (%)

0(0) 0(0)

Inflammation n (%)

n (%) n (%)

1 9 (56)

7 (70) 0(0)

3 0(0)

0(0) 0(0)

Moderate-Well 2 (13)

Poor-Moderate 2(13)

IL28B genotype (rs8099917) n (%)

doi: 10.1371/journal.pone.0076867.t001

between miR-122 abundance, in both tumor and non-tumor
tissues, and the type of virus infection remained strongly
statistically significant (Figure S1B in Supporting Information).
The mean miR-122 abundance was substantially lower in HBV-
associated HCC tissue than in HBV-infected non-tumor tissue
(p = 0.003 by paired t-test), while this relationship was reversed
in HCV-infected liver (p = 0.001). miR-122 abundance was also
significantly lower in non-tumor tissue from HCV-infected
subjects than HBV-infected subjects (p < 0.001).

To exclude the possibility of bias due to the trend toward a
less differentiated histologic classification among HBV-
associated cancers (Figure 1B), we limited the comparison of
miR-122 abundance to those HCC tissues that were scored as
moderately differentiated and their corresponding paired non-
tumor samples. While this reduced the number of subjects
available for analysis, miR-122 abundance remained
significantly lower in HBV- versus HCV-associated cancer
tissue: p=0.007 when compared on the basis of miR-122 copy
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number/mg RNA (Figure 2C) vs. p=0.033 when normalized to
miR-24 (Figure 2D). Thus differences in miR-122 abundance in
HCC associated with HBV vs. HCV infection are independent
of the degree of histologic differentiation of the cancer.
Collectively, these results provide strong evidence that
miR-122 expression is reduced in HCC associated with HBV
infection, but not in most HCV-associated liver cancers.

Reduced miR-122 abundance is associated with
interferon responses in HCV-infected liver

The data shown in Figure 2 indicate that miR-122 is
frequently reduced in abundance in non-tumor, HCV-infected
liver tissue, but not in liver infected with HBV. To determine
whether similar HCV-induced suppression of miR-122
expression occurs in chimpanzees (Pan troglodytes), the only
animal species other than humans that is permissive for HCV
infection, we measured miR-122 abundance in liver tissues
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Figure 2. miR-122 expression in paired HCC and non-tumor liver tissue from patients with chronic HBV and HCV infection
and control, non-infected liver tissue. (A) miR-122 abundance quantified by gRT-PCR in paired tumor and non-tumor tissues
and non-infected (‘normal’) liver from patients undergoing resection of metastatic tumors, normalized to total RNA. (B) Relative
miR-122 abundance normalized to miR-24 abundance in the same tissues. (C) miR-122 abundance in HCC classified histologically
as “moderately differentiated”, paired non-tumor tissue from the same patients, and non-infected (‘normal’) liver. (D) miR-122
abundance in the subset of tissues shown in panel C, normalized to miR-24 abundance. The statistical significance of differences
between paired observations was estimated using the paired t test, while differences between non-paired observations were
analyzed by the Mann-Whitney test.

doi: 10.1371/journal.pone.0076867.g002

collected previously from 45 HCV-infected chimpanzees, and
compared this to that present in 10 HBV-infected animals, and
6 that were not infected with either virus. These results showed
that miR-122 expression was significantly reduced in HCV-
infected liver compared to both HBV-infected (p<0.0001) and
normal, non-infected (p=0.007) chimpanzee liver (Figure 4A). A
strong, negative correlation (Spearman r,= -0.63, p<0.0001)
existed between hepatic miR-122 expression levels and HCV
RNA copy numbers in serum (Figure 4B). The mean miR-122
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abundance was lower in HBV-infected liver than in uninfected
chimpanzee liver (Figure 4A), but the difference did not achieve
statistical significance (p=0.059 by two-tailed t test). Thus,
intra-hepatic miR-122 abundance is reduced in HCV-infected
chimpanzees as well as humans. This is consistent with earlier
studies that have found reduced intrahepatic expression of
miR-122 in patients with advanced chronic hepatitis C [34—36].

Sarasin-Filipowicz et al. [36] reported previously that
miR-122 levels were reduced in liver from HCV-infected
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Figure 3. Comparison of small RNAs as normalizers for assessing miR-122 abundance. Shown in the panels at the top are
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coefficient.
doi: 10.1371/journal.pone.0076867.9003

patients who responded poorly to treatment with pegylated
IFN-a and ribavirin (Peg-IFN/RBV). Consistent with this, we
observed a negative correlation between miR-122 abundance
in non-tumor tissue from HCV-infected human subjects and the
GT versus TT genotype at the rs8099917 locus in the IL28B
gene (p=0.011, Figure 5A) that is predictive of a poor response
to Peg-IFN/RBV therapy [37]. HCV-infected patients with the
TT genotype are prone to a greater inflammatory response
than those with TG or GG [38]. Thus, differences in IL28B
genotype may have contributed to a correlation we observed
between miR-122 abundance and A1 versus A2 Metavir
activity scores (Figure 5B, 6 of 7 subjects with an A2 Metavir
score had the TT genotype). Importantly, the association
between IL28B genotype and miR-122 abundance was
observed only in non-tumor liver from HCV-infected patients,
and not in paired HCC tissue (Figure 5A).

Patients who are non-responsive to Peg-IFN/RBV, or who
have IL28B genotypes predictive of a poor response to Peg-
IFN/RBV therapy, are likely to have increased pre-treatment
intra-hepatic ISG transcript levels compared to those who
respond well to treatment [39-41]. We thus asked whether a
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correlation existed between miR-122 abundance and levels of
selected ISG ftranscripts in HCV-infected non-tumor tissue
determined by Affymetrix 133U Plus 2.0 GeneChip assay. For
this analysis, we selected ISGs that were shown previously to
be correlated with treatment response [39] (Figure 5C). We
also included Mx1 and OAS1, both well-characterized ISGs.
Overall, the Affymetrix signals for these genes showed a strong
trend toward negative correlations with miR-122 abundance.
Fourteen of 24 ISGs demonstrated a Spearman rank-order
coefficient, r,, < -0.300; this negative correlation was significant
(p<0.05) for 7 of the ISGs by one-tailed t test (Figure 3C).
These data are consistent with the notion that reduced
miR-122 abundance is associated with strong intrahepatic IFN-
mediated responses to the virus.

miR-191 abundance is increased in HBV-associated
HCC

Since Elyakim et al. [42] reported recently that miR-191 was
increased in HCC arising in a study population comprised
mostly of HBV-infected subjects, we also quantified miR-191
expression levels in the human tissue samples. We confirmed

October 2013 | Volume 8 | Issue 10 | e76867

- 121 -



A p=0.007
25 1 ‘
A
e8]
O
< 20 -
<C
A
Z 15 -
Ei _p<0.0001
g 10 1 C;
Y A
e B 0
e 97 A T
D[ji]
0 2 ;
Normal HBV HCV
n=6 n=10 n=45

miR-122 in HCV- vs. HBV-Associated Liver Cancer

B r,=-0.63, p<0.0001

10°

demeddonndndodid

'107-—-1—rnrrq——t-nm§--v—mmq——1—rmm

10% 104 105 108 107 108
HCV RNA GE/ml

Figure 4. miR-122 expression in chimpanzee liver tissue. (A) Hepatic miR-122 abundance in liver biopsies from chimpanzees
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test. Bars represent mean values. (B) Liver miR-122 expression plotted against serum HCV RNA abundance from acutely HCV-
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miR-191 levels were modestly increased in HBV-associated
HCC compared to non-tumor HBV-infected tissue when
normalized to total RNA (p=0.049 by two-sided, paired t test,
Figure 6). This trend remained significant only by one-sided t
test when the miR-191 abundance was normalized to miR-24
abundance (p=0.045), and was absent when miR-191 levels
were normalized to U6 snRNA. miR-191 abundance in non-
tumor, HBV-infected tissue was similar to that in both tumor
and non-tumor liver from HCV-infected subjects (Figure 6).

Discussion/Conclusions

miR-122 is a critical regulator of hepatic gene expression
and an essential host factor for HCV replication [15,18,43]. It
also has important tumor suppressor properties [16,44], and
recent reports indicate that loss of its expression promotes
carcinogenesis in knockout mice [45,46]. While its abundance
is often reduced in HCC [21,22], two previous studies suggest
that miR-122 expression may be preserved in liver cancer
arising in patients with HCV infection [24,25]. We confirm this,
showing in a genetically and geographically homogeneous
population of patients, and normalizing results either to total
RNA or to levels of miR-24, that miR-122 abundance is
significantly reduced from normal in HBV-associated HCC but
not in liver cancer associated with HCV infection (Figure 2A
and B). This difference in miR-122 expression is independent
of the histologic classification of the tumors (Figure 2C and D),
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as well as the degree of fibrosis or inflammation in paired non-
tumor tissue from the same patients. Conversely, we show that
miR-191 tends to be increased in abundance in HBV-
associated cancer, but not HCV-associated HCC (Figure 6).
These observations have important implications for the
pathogenetic mechanisms involved in viral carcinogenesis
within the liver. While HCC may arise as a result of factors
common to both HBV and HCV infection (such as chronic
inflammation, oxidative stress, and progressive fibrosis leading
to cirrhosis), distinctive molecular signatures associated with
HBV- versus HCV-associated cancer suggest there are
fundamental differences in the ways these two viruses cause
cancer.

Our study highlights the challenges inherent in comparing
miRNA abundance in different clinical samples. In addition to
potential differences in the proportion of cells present within a
biopsy that are of hepatocellular origin vs. derived from other
cell lineages, a constant concern is the quality of the RNA.
While our initial analysis, like many studies, compared miR-122
copy numbers based on the quantity of total RNA subjected to
RT-PCR, this approach can be biased by differences in the
quality of the RNA and degree of RNA degradation. Although
our RNA samples were of generally high quality (see Figure
S1A in Supporting Information), we determined miR-24, Let-7a,
and U6 snRNA copy numbers and evaluated each as a
standard against which miR-122 abundance could be
normalized to account for potential differences in RNA integrity
(Figure 3). Median miR-24 and Let-7a copy numbers did not
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doi: 10.1371/journal.pone.0076867.g005

vary significantly between tumor and non-tumor tissue samples
from HBV- and HCV-infected subjects (one-way ANOVA),
suggesting that the expression of these miRNAs is relatively
constant in liver and that either could serve as a standard for
normalizing miR-122 abundance. In contrast, median U6 copy
numbers varied significantly between these tissue groups (p =
0.004 by one-way ANOVA with Kruskal-Wallis test) and, more
importantly, were strongly correlated negatively with the RIN
score, a measure of RNA integrity [29] (Figure S1A in
Supporting Information). There was no correlation between the
RIN score and miR-24 or Let-7a abundance, suggesting that
U6 snRNA may be less stable and more prone to degradation
than the miRNAs. This may be due to the greater length of U6
(1086 nts vs. ~20-23 nts for miRNAs), or the absence of terminal
modifications that may influence the stability of miRNAs [47].
Consistent with this, Let-7a was found to have greater
biological stability and to be superior to U6 for normalization of
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miRNA abundance in previous studies of rat hepatocyte RNA
[48]. Nonetheless, even though these data argue against the
use of U6 as a standard for normalizing miR-122 copy
numbers, we found the abundance of miR-122 was significantly
reduced in HCC associated with HBV but not HCV infection,
and that miR-122 abundance was significantly depressed in
non-tumor tissue infected with HCV but not HBV, using any of
these small RNAs, including U6, to normalize the miR-122
results.

While it remains unclear exactly how miR-122 contributes to
the HCV lifecycle, it is known to promote viral replication
independently of its regulation of hepatic genes [49]. It binds to
two sites near the 5 end of the viral genome [18], recruiting
argonaute 2 (EIF2C2) and physically stabilizing the RNA by
protecting it from 5 exonucleolytic Xrni-mediated decay
[19,20]. However, miR-122 has other, positive effects on HCV
replication beyond its ability to physically stabilize the viral
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genome [20,50]. It is essential for HCV replication, and its
therapeutic silencing with an antisense oligonucleotide has
potent antiviral effects [15,51]. No other RNA virus is known to
rely so completely on a cellular miRNA for its replication cycle.
Thus, the continued expression of miR-122 in HCV-associated
HCC could reflect close linkage between carcinogenesis and
HCYV replication and viral protein expression. We speculate that
miR-122 expression is preserved in HCV-associated HCC (in
contrast to HBV-associated cancer) because HCV-encoded
proteins help to drive a multi-stage process of carcinogenesis
within infected cells. This may result from the ability of the virus
to directly disable DNA damage responses or other cellular
tumor suppressor functions, and to contribute directly to
malignant conversion of hepatocytes as reviewed elsewhere
[10,52]. Early loss of miR-122 during the progression to cancer
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10

would eliminate virus replication, protecting the cell from further

effects of viral protein expression. In contrast, in HBV-infected
cells, a loss of miR-122 expression could both accelerate
tumorigenesis and enhance replication, as miR-122 appears to
restrict, rather than promote, HBV replication [53-56]. Although
speculative, this hypothesis raises the interesting possibility
that HCV-associated cancers arise within the small minority of
hepatocytes infected with the virus, and not the much larger
number of uninfected bystander cells [52,57].

Epigenetic mechanisms are likely to contribute to the
differential expreésion of miR-122 and miR-191 in HCC. The
miR-122 promoter is hyper-methylated in the HBV-associated
HCC-derived cell line, Hep3B [58]. It remains to be seen
whether differences exist in methylation of the promoter in vivo
in HBV- versus HCV-associated cancers, but bacterial artificial
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chromosome array-based methylated CpG island amplification
(BAMCA) studies indicate significant differences in the
methylation patterns present in HBV- and HCV-associated
HCC [59]. The HBx protein expressed by HBV may influence
cellular methyltransferase activity, and could possibly
contribute to altered methylation patterns [60]. An additional
possibility is that epigenetic differences in HBV- and HCV-
associated HCC could reflect different cell types from which the
cancer originates, as HBV may be capable of infecting
hepatocyte progenitors [61].

Our results also show that miR-122 expression is reduced in
non-tumor liver tissue from HCV-infected persons. In contrast,
contrary to a recent report by Wang et al. [54], we found that
miR-122 is expressed at normal levels in non-tumor HBV-
infected liver (Figure 2). Several lines of evidence suggest that
this difference may reflect a more active IFN response in HCV-
versus HBV- infected livers. In vitro studies suggest that IFN-3
inhibits miR-122 expression [36,62], and HCV stimulates a
more robust intrahepatic innate immune response than HBV
[63,64]. Consistent with this, our results reveal a correlation
between miR-122 abundance in non-tumor tissues and IL28B
genotype, defined by a single nucleotide polymorphism
(rs8099917) associated with response to Peg-IFN/RBV as well
as endogenous pre-treatment ISG expression levels (Figure
5A) [40,41]. We also found an inverse relationship between the
abundance of several ISG transcripts and miR-122 (Figure 5C).
Interestingly, this relationship was not observed in tumor
tissues from these patients, suggesting that genetic or
epigenetic changes alter miR-122 regulation in HCC tissue, or
that the cancer cells are refractory to stimulation by type 1
IFNs.

Consistent with our findings in HCV-infected patients, we
also observed a reduction in miR-122 abundance in liver tissue
from HCV-infected chimpanzees (Figure 4A), and an inverse
correlation between the abundance of HCV RNA in the liver
and serum HCV RNA levels (Figure 4B). Although Sarasin-
Filopowicz et al. [36] demonstrated a trend toward lower
miR-122 abundance in liver tissues with high viral RNA copy
numbers, this did not achieve statistical significance and no
correlation was evident between serum RNA levels and
miR-122 abundance in the patients studied by this group. It is
not clear why such a relationship exists in chimpanzees but not
infected humans. One possibility is that it might be related to
the fact that chimpanzees generally have very robust
intrahepatic innate immune responses to HCV, with uniformly
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MicroRNA-27a Regulates Lipid Metabolism and Inhibits Hepatitis C
Virus Replication in Human Hepatoma Cells
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The replication and infectivity of the lipotropic hepatitis C virus (HCV) are regulated by cellular lipid status. Among differen-
tially expressed microRNAs (miRNAs), we found that miR-27a was preferentially expressed in HCV-infected liver over hepatitis
B virus (HBV)-infected liver. Gene expression profiling of Huh-7.5 cells showed that miR-27a regulates lipid metabolism by tar-
geting the lipid synthetic transcription factor RXRo and the lipid transporter ATP-binding cassette subfamily A member 1. In
addition, miR-27a repressed the expression of many lipid metabolism-related genes, including FASN, SREBP1, SREBP2, PPAR«,
and PPARy, as well as ApoAl, ApoB100, and ApoE3, which are essential for the production of infectious viral particles. miR-27a
repression increased the cellular lipid content, decreased the buoyant density of HCV particles from 1.13 to 1.08 g/cm?, and in-
creased viral replication and infectivity. miR-27a overexpression substantially decreased viral infectivity. Furthermore, miR-27a
enhanced in vitro interferon (IFN) signaling, and patients who expressed high levels of miR-27a in the liver showed a more favor-
able response to pegylated IFN and ribavirin combination therapy. Interestingly, the expression of miR-27a was upregulated by
HCV infection and lipid overload through the adipocyte differentiation transcription factor C/EBPa. In turn, upregulated miR-
27arepressed HCV infection and lipid storage in cells. Thus, this negative feedback mechanism might contribute to the mainte-

nance of a low viral load and would be beneficial to the virus by allowing it to escape host immune surveillance and establish a

persistent chronic HCV infection.

icroRNA (miRNA) is a small, endogenous, single-stranded,
noncoding RNA consisting of 20 to 25 bases that regulates
gene expression. It plays an important role in various biological
processes, including organ development, differentiation, and cel-
lular death and proliferation, and is also involved in infection and
diseases such as cancer (1).

Previously, we examined miRNA expression in hepatocellular
carcinoma (HCC) and noncancerous background liver tissue in-
fected with hepatitis B virus (HBV) and HCV (2). We showed that
some miRNAs were differentially expressed according to HBV or
HCYV infection but not according to the presence of HCC. These
infection-specific miRNAs were believed to regulate HBV or HCV
replication; however, their functional role has not been eluci-
dated.

HCV is described as a lipotropic virus because of its association
with serum lipoprotein (3-5). It utilizes the low-density lipopro-
tein (LDL) receptor for cellular entry (6-8) and forms replication
complexes on lipid rafts (9). The HCV core protein surrounds and
binds lipid droplets (LDs) and nonstructural proteins on the en-
doplasmic reticulum (ER) membrane, which is essential for par-
ticle formation (10). Moreover, HCV cellular secretion is linked to
very LDL (VLDL) secretion (11). In liver tissue histology, steatosis
is often observed in chronic hepatitis C (CH-C) and is closely
related to resistance to interferon (IFN) treatment (12, 13). Thus,
lipids play important roles in HCV replication and CH-C patho-
genesis.

Several miRNAs, such as miR-122 (14), miR-199a (15), miR-
196 (16), miR-29 (17), Let-7b (18), and miR-130a (19), reportedly
regulate HCV replication; however, miRNAs that regulate lipid
metabolism and HCV replication have not been reported so far.
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Previously, we reported that 19 miRNAs were differentially ex-
pressed in HBV- and HCV-infected livers (2). In the present
study, we evaluated the functional relevance of miR-27a in HCV
replication by using the human hepatoma cell line Huh-7.5. We
analyzed the regulation of lipid metabolism by miR-27a in hepa-
tocytes and revealed a unique pathophysiological relationship be-
tween lipid metabolism and HCV replication in CH-C.

MATERIALS AND METHODS

Cell line. Huh-7.5 cells (kindly provided by C. M. Rice, Rockefeller Uni-
versity, New York, NY) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, Gaithersburg, MD) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin.

HCYV replication analysis. HCV replication analysis was performed
by transfecting Huh-7.5 cells with JFH-1 (20), H77Sv2 Gluc2A (21), and
their derivative RNA constructs. pH77Sv2 is a modification of pH77S, a
plasmid containing the full-length sequence of the genotype 1a H77 HCV
strain with five cell culture-adaptive mutations that promote its replica-
tion in Huh-7 hepatoma cells (21-24). pH775v2 Gluc2A is a related con-
struct in which the Gaussia luciferase (Gluc) sequence, fused to the 2A
autocatalytic protease of foot-and-mouth virus RNA, was inserted in
frame between p7 and NS2 (21, 23, 25). pH77Sv2 Gluc2A (AAG) is a
control plasmid that has an NS5B polymerase catalytic domain mutation.
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For RNA transfection, the cells were washed with phosphate-buffered
saline (PBS) and resuspended in complete growth medium. The cells were
then pelleted by centrifugation (1,400 X g for 4 min at 4°C), washed twice
with ice-cold PBS, and resuspended in ice-cold PBS at a concentration of
7.5 X 10° cells/0.4 ml. The cells were mixed with 10 pg of the RNA
transcripts, placed into 2-mm-gap electroporation cuvettes (BTX Gen-
etronics, San Diego, CA), and electroporated with five pulses of 99 p.s at
750 V over 1.1 s in an ECM 830 (BTX Genetronics). Following a 10-min
recovery period, the cells were mixed with complete growth medium and
plated.

miR-27a and anti-miR-27a transfection. Huh-7.5 cells transfected
with pH775v2 Gluc2A RNA or pH775v2 Gluc2A (AAG) RNA were trans-
fected with 50 nM synthetic miRNA (pre-miRNA) or 50 nM anti-miRNA
(Ambion Inc., Austin, TX) with the siPORTTM NeoFXTM Transfection
Agent (Ambion). Transfection was performed immediately by mixing the
electroporated cells with the miRNA transfection reagents. Control sam-
ples were transfected with an equal concentration of a nontargeting con-
trol (pre-miRNA negative control) or inhibitor negative control (anti-
miRNA negative control) to assess non-sequence-specific effects in the
miRNA experiments.

Fatty acid treatment. Huh-7.5 cells transfected with HCV RNA and
pre- or anti-miRNA were cultured for 24 h and then treated with the
indicated concentrations of oleic acid (0 to 250 wM) (26) in the presence
of 2% free fatty acid (FFA)-free bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO). The cells were harvested at 72 h posttreatment
with oleic acid for quantitative real-time detection PCR (RTD-PCR),
Western blotting, immunofluorescence staining, and reporter analysis.
The number of viable cells was determined by an MTS assay [one-step
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay;
Promega Corporation, Madison, WI]. Cellular triglyceride (TG) and cho-
lesterol (TCHO) contents were measured with TG Test Wako and Cho-
lesterol Test Wako kits (Wako, Osaka, Japan) according to the manufac-
turer’s instructions.

Equilibrium ultracentrifugation of JFH-1 particles in isopycnic io-
dixanol gradients. Filtered supernatant fluids collected from JFH-1
RNA- and pre-miRNA- or anti-miRNA-transfected cell cultures were
concentrated 30-fold with a Centricon PBHK Centrifugal Plus-20 fil-
ter unit with an Ultracel PL membrane (100-kDa exclusion; Merck
Millipore, Billerica, MA) and then layered on top of a preformed con-
tinuous 10 to 40% iodixanol (OptiPrep; Sigma-Aldrich) gradient in
Hanks’ balanced salt solution (Invitrogen, Carlsbad, CA) as described
previously (24). The gradients were centrifuged in an SW41 rotor
(Beckman Coulter Inc., Brea, CA) at 35,000 rpm for 16 h at 4°C, and
the fractions (500 pl each) were collected from the top of the tube. The
density of each fraction was determined with a digital refractometer
(Atago, Tokyo, Japan).

Infectivity assays. Huh-7.5 cells were seeded at 5.0 X 10%/well in 48-
well plates 24 h before inoculation with 100 pl of the gradient fractions.
The cells were tested for the presence of intracellular core antigen by
immunofluorescence 72 h later, as described below: Clusters of infected
cells that stained for the core antigen were considered to constitute a single
infectious focus, and virus titers were calculated accordingly in terms of
numbers of focus-forming units (FFU)/ml.

Western blotting and immunofluorescence staining. Western blot-
ting was performed as described previously (27). The cells were washed in
PBS and lysed in radioimmunoprecipitation assay buffer containing
Complete protease inhibitor cocktail and PhosSTOP (Roche Applied Sci-
ence, Indianapolis, IN). The membranes were blocked in Blocking One or
Blocking One-P solution (Nacalai Tesque, Kyoto, Japan), and the expres-
sion of HCV core protein, retinoid X receptor alpha (RXRa), sterol reg-
ulatory element-binding protein (SREBP1), ATP-binding cassette sub-
family A member 1 (ABCA1), ApoE3, ApoBl100, fatty acid synthase
(FASN), peroxisome proliferator-activated receptor o (PPARa), ApoAl,
phospho-PKR-like ER kinase (phospho-PERK), PERK, phospho-elF2a,
elF2a, BIP, phospho-STAT1, and 3-actin was evaluated with mouse anti-
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core (Thermo Fisher Scientific Inc., Rockford, IL), rabbit anti-RXRa, rab-
bitanti-SREBP1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), mouse
anti-ABCA1 (Abcam, Cambridge, MA), goat anti-ApoE3, goat anti-
ApoB100 (R&D Systems Inc., Minneapolis, MN), rabbit anti-FASN, rab-
bit anti-PPARa, mouse anti-ApoAl, rabbit anti-phospho-PERK, rabbit
anti-PERK, rabbit anti-phospho-elF2a, rabbit anti-eIlF2¢, rabbit anti-
BIP, rabbit anti-phospho-STAT1, and rabbit anti--actin antibodies (Cell
Signaling Technology Inc., Danvers, MA), respectively.

For immunofluorescence staining, the cells were washed twice with
PBS and fixed in 4% paraformaldehyde for 15 min at room temperature.
After washing again with PBS, the cells were permeabilized with 0.05%
Triton X-100 in PBS for 15 min at room temperature. They were then
incubated in a blocking solution (10% FBS and 5% BSA in PBS) for 30
min and with the anti-core monoclonal antibodies. The fluorescent sec-
ondary antibodies were Alexa 568-conjugated anti-mouse IgG antibodies
(Invitrogen). Nuclei were labeled with 4',6-diamidino-2-phenylindole
(DAPI), and LDs were visualized with boron-dipyrromethene (BODIPY)
493/503 (Invitrogen). Imaging was performed with a CSU-X1 confocal
microscope (Yoko‘gawa Electric Corporation, Tokyo, Japan).

Quantitative RTD-PCR. Total RNA was isolated with a GenElute
Mammalian Total RNA Miniprep kit (Sigma-Aldrich), and cDNA was
synthesized with a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Carlsbad, CA). The primer pairs and probes for C/EBPa,
ABCA1, PPARY, SREBF1, SREBF2, FASN, 2’-5"-oligoadenylate synthe-
tase 2 (OAS2), and B-actin were obtained from the TagMan assay reagent
library. HCV RNA was detected as described previously (28). HCV RNA
was isolated from viral particles with a QIAamp viral RNA kit (Qiagen,
Inc., Valencia, CA) in accordance with the manufacturer’s instructions.
Total RNA containing miRNA was isolated according to the protocol of
the mirVana miRNA isolation kit {Ambion). For the enrichment of ma-
ture miRNA, argonaute 2 (Ago2)-binding miRNA was immunoprecipi-
tated with an anti-Ago2 monoclonal antibody (Wako) and mature
miRNA was eluted from the precipitant with a microRNA isolation kit,
Human Ago2 (Wako). cDNA was prepared via reverse transcription with
10 ng of isolated total RNA and 3 pl of each reverse transcription primer
with specific loop structures. Reverse transcription was performed with a
TagMan MicroRNA reverse transcription kit (Applied Biosystems) ac-
cording to the manufacturer’s protocol. RTD-PCR was performed with
the 7500 Real Time PCR system (Applied Biosystems) according to the
manufacturer’s instructions. The primer pairs and probes for miR-let7a,
miR-34c, miR-142-5p, miR-27a, miR-23a, and RNU6B were obtained
from the TagMan assay reagent library.

3’ UTR luciferase reporter assays. The miRNA expression reporter
vector pmirGLO Dual-Luciferase miRNA Target Expression Vector
(Promega Corporation) was used to validate the RXRa and ABCA1 3’
untranslated regions (UTRs) as miRNA binding sites. cDNA frag-
ments corresponding to the entire 3' UTR of human RXRa and human
ABCA1 were amplified with the Access RT-PCR system (Promega Cor-
poration) from total RNA extracted from Huh-7.5 cells. The PCR
products were cloned into the designated multiple cloning site down-
stream of the luciferase open reading frame between the Sacl and Xhol
restriction sites of the pCR2.1-TOPO vector (Invitrogen). Point mu-
tations in the seed region of the predicted miR-27a sites within the 3’
UTR of human RXRa and human ABCAl were generated with a
QuikChange Multi site-directed mutagenesis kit (Agilent Technolo-
gies Inc., Santa Clara, CA) according to the manufacturer’s protocol.
All constructs were confirmed by sequencing.

Huh-7.5 cells were grown to 70% confluence in 24-well plates in com-
plete DMEM. The cells were cotransfected with 200 ng of the indicated 3’
UTR luciferase reporter vector and 50 nM synthetic miRNA (pre-
miRNA) or 50 nM anti-miRNA (Ambion) in a final volume of 0.5 ml with
Lipofectamine 2000 (Invitrogen). At 24 h posttransfection, firefly and
Renilla luciferase activities were measured consecutively with the Dual-
Luciferase Reporter Assay system (Promega Corporation).
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FIG 1 miR-27a has a negative effect on HCV replication and infectivity. Huh-7.5 cells were transfected with JFH-1 RNA and pre- or anti-miRNA.
Expression was quantified at 72 h posttransfection. (A) Inhibition efficiency of miRNAs by anti-miRNAs (RTD-PCR, 1 = 6). (B) Effects of anti-miRNAs
on HCV replication (RTD-PCR, n = 6). (C) Detection of whole miR-27a and Ago2-binding miR-27a in Huh-7.5 cells. At 72 h posttransfection, cells were
harvested and Ago2-binding miRNA was purified as described in Materials and Methods. White bars indicate total miR-27a levels, and black bars indicate
Ago2-binding miR-27alevels (RTD-PCR, 1 = 6). (D) Effects of pre- or anti-miR-27a on cell viability (left) and HCV replication (right). Cell viability (%)
was assessed by the MTS assay (n = 6). (E) Effects of pre- or anti-miR-27a on HCV core protein levels by Western blotting. (F) Effects of pre- or
anti-miR-27a on HCV infection. Huh-7.5 cells were infected with HCVcc derived from Huh-7.5 cells transfected with pre- or anti-miR-27a and JFH-1
RNA. HCV RNA was quantified at 72 h postinfection by RTD-PCR (1 = 6). All experiments were performed in duplicate and repeated three times. Values

are means =* standard errors. ¥, P < 0.01; **, P < 0.005.

Promoter analysis. DNA fragments from —400 to +36 bp and from
—700 to +36 bp relative to the transcription initiation site of pri-miR-
23a~27a~24-2 were inserted into pGL3-Basic (Promega Corporation) at
the Mlul and Xhol sites. Point mutations in the seed region of predicted
C/EBPa binding sites were generated with a QuikChange Multi site-di-
rected mutagenesis kit (Agilent Technologies) according to the manufac-
turer’s protocol. All constructs were confirmed by sequencing.

Huh-7.5 cells-transfected with HCV RNA were cultured for 24 h in
24-well plates, and then 200 ng of the plasmids was cotransfected with 2 ng
of the Renilla luciferase expression vector (pSV40-Renilla) with the
FuGENESG Transfection Reagent (Roche Applied Science). After 24 h, the
cells were treated with oleic acid in the presence of 2% FFA-free BSA
(Sigma-Aldrich). At 48 h posttreatment, a luciferase assay was carried out
with the Dual-Luciferase Reporter Assay system (Promega Corporation)
according to the manufacturer’s instructions.

For tunicamycin treatment, the plasmids (200 ng) were cotransfected
with 2 ng pSV40-Renilla with FuGENE6 (Roche Applied Science) into
Huh-7.5 cells grown in the wells of 24-well plates. After 24 h, the cells were
treated for a further 24 h with the indicated concentrations of tunicamy-
cin and a luciferase assay was carried out as described above.

RNA interference. A small interfering RNA (siRNA) specific to
ABCAI and a control siRNA were obtained from Thermo Fisher Scien-
tific. Transfection was performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

IEN treatment. Huh-7.5 cells transfected with HCV RNA and pre- or
anti-miRNA were treated with oleic acid as described above. At 48 h later,
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the cells were treated with the indicated number of international units of
IFN-a for 24 h.

Affymetrix GeneChip analysis. Aliquots of total RNA (50 ng) isolated
from the cells were subjected to amplification with the WT-Ovation Pico
RNA Amplification system (NuGen, San Carlos, CA) according to the
manufacturer’s instructions. The Affymetrix Human U133 Plus 2.0 mi-
croarray chip containing 54,675 probes has been described previously
(29).

Statistical analysis. Results are expressed as mean values * standard
errors. At least six samples were tested in each assay. Significance was
tested by one-way analysis of variance with Bonferroni methods, and dif-
ferences were considered statistically significant at P values of <0.01 (*,
P < 0.01; *%, P < 0.005).

Microarray accession number. The expression data determined in
this study were deposited in the Gene Expression Omnibus database
(NCBI) under accession number GSE41737.

RESULTS

Functional relevance of the upregulated miRNAs in HCV-in-
fected livers. Previously, 19 miRNAs were shown to be differen-
tially expressed in HBV- and HCV-infected livers (2). Of these, 6
miRNAs were upregulated and 13 were downregulated. In this
study, we focused on the upregulated miRNAs, as they might play
a positive role in HCV replication. Anti-miRNAs and the control
miRNA were transfected into Huh-7.5 cells following JFH-1 RNA
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TABLE 1 Gene categories and names of differentially expressed genes regulated by miR-27a in Huh-7.5 cells

Fold change
Pre-miR-27a/ Anti-miR-27a/ Pre-miR-27a/
Protein function and name Gene Affy ID* GB acc. no? miR-control anti-miR-control anti-miR-27a
Cytoskeleton remodeling and Wnt
signaling
Collagen, type IV, alpha 6 COL4A6 211473_s_at V04845 0.85 2.19 2.58
Fibronectin 1 EN1 214702_at AJ276395 0.57 1.14 2.02
Filamin A, alpha FLNA 214752 _x_at AJ625550 0.64 1.68 2.61
LIM domain kinase 1 LIMK1 204357_s_at NM_002314 0.67 1.63 2.43
p21/Cdc42/Racl-activated kinase 1 PAK1 230100_x_at AU147145 0.63 1.58 2.53
Breast cancer anti-estrogen resistance 1 BCARI 232442_at AU147442 0.96 1.94 2.01
Frizzled homolog 3 (Drosophila) FZD3 219683_at NM_017412 0.51 1.30 2.55
Laminin, alpha 4 LAMA4 210990_s_at U77706 0.63 1.26 2.00
Regulation of lipid metabolism
CREB binding protein (Rubinstein- CREBBP 235858 _at BF507909 0.54 1.50 2.76
Taybi syndrome)
NF-Y NF-Y 228431 _at AL137443 0.41 1.44 3.50
Sterol regulatory element binding SREBF2 242748 _at AA112403 0.47 LIl 2.35
transcription factor 2
Membrane-bound transcription factor MBTPS2 1554604_at BC036465 0.50 1.21 2.39
peptidase, site 2
Adenosine A2A receptor signaling
Mitogen-activated protein kinase MAP2K7 226053_at AlI0%0153 0.90 2.07 2.31
kinase 7
Par-6 partitioning defective 6 homolog PARD6B 235165_at AW151704 0.56 1.35 2.43
beta
Rap guanine nucleotide exchange RAPGEF2 238176_at T86196 0.46 1.36 2.98
factor (GEF) 2
Ribosomal protein S6 kinase, 90kDa, RPS6KA2 204906_at BC002363 0.61 1.72 2.83
polypeptide 2
p53 regulation
MDM2 MDM2 237891 _at Al274906 0.41 1.27 3.07
Ubiquitin B UBB 217144 _at X04801 0.58 1.89 3.24
Promyelocytic leukemia PML 235508_at AW291023 0.52 145 2.80
SMT3 suppressor of mif two 3 SUMO!1 208762_at U83117 0.55 1.23 2.22
homolog 1
IL-8 in angiogenesis
B-cell CLL/lymphoma 10 BCLIO 1557257 _at AA994334 0.59 1.23 2.08
Janus kinase 2 JAK2 205841 _at NM_004972 0.77 1.71 2.23
Sphingosine-1-phosphate receptor 1
G protein, alpha inhibiting activity GNAI2 201040_at NM_002070 0.69 1.49 2.15
polypeptide 2
G protein, beta polypeptide 4 GNB4 223487_x_at AWS504458 0.86 1.78 2.06
Mitogen-activated protein kinase 1 MAPK1 1552263_at NM_138957 0.87 1.93 2.22
GRB2-associated binding protein 1 GAB1 226002_at AK022142 0.66 1.40 2.11

“ Affy ID, Affymetrix identification number.
¥ GB acc. no., GenBank accession number.

transfection. The efficiency with which these anti-miRNAs inhibit
the miRNAs is shown in Fig. 1A. Unexpectedly, inhibition of these
miRNAs either had no effect or increased HCV replication in the
cases of anti-miR-23a and anti-miR-27a (Fig. 1B).

To investigate the functional relevance of miR-27a in HCV
replication in more detail, we evaluated JEH-1 replication in Huh-
7.5 cells in which miR-27a was inhibited or overexpressed. The
efficacy of miR-27a overexpression is shown in Fig. 1C. Although
ectopically introduced pre-miR-27a increased miR-27a levels by
approximately 30-fold, the levels of endogenous active Ago2
bound to miR-27a in RNA-induced silencing complexes in-
creased by approximately 5-fold. The RNA and core protein levels
of JFH-1in Huh-7.5 cells decreased to 65% and 40%, respectively,
following miR-27a overexpression. In contrast, the RNA and core
protein levels of JFH-1 increased by 3- and 1.9-fold, respectively,
following miR-27a inhibition (Fig. 1D and E). There was no sig-
nificant difference in cell viability following miR-27a overexpres-
sion or inhibition (Fig. 1D). Furthermore, the rate of Huh-7.5 cell
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infection by JFH-1 decreased to 35% after the overexpression of miR- .
27a but increased 4-fold after miR-27a inhibition (Fig. 1F). Thus,
miR-27a negatively regulates HCV replication and infection.

miR-27a targets the signaling pathways of cytoskeleton re-
modeling and lipid metabolism in Huh-7.5 cells. We next exam-
ined which signaling pathways were modulated by miR-27a.
TargetScan (http://www.targetscan.org/) predicts biological tar-
gets of miRNAs by searching for the presence of conserved 8- and
7-mer sites that match the seed region of each miRNA (30). A
TargetScan (release 5.2) for miR-27a predicted 921 candidate tar-
get genes, and functional gene ontology enrichment analysis of
these genes by MetaCore (Thomson Reuters, New York, NY)
showed that miR-27a could target the cytoskeleton remodeling
and lipid metabolism signaling pathways (data not shown).

To examine whether these signaling pathways were regu-
lated by miR-27a, gene expression profiling was carried out
with Huh-7.5 cells in which miR-27a was over- or underex-
pressed. Transfection of cells with pre-miR-27a and pre-miR-
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FIG 2 Changes in the lipid contents of Huh-7.5 cells and culture medium caused by pre- and anti-miR-27a. Huh-7.5 cells were transfected with replication-
competent HCV RNA (H77Sv2 Gluc2A RNA [+HCV]) or replication-incompetent HCV RNA [H77Sv2 Gluc2A (AAG) (+AAG)] together with pre- or
anti-miR-27a. At 24 h posttransfection, increasing amounts of oleic acid (0 to 250 pM) were added to the culture medium, and at 72 h after oleic acid treatment,
TG and TCHO levels were measured in the cells and medium. Panels: A, TG in cells; B, TCHO in cells; C, TG in medium; D, TCHO in medium; E, TG and TCHO
in cells and medium; A to D, +H77Sv2 Gluc2A (+HCV); E, +H77Sv2 Gluc2A (AAG) (+AAG). Lipid concentration was compared with that of miR-control and
pre- or anti-miRNA (1 = 6). All experiments were performed in duplicate and repeated three times. Values are means = standard errors. *, P < 0.01; **, P <

0.005.

control or with anti-miR-27a and anti-miR-control enabled
the identification of down- and upregulated genes, respec-
tively. A total of 870 genes were selected with a >2-fold anti-
miR-27a/pre-miR-27a expression ratio. Pathway analysis of
these genes with MetaCore revealed that they are involved in
cytoskeleton remodeling signaling, including that of COL4AS,
EN 1, and PAK]; lipid metabolism signaling, including that of
CREBBP and SREBF2; A2A receptor signaling, including that
of RAPGEF2; and p53 regulation signaling, including that of
MDM2. These genes were repressed by miR-27a in Huh-7.5
cells (Table 1).

miR-27a reduces TG and TCHO levels in cells and culture
medium. Pathway analysis of the gene expression profile regu-
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lated by miR-27a in Huh-7.5 cells revealed the presence of many
genes involved in lipid metabolism-related signaling pathways. To
examine the functional relevance of miR-27a in lipid metabolism,
we measured the cellular levels of TG and TCHO in Huh-7.5 cells
in which miR-27a was inhibited or overexpressed, respectively. As
shown in Fig. 2A and B, TG and TCHO levels in Huh-7.5 cells
transfected with miR-control were increased in a dose-dependent
manner following the addition of oleic acid (0 to 250 wM). Pre-
miR-27a repressed this increase, while anti-miR-27a significantly
accelerated it. Similarly, pre-miR-27a repressed the increase in TG
and TCHO in the culture medium, while anti-miR-27a signifi-
cantly accelerated it (Fig. 2C and D).

Similar results were obtained with both HCV-replicating cells
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FIG 3 Changes in HCV replication in Huh-7.5 cells caused by pre- and anti-miR-27. Huh-7.5 cells were transfected with H77Sv2 Gluc2A RNA or H77Sv2
Gluc2A (AAG) RNA and pre- or anti-miR-27a. At 24 h posttransfection, increasing amounts of oleic acid (0 to 250 M) were added to the culture
medium. At 72 h after oleic acid treatment, the cells were harvested. (A) Gluc activity in the medium reflecting HCV replication in cells (n = 6). (B) Effects
of pre- or anti-miR-27 on HCV RNA levels (RTD-PCR, n = 6). Experiments were performed in duplicate and repeated three times. Values are means =
standard errors. *, P < 0.01; **, P < 0.005. (C) Western blotting of HCV core protein in the same experiments. (D and E) Confocal microscopy images
of Huh-7.5 cells in the same experiments. D, +H77Sv2 Gluc2A (AAG); E, +H77Sv2 Gluc2A. Cells were fixed, permeabilized, and stained with an
anti-HCV core protein antibody. Nuclei were labeled with DAPI. LDs were visualized with BODIPY 493/503 dye. Imaging was performed with a CSU-X1
confocal microscope.
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FIG 4 Equilibrium ultracentrifugation of JFH-1 particles in isopycnic iodixanol gradients. Filtered supernatant fluids collected from JFH-1 RNA- and
pre- or anti-miRNA-transfected Huh-7.5 cell cultures were concentrated and used to collect fractions (500 pl each). Black circles indicate the gradient
densities of the fractions, white circles indicate the HCV RNA titers, and bars indicate HCV infectivity levels. Panels: A, cells overexpressing pre-miR-
control; B, cells overexpressing pre-miR-27a; C, cells overexpressing anti-miR-control; D, cells overexpressing anti-miR-27a. Experiments were repeated

twice.

(+HCV) (Fig. 2A to D) and non-HCV-replicating cells (+AAG)
(Fig. 2E), although the changes in the levels of TG and TCHO in
the culture medium were smaller for the non-HCV-replicating
cells (+AAG) (Fig. 2E). Correlating with the lipid component
findings, replication of the infectious HCV clone H775v2 Gluc2A
(21), as determined by Gluc activity in the culture medium, and
the HCV RNA titer were significantly repressed by pre-miR-27a
and increased by anti-miR-27a (Fig. 3A and B). This result was
also confirmed by the core protein levels determined by Western
blotting (Fig. 3C).

The localization of LDs and core proteins in the cells was visu-
alized by confocal laser microscopy with a lipotropic fluorescent
dye and immunostaining of the core protein (Fig. 3E). The LD and
core protein levels were substantially repressed by pre-miR-27a
and greatly increased by anti-miR-27a antibody. The change in
the levels of LDs caused by miR-27a was observed in both HCV-
replicating cells (Fig. 3E) and non-HCV-replicating cells
(Fig. 3D), although the magnitude of the change was more prom-
inent in HCV-replicating cells.

miR-27a changes the buoyant density and infectivity of HCV
particles. The culture medium of Huh-7.5 cells in which JFH-1
was replicating was fractionated by iodixanol gradient centrif-
ugation, and the buoyant density of HCV particles was evalu-
ated (Fig. 4). When the cells were transfected with control
miRNA (pre-miR-control and anti-miR-control), the HCV

5276 jviasm.org

RNA titer (number of copies/ml) and infectivity (number of
FFU/ml) peaked at fraction 7 (Fig. 4A and D) and the buoyant
density of HCV was estimated at around 1.13 g/cm’. Transfection
with pre-miR-27a did not change the buoyant density of HCV, but it
reduced the HCV RNA titer to 0.25-fold of the control and HCV
infectivity to 0.024-fold of the control (Fig. 4B). In contrast, transfec-
tion with anti-miR-27a reduced the buoyant density of HCV from
1.13 to 1.08 g/cm® (Fig. 4B) and increased the HCV RNA titer to
2.1-fold of the control and infectivity to 2.5-fold of the control
(Fig. 4C and D). Thus, miR-27a changed the buoyant density and
infectivity of HCV.

miR-27a regulates lipid metabolism-related gene expres-
sion. The regulation of lipid metabolism-related genes by miR-
27a was evaluated in Huh-7.5 cells (Fig. 5 and 6). The lipid
synthesis transcription factors PPARvy, FASN, SREBPI,
SREBP2, and RXRa were slightly, but significantly, induced in
cells in which H77Sv2 Gluc2A replicated. The expression of
lipid synthesis transcription factors was compared with that
from cells carrying replication-incompetent H775v2 Gluc2A
(AAG) (Fig. 5 and 6). Unexpectedly, lipid overload with oleic
acid had no effect or rather decreased the levels of these tran-
scription factors in non-HCV-replicating cells, probably be-
cause of negative feedback mechanisms. Conversely, in HCV-
replicating cells, lipid overload with oleic acid further
increased the levels of these transcription factors at both the
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