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Despite recent progress in the development of direct-acting antivirals against hepatitis C virus (HCV),
chronic HCV infection remains an important health burden worldwide. MicroRNA122 (miR122), a liver-
specific microRNA (miRNA), positively regulates HCV replication, and systemic application of antisense
oligonucleotides against miR122 led to the long-lasting suppression of HCV viremia in human clinical

Keywords: trials. Here, we report that apigenin, a flavonoid and an inhibitor of maturation of a subset of miRNAs,
HCV inhibits HCV replication in vitro. Apigenin decreased the expression levels of mature miR122 without
MicroRNA significantly affecting cell growth. Because supplementation of synthesized miR122 oligonucleotides or
Replicon overexpression of constitutively active TRBP blocked these effects, the inhibitory effects of apigenin on
Polyphenol HCV replication seemed to be dependent on the reduction of mature miR122 expression levels through
inhibition of TRBP phosphorylation. Thus, apigenin intake, either through regular diet or supplements,

may decrease HCV replication in chronically infected patients.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction 2005). It binds to two closely spaced target sites in the highly

Hepatitis C virus (HCV) constitutes a significant health problem
worldwide, with an estimated 130-170 million people chronically
infected (Scheel and Rice, 2013). Chronic HCV infection leads to
severe liver diseases, including advanced liver fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC). A recent HCV therapy consisting of
a triple combination of pegylated interferon « (peg IFN-a), ribavirin,
and protease inhibitors increased cure rates (Jacobson et al, 2011;
Poordad et al, 2011; Bacon et al, 2011; Sherman et al, 2011).
However, substantial side effects, resistance, and drug-drug inter-
actions are concerns with this therapy. Although an IFN-free regi-
men with direct-acting antivirals (DAAs) is beginning to reach
patients and increase cure rates (Manns and von Hahn, 2013;
Deuffic-Burban et al,, 2014), several issues remain, including treat-
ment failure, resistant clones, and economic burden.

MicroRNA122 (miR122) is a highly abundant microRNA (miRNA)
expressed in the liver and essential for the stability and propagation
of HCV RNA (Jopling, 2012; Pfeffer and Baumert, 2010; Jopling et al.,
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conserved 5'-untranslated region (5-UTR) of the HCV genome. These
sites are conserved across all HCV genotypes and subtypes (Li et al.,
2011). This positive regulation through 5-UTR sites is a unique
process, as compared to the usual function of miRNAs in the
repression of gene expression via 3'-UTRs in target mRNAs. Although
the precise mechanisms by which miR122 positively regulates HCV
replication through its binding to the 5-UTR of the HCV genome
are not yet fully elucidated (Jopling, 2012), it was demonstrated that
INA-based anti-miR122 oligonucleotides led to the long-lasting
suppression of HCV viremia and improvement of HCV-induced liver
pathology in chimpanzees (Lanford et al, 2010). Based on experi-
mental results, human clinical trials using miravirsen, an LNA-
modified DNA phosphorothioate antisense oligonucleotide against
miR122, have been conducted, and in Phase 2a studies miravirsen
resulted in a dose-dependent reduction in HCV levels, without major
adverse events and with no escape mutations in the miR122 binding
sites of the HCV genome (Janssen et al., 2013). The miR122 binding
sites are conserved across all HCV genotypes and subtypes, and
miR122 could represent a host target for antiviral therapy.

We previously demonstrated that the flavonoid apigenin (4,5,7-
trihydroxyflavone) has inhibitory effects on the maturation of a
subset of miRNAs and on subsequent miRNA function (Chno et al.,
2013). These effects were mediated by the inhibition of TRBP
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phosphorylation through inhibition of ERK activation (Ohno et al.,
2013). We reported that the administration of apigenin to mice
improved glucose intolerance induced by overexpression of miR103
in the liver, likely through suppression of mature miR103 expres-
sion. Moreover, we found that miR122 was also affected by apigenin
(Ohno et al.,, 2013).

We hypothesized that apigenin may exert inhibitory effects on
HCV replication by decreasing mature miR122 expression levels. In
this study, we assessed the effects of apigenin on HCV replication
and the possible molecular mechanisms by using an in vitro HCV
replicon reporter system. Based on our findings, we propose
potential novel management methods for chronic HCV infection
and possibly other pathological states mediated by miR122.

Results
Apigenin inhibits the biogenesis of miR122

We recently showed that apigenin inhibits the biogenesis of a
subset of miRNAs (Ohno et al., 2013). Because previous screening
of the comprehensive miRNA expression changes revealed that
miR122 was one of the miRNAs affected by apigenin (NCBI Gene
Expression Omnibus (GEO) accession number: GSE46526) (Ohno
et al,, 2013), we here measured mature miR122 levels in Huh7
cells by quantitative RT-PCR, after apigenin treatment for 5 days.
While the expression levels of let-7g, an unrelated miRNA, were
not affected, apigenin significantly reduced mature miR122
expression levels in a dose-dependent manner (Fig. 1a). Northern
blotting confirmed the reduced expression levels of miR122 after
apigenin treatment (Fig. 1b). By contrast, expression of miR122
precursor, but not let-7g precursor, was increased after apigenin
treatment (Fig. 1¢), as we described previously (Ohno et al., 2013).
Consistent with the reduced levels, miR122 function was inhibited
by apigenin, as determined by the increased reporter values from a
transiently transfected reporter construct with two miR122 target
sites in tandem in its 3’-UTR (Fig. 1d). The effect was miR122
function-specific because no effects were observed with use of a
reporter construct with mutations in the miR122 target sites
(Fig. 1d). Apigenin had no significant effects on Huh7 cell growth
at a final concentration of up to 5pM (50 1M apigenin slightly
reduced the cell number) (Fig. 1e). These results suggest that up to
5 uM of apigenin inhibits the expression levels of mature miR122
in Huh7 cells without affecting cell viability.

Apigenin inhibits HCV replication

Because miR122 positively regulates HCV replication (Jopling
et al, 2005), we hypothesized that apigenin might inhibit HCV
replication by decreasing the expression levels of mature
miR122. To test this hypothesis, we used Huh7 cells harboring
an HCV replicon reporter construct (HCV-Feo), referred to as
Huh7-Feo cells (Yokota et al., 2003). These cells continuously carry
a replicon expressing a chimeric protein consisting of firefly
luciferase and neomycin phosphotransferase under the HCV 5
IRES and can be used to monitor intracellular HCV replication by
measuring luciferase activity (Fig. 2a) (Yokota et al., 2003). Treat-
ment of Huh7-Feo cells with apigenin (final concentration 5 or
50 uM) for 5 days significantly reduced HCV-Feo replication
(Fig. 2b). The pattern of luciferase values closely matched the
pattern of luciferase protein expression levels (Fig. 2c). The
decrease in replication observed with 5 M apigenin treatment
was only slightly less than that obtained following the transfection
of anti-miR122 oligonucleotides at 10 pM. Although 50 M
apigenin may have adverse effects on cell viability, as described
above, these results suggest that 5 pM apigenin can significantly
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inhibit HCV replication without affecting cell viability, possibly
through downregulation of mature miR122 expression levels.

Apigenin inhibits HCV replication through downregulation of miR122
levels

To further investigate the mechanisms of the observed negative
effects of apigenin on HCV replication, we applied synthesized
mature miRNAs to Huh7-Feo cells to determine whether miRNA
supplementation could antagonize the effects of apigenin. Over-
expression of miR122 after the transfection of synthesized miR122,
compared with the expression levels of miR122 in cells with no
treatment or with let-7g transfection, was confirmed by Northern
blotting (Fig. 2d). As expected, overexpression of miR122 effi-
ciently antagonized the negative effects of apigenin on HCV
replication, while supplementation of an unrelated miRNA, let-
7¢, had no effect on HCV replication (Fig. 2e). These results suggest
that apigenin inhibits HCV replication by downregulating mature
miR122 expression.

Phosphorylation mimic TRBP blocks the effects of apigenin

Because we previously demonstrated that apigenin inhibits the
maturation of a subset of miRNAs by inhibiting the phosphoryla-
tion of TRBP, which contributes to the maturation of a subset of
miRNAs by binding to Dicer (Paroo et al., 2009). We constructed a
flag-tagged TRBP-expressing construct and a phosphorylation
mimics in which serine was substituted with aspartic acid (TRBP
(SD)) (Paroo et al,, 2009). The expression levels of the wild-type
TRBP and TRBP(SD) constructs were comparable (Fig. 3a). After
stably expressing these constructs in Huh7-Feo cells by lentiviral
transduction, we determined the expression levels of miR122.
While overexpression of wild-type TRBP slightly enhanced the
expression levels of miR122, apigenin significantly reduced its
expression levels (Fig. 3b). However, in TRBP(SD)-expressing cells,
miR122 expression levels were significantly increased and were
not affected by apigenin treatment (Fig. 3b), probably due to the
phosphorylation mimic TRBP(SD) being constitutively active.
Consistent with the changes in miR122 expression levels, replica-
tion of the HCV replicon, as determined by luciferase values, was
inhibited by apigenin in cells expressing wild-type TRBP but not in
cells expressing TRBP(SD), which showed a slight increase in
replication (Fig. 3c). These results suggest that apigenin inhibits
HCV replication through the inhibition of mature miR122 expres-
sion levels, probably by modulating TRBP phosphorylation,
consistent with our previous report (Ohno et al., 2013).

Discussion

In this study, we demonstrate that apigenin inhibits HCV
replication by decreasing the expression levels of mature
miR122, possibly through inhibition of the phosphorylation of
TRBP, an important factor for the maturation of a subset of miRNAs
(Paroo et al, 2009).

Our study revealed that apigenin inhibits HCV replication. A liver-
specific miRNA, miR122, has been reported to be linked with
pleiotropic physiological functions (jopling, 2012; Otsuka et al,
2014), such as liver development, cholesterol metabolism, iron
metabolism, and fatty acid metabolism (Takata et al, 2013a). A
particularly intriguing function of miR122 is its role in promoting
HCV replication (Jopling et al, 2005). The success of miravirsen, an
LNA-modified DNA phosphorothioate antisense oligonucleotide
against miR122, against HCV in a Phase 2a study (Janssen et al.,
2013) shows its promise as a novel anti-HCV drug and as the first
miRNA-targeting therapy to be trialed. While miravirsen hybridizes
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Fig. 1. Apigenin decreases mature miR122 expression levels. (a) The expression levels of mature miRNAs in Huh7 cells were determined by quantitative RT-PCR. Cells were
treated with apigenin at the indicated doses for 5 days. Expression levels of mature miR122 and let-7g were determined. Relative expression levels are indicated as the
means =+ s.d. of three independent experiments. * p < 0.05. (b) The expression levels of mature miR122 were determined by Northern blotting. Huh7 cells were treated with
5 uM apigenin for 5 days. Expression levels of mature miR122 were determined by Northern blotting. U6 levels were determined as a loading control by reprobing the same
membrane. Representative results from three independent experiments are shown. (c) The expression levels of miRNA precursors in Huh7 cells were determined by
quantitative RT-PCR. Cells were treated with apigenin at the indicated doses for 5 days. Expression levels of miR122 and let-7g precursors were determined. Relative
expression levels are indicated as the means + s.d. of three independent experiments. * p < 0.05. (d) Endogenous miR122 function was determined by reporter assay. Huh7
cells were transiently transfected with reporter constructs containing miR122 binding sites or mutants. Cells were treated with apigenin at the indicated doses for 36 h. Data
represent the mean + s.d. of three independent experiments. * p < 0.05. (e) The number of cells was counted after treatment with apigenin at the indicated doses for 5 days.
Experiments were performed in duplicate in a single test and the data represent the means + s.d. of three independent tests. * p < 0.05.

to the 5 region of mature miR122, resulting in sequestration and
inhibition of miR122 (Janssen et al,, 2013), it also binds to the stem-
loop structure of pri- and pre-miR-122 and inhibits both Dicer- and
Drosha-mediated processing of miR122 precursors (Gebert et al,
2014). Therefore, the importance of miR122 in HCV replication
appears to depend on its expression level as well as its binding
capacity. Because apigenin reduced the expression levels of mature
miR122, and supplementation of synthesized mature miR122
blocked the effects of apigenin on HCV replication, the inhibitory
effects of apigenin on HCV replication seem to be dependent on
reduced levels of mature miR122. However, other potential molecu-
lar mechanisms for the effects of apigenin on HCV replication
may exist.

Apigenin decreased the expression levels of a subset of mature
miRNAs, including miR122, similar to the case of miR103, as we
observed previously using microarray analyses (GEO accession
number: GSE46526) (Ohno et al, 2013). We reported that the
decreased maturation of miR103 was due to decreased phosphor-
ylation of TRBP resulting from inhibition of ERK activities (Parco et
al,, 2009). Because overexpression of the TRBP(SD) increased the
levels of mature miR122, it appears that the reduced maturation of
miR122 was also dependent on the activity of TRBP, which was

inhibited by apigenin (Ohno et al., 2013). However, mature miRNA
levels might be regulated not only by their synthesis but also,
potentially, by their degradation, although this has not yet been
established definitively (Jopling, 2012), and the effects of apigenin
on the levels of mature miRNAs may be more diverse than
expected. These effects should be explored in future studies
involving the identification of the specific molecular target with
which apigenin directly interacts and the development of an
apigenin synthesis method, as has been achieved for resveratrol,
another pleiotropic polyphenol (Snyder et al., 2011).

miR122 levels are frequently reduced in HCC compared with
background liver tissues (Hou et al, 2011; Kutay et al, 2006;
Gramantieri et al, 2007; Tsai et al, 2009), and lower miR122
expression levels in HCC tissues are correlated with a poor prog-
nosis (Kojima et al,, 2011). Because mice lacking miR122 in the liver
showed spontaneous inflammation and liver tumors (Hsu et al,
2012; Tsai et al., 2012), miR122 may function as a tumor suppressor.
However, to date no detectable liver toxicity has been reported with
antisense oligonucleotide inhibition of miR122 in mice, primates, or
humans (Lanford et al, 2010; Janssen et al, 2013; Elmén et al,
2008; Kriitzfeldt et al,, 2005). We reported previously that trans-
genic mice expressing an antisense oligonucleotide specific for
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Fig. 2. Apigenin inhibits HCV replication in vitro by modulating miR122 levels. (a) Structure of the HCV replicon reporter. IRES, internal ribosomal entry site; firefly-luc,
firefly luciferase gene; neo, neomycin resistance gene. NS3, NS4, NS5A, NS5B, and HCV are nonstructural proteins. Fusion genes consisting of the firefly luciferase gene and
neomycin resistance gene are referred to as Feo. Huh7-Feo cells harbor an HCV replicon reporter construct (HCV-Feo) and expresses a chimeric protein consisting of firefly
luciferase and neomycin phosphotransferase under the HCV 5’ IRES. (b) Apigenin inhibited replication of the HCV replicon reporter construct. Huh7-Feo cells were treated
with apigenin for 5 days and the luciferase values were determined. Synthesized anti-miR122 oligonucleotides were transfected as a reference. Data represent the means =+ s.
d. of three independent experiments. * p < 0.05. {c) Apigenin inhibits the expression of luciferase protein under the HCV 5" IRES of the reporter construct. Huh7-Feo cells
were treated as described in (b) and luciferase protein was quantified by Western blotting. 293T cell lysates obtained after transient transfection with luciferase-expressing
plasmid or control plasmid were used as controls. Representative results from three independent experiments are shown. (d) and (e) Synthesized miR122 blocks the
inhibitory effects of apigenin on HCV replication. Synthesized mature miR122 and let-7g were transfected into Huh7-Feo cells. (d) Cells were harvested 48 h after
transfection and mature miR122 levels were determined by Northern blotting. U6 levels were used as a loading control. Representative results from three independent
experiments are shown. Synthesized miR122 overexpression blocked the inhibitory effects of apigenin on HCV replication (e) Huh7-Feo cells were treated or not treated with
5 uM apigenin for 5 days. Synthesized miRNAs were transfected 48 h before measurement. Luciferase values for HCV-Feo were determined by reporter assay. Data represent
the means - s.d. of the absolute luciferase values of three independent experiments. * p < 0.05.

miR122 showed no spontaneous pathological features (Kojima et concentration of apigenin theoretically reaches 1.7 uM, assuming
al, 2011). In addition, mice treated with apigenin for 2 weeks one eats 10 g of dried parsley per day. Thus, although it is not
suffered no detectable harmful events in our previous studies impossible to reach a plasma apigenin concentration of 5uM
(Ohno et al, 2013). Therefore, while several miRNAs other than through normal dietary intake, apigenin supplementation may
miR103 and miR122 are affected by apigenin (Ohno et al., 2013), be required to obtain an appropriate dose. However, the apigenin
apigenin treatment in vivo seems to be a safe and convenient concentration in the liver may be higher than the plasma due to
method of reducing the expression levels of a subset of miRNAs. direct blood flow from the intestine, which absorbs nutrients, and
One of the reasons for this is that the effects of apigenin are eating foods rich in apigenin may be sufficient to reach the
relatively mild; it reduces but does not completely abolish target appropriate liver concentration. The concentration of apigenin in
miRNA expression levels. The effects of apigenin as well as its long- liver tissues should thus be determined in future studies.
term safety need to be determined in a small animal model. In HCV therapy, treatment has become more effective with the
The appropriate dose of apigenin in this in vitro study was advent of DAAs (Scheel and Rice, 2013; Manns and von Hahn,
5 uM. The fasting plasma concentration of flavonoids, including 2013). Thus, it is uncertain the extent to which our finding, that

apigenin, is proportional to their intake. Intake of 100 mg flavo- apigenin may inhibit HCV replication, contributes to patient care
noids results in a plasma concentration of ~410 nM (Cao et al, in the DAA era. However, worldwide access to drugs and the
2010). Apigenin is abundant in parsley, celery, and other herbs, implementation of economical therapy are major challenges

according to the USDA Database for the Flavonoid Content of (Scheel and Rice, 2013; Manns and von Hahn, 2013), in addition
Selected Foods (Release 3.1). For example, fresh parsley contains to cases of non-responders and patients with clones resistant to
215.46 mg apigenin per 100 g edible portion, dried parsley con- DAAs. Our findings may provide novel insights into HCV manage-
tains 4303.50 mg, and celery seeds contain 78.65 mg. The plasma ment. The combination of apigenin with other agents, including
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luciferase assay. Data represent the means + s.d. of the absolute luciferase values of three independent experiments. * p < 0.05. ‘

conventional interferon, to eliminate HCV remains important. In
addition, reducing miR122 expression may benefit patients with
high cholesterol levels, because targeting miR122 with antisense
oligonucleotides in vivo, including miravirsen in humans,
decreases elevated cholesterol levels (Janssen et al, 2013). The
effects of taking apigenin or eating foods rich in apigenin are
worth considering.

Materials and methods
Cell culture

Huh7 and 293T cells were obtained from the Japanese Collec-
tion of Research Bioresources (JCRB, Osaka, Japan). Huh7-Feo cells
that harbor an HCV replicon reporter construct (HCV-Feo) were
kindly provided by Yokota et al. (2003). All cells were maintained
in Dulbecco’s modified Eagle's medium supplemented with 10%
fetal bovine serum.

Reagents

Apigenin was purchased from Wako Chemicals (Osaka, Japan)
and was dissolved in dimethyl sulfoxide (DMSO). Apigenin was
added to the cell culture media at a 1:1000 dilution to reach the
final working concentration. An equal volume of DMSO was used
as a negative control.

Antibodies

Anti-luciferase antibody (#PM016) was purchased from MBL
(Nagoya, Japan). Anti--actin antibody (#A5441), anti-flag M2
antibody (#F3165), and anti-TRBP antibody (SAB4200111) were
purchased from Sigma (St. Louis, MO).

Western blotting, transfection, and dual luciferase assays

Western blotting, transfection, and dual luciferase assays were
performed as we previously described (Kojima et al,, 2011).

Quantitative RT-PCR analysis of miRNA expression

To determine miR122 and let-7g expression levels, cDNA was
first synthesized from RNA, and quantitative PCR was then
performed using the Mir-X miRNA First-Strand Synthesis and
SYBR gRT-PCR Kit (Clontech, Mountain View, CA). miRNA precur-
sor expression levels were determined according to a previous
report (Suzuki et al, 2009) using the reported primers. Relative
expression values were calculated by the CT-based calibrated
standard curve method. These calculated values were then nor-
malized to the expression of U6 snRNA. The reverse primer was
provided in the kit.

Plasmids, viral production, and transduction

The firefly luciferase-based reporter carrying miR122-responsive
elements in its 3’-UTR, which was used to examine miR122
function, and the internal control Renilla luciferase-based plasmids
have been described previously (Kojima et al, 2011). A reporter
with mutations in the miR122-responsive elements was con-
structed by inserting annealed oligonucleotides containing mutant
miR122 binding sites downstream of the luciferase gene of pGL4.
The oligonucleotide sequence used was CAA ACA CCA TTG TCA CAG
CAG T. An HCV replicon expressing a chimeric protein consisting of
firefly luciferase and neomycin phosphotransferase under the HCV
5 IRES was used to monitor intracellular HCV replication levels
(Yokota et al, 2003). To construct plasmids expressing wild-type
TRBP or phosphorylation mimic TRBP (TRBP(SD)), flag-tagged TRBP
cDNAs, amplified by PCR using plasmids containing cDNAs provided
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by Paroo et al. (2009) as templates, were cloned into the pLVSIN
vector (Takara, Shiga, Japan) at the Not1 site by a standard infusion
method (Clontech).

Lentiviral production and transduction

Lentiviral particles carrying the flag-tagged TRBP-expressing
constructs were produced using a pPACKH1 lentivector packaging
plasmid mix according to the manufacturers' recommendations
(System Biosciences). Huh7-Feo cells were transduced with lenti-
viruses using polybrene (EMD Millipore, Billerica, MA, USA), and
were then selected with puromycin (6 pg/ml).

Northern blotting of miRNAs

Northern blotting of miRNAs was performed as described
previously (Takata et al., 2013b). Briefly, total RNA was extracted
using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. 10 mg of RNA were resolved in
denaturing 15% polyacrylamide gels containing 7 M urea in 1 x
TBE and then transferred to a Hybond N+ membrane (GE
Healthcare) in 0.25 x TBE. Membranes were UV-crosslinked and
prehybridized in hybridization buffer. Hybridization was per-
formed overnight at 42 °C in ULTRAhyb-Oligo Buffer (Ambion)
containing a biotinylated probe specific for miR122 (CAA ACA CCA
TTG TCA CAC TCC A) that had been heated to 95 °C for 2 min.
Membranes were washed at 42 °C in 2 x SSC containing 0.1% SDS,
and the bound probe was visualized using a BrightStar BioDetect
Kit (Ambion). Blots were stripped by boiling in a solution contain-
ing 0.1% SDS and 5 mM EDTA for 10 min prior to rehybridization
with a U6 probe (CAC GAA TTT GCG TGT CAT CCT T).

Cell counting

Relative cell proliferation was assessed using Cell Counting Kit-
8 (Dojindo Laboratories), as we previously described (Kojima et al.,
2011).

Synthesized miRNAs and transfection

Synthesized anti-miR122 oligonucleotides, mature miRNA122,
and let7g mimics were purchased from Sigma and were transi-
ently transfected at a final concentration of 10 pM using RNAi Max
Reagent according to the manufacturer's instructions (Sigma).

Statistical analysis

When the variances were equal, statistically significant differ-
ences between groups were identified using Student's t-test.
When the variances were unequal, Welch's t-test was used
instead. P values < 0.05 were considered to indicate statistical
significance in in vitro experiments.
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Abstract Hepatocellular carcinoma (HCC) is one of the
most frequent causes of cancer-related death globally.
Above well-known risk factors for HCC development
ranging from various toxins to diseases such as diabetes
mellitus, chronic infection with hepatitis B virus and hepa-
titis C virus (HCV) poses the most serious threat, consti-
tuting the cause in more than 80 % of cases. In addition to
the viral genes intensively investigated, the pathophysio-
logical importance of host genetic factors has also been
greatly and increasingly appreciated. Genome-wide associ-
ation studies (GWAS) comprehensively search the host
genome at the single-nucleotide level, and have successfully
identified the genomic region associated with a whole
variety of diseases. With respect to HCC, there have been
reports from several groups on single nucleotide polymor-
phisms (SNPs) associated with hepatocarcinogenesis,
among which was our GWAS discovering MHC class I
polypeptide-related sequence A (MICA) as a susceptibility
gene for HCV-induced HCC. MICA is a natural killer (NK)
group 2D (NKG2D) ligand, whose interaction with NKG2D
triggers NK cell-mediated cytotoxicity toward the target
cells, and is a key molecule in tumor immune surveillance as
its expression is induced on stressed cells such as trans-
formed tumor cells for the detection by NK cells. In this
review, the latest understanding of the MICA-NKG2D
system in viral HCC, particularly focused on its antitumor
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properties and the involvement of MICA SNPs, is sumima-
rized, followed by a discussion of targets for state-of-the-art
cancer immunotherapy with personalized medicine in view.
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Abbreviations

ADAM A disintegrin and metalloprotease

ATM Ataxia—telangiectasia mutated

CHB Chronic hepatitis B

CHC Chronic hepatitis C

DAPI0 DNAX-activating protein of 10 kDa

GWAS Genome-wide association study

HBV Hepatitis B virus

HBx Hepatitis B virus encoded X protein

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HDAC Histone deacetylase

IEN Interferon

Met Methionine

MIC MHC class I chain

MICA MHC class I polypeptide-related sequence A

MICA-129 Amino acid 129 of MHC class I polypeptide-
related sequence A

miRNA ~ MicroRNA '

mMICA Membrane-bound MHC class I polypeptide-
related sequence A

MMP Matrix metalloproteinase

NKG2D Natural killer group 2D

NKG2DL  Natural killer group 2D ligand

sMICA Soluble MHC class I polypeptide-related

sequence A
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TGF-B Transforming growth factor p

TRAIL Tumor necrosis factor-related apoptosis-
inducing ligand

Introduction

Hepatocellular carcinoma (HCC) is one of the most fre-
quent causes of cancer-related death, with 700,000 indi-
viduals dying annually [1]. Beside a wide variety of well-
known risk factors for HCC development represented by
aflatoxin By, heavy alcohol intake, nonalcoholic fatty liver
disease, diabetes, and hemochromatosis [2], chronic
infection with hepatitis B virus (HBV) and/or hepatitis C
virus (HCV) poses the greatest threat, constituting the
cause in around 80 % of cases [3] and resulting in 250,000
new cases of HCC and an estimated 500,000-600,000
deaths per year [4, 5]. While the pathogenic effects of viral
genes have been investigated intensively [6], the patho-
physiological importance of host genetic factors has also
been greatly and increasingly recognized [7], though the
analyzed genes and genomic regions were limited, as we
previously reported [8]. Recent whole-genome and whole-
exome sequencing analyses in addition to genome-wide
association studies (GWAS) are innovative methods that
comprehensively explore the host genome, and have suc-
cessfully identified the genomic regions associated with
various diseases [9, 10]. With respect to HCC, some groups
performed whole-genome/whole-exome sequencing and
discovered novel alterations of cancer-related genes and
pathways [11], and others found the single nucleotide
polymorphisms (SNPs) responsible in GWAS [12], among
which was our study identifying MHC class I polypeptide-
related sequence A (MICA) as a susceptibility gene for
HCV-induced HCC [13]. MICA is a natural killer (NK)
group 2D (NKG2D) ligand (NKG2DL), directly triggering
NK cell-mediated cytokine release and cytotoxicity toward
the target cells [14], even in the presence of inhibitory
signals under certain conditions [15], via NKG2D, which
also works as a costimulatory receptor in CD8" T cells
[16], and is a key molecule in tumor immune surveillance
as the expression is induced on stressed cells such as
transformed tumor cells for the detection by NK cells [16,
17]. In the Japanese population, we identified a SNP,
1$2596542, in the 5’ flanking region of MICA strongly
associated with HCV-induced HCC in a GWAS and further
demonstrated the association of the SNP with progression
from chronic hepatitis C (CHC) to HCC. The risk allele of
1s2596542 was also found to correlate with lower soluble
MICA (sMICA) protein level in HCV-induced HCC, and
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therefore in the report we discussed the possibility that
individuals who carry the 1s2596542 A allele would
express low levels of membrane-bound MICA (mMICA) in
response to HCV infection, leading to poor or no activation
of immune cells, including NK cells, and would progress
from CHC to HCC. The data suggested the significance of
tumor immune surveillance via MICA in HCC develop-
ment. Here we briefly summarize the knowledge of the
MICA-NKG2D system activating NK cells, which are
highly accumulated in the liver, representing 30-50 % of
all hepatic lymphocytes [18] and increasing to even 90 %
in patients with hepatic malignancy [19], with their anti-
HCC actions impaired in chronic infection with HBV and
HCV, and simultaneously consider effects of MICA vari-
ations such as SNPs in each case. Finally, targets and
modalities of cancer immunotherapy for the prevention of
HCC exploiting NK cells via MICA will be discussed with
personalized medicine in view.

The MICA-NKG2D system and NK cell activation

NK cells are major effector lymphocytes known to act as
initial defense against viral infection and malignant trans-
formation [20]. Activated NK cells directly eliminate the
target cells through several mechanisms, such as releasing
perforin and granzyme, causing apoptosis by caspase-
dependent and caspase-independent pathways, death-
receptor-mediated apoptosis via Fas ligand or tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL),
secreting effector molecules including interferon (IFN)-y
and antibody-dependent cellular cytotoxicity through
CD16, concomitantly exerting indirect immune effects
including IFN-y-driven induction of cytotoxic T lympho-
cytes from CD8" T cells and differentiation of CD4™ T
cells to a Ty1 response, regulation of antibody production
by B cells, and provision of tumor antigen for and regu-
latory activation of dendritic cells [21, 22]. For the selec-
tive reactivity, NK cell activation is licensed by MHC
class I ligand through self-recognizing inhibitory receptors
[23] and controlled by activating receptors comprising four
main families of molecules, including NKG2D, the greatest
one in natural killing [24], and a family of inhibitory
receptors via engagement of the corresponding ligands,
whose list keeps growing with newly identified members
[25]. MICA is one of the MHC class I chain (MIC)-related
genes composing the MIC family in NKG2DL molecules
[26], whose expression is absent in general on the surface
of healthy cells but is augmented by cellular stresses
including viral infection and malignant transformation
[27], reportedly through pathways and factors encompass-
ing ataxia-telangiectasia mutated (ATM) or ATM- and
Rad3-related signaling, transcription factors Spl and Sp3,
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heat shock factor 1, and E2F family transcription factors,
while being affected also by epigenetic regulation [28].
After they have subsequently gone through posttranscrip-
tional steps typified by microRNA (miRNA)- and protea-
some-mediated processing, the ligand proteins are finally
presented on the membrane surface. Once MICA is engaged
by NKG2D on NK cells, DNAX-activating protein of
10 kDa (DAPI10) becomes phosphorylated, accompanied
by the recruitment of phosphatidylinositol 3-kinase (PI3K)
or a growth factor-receptor-bound protein 2 (GRB2)-Vabl
complex for full NK activation [29], thus displaying a
critical role of MICA in NK cell-mediated immunity.

MICA is a transmembrane protein consisting of three
extracellular domains [17], and is reported to produce
sMICA through alternative splicing, proteolytic shedding,
or exosome secretion [30, 31]. Sheddases of MICA have
been well investigated, in particular, and matrix metallo-
proteases [32, 33] and a disintegrin and metalloprotease
(ADAM) proteases were shown to shed MICA [30, 34-36].
Shedding is expected to decrease the amount of cell surface
MICA [37], and sMICA downregulates NKG2D as exem-
plified by facilitated endocytosis and degradation of
NKG2D on tumor-infiltrating T cells [31], resulting in
decreased NK cell cytotoxicity as suggested in many
studies. In cancer patients, elevated serum level of sSMICA
was detected [14, 37], and sSMICA-containing serum from
pancreatic carcinoma patients inhibited NK cell and &y T
cell-mediated cytotoxicity, which was rescued by neutral-
ization of sSMICA [38]. The data endorsed the notion that
MICA shedding and sMICA production operate as a
mechanism of tumor cells escaping NKG2D-mediated
immune surveillance.

From a genetic perspective, the highly polymorphic
feature of MICA [39] is of interest because MICA was
demonstrated to participate in well-known immune dis-
eases such as rheumatoid arthritis [40], Behget’s disease
[41], type I diabetes [42], and celiac disease [43], adding to
other disorders, including liver fibrosis in schistosomiasis
[44], with which MICA polymorphism was associated. For
instance, among MICA variants such as those with a var-
iable number of tandem repeats constituted of four, five,
six, seven, eight, nine, or ten repeats of GCT as A4, AS,
A6, A7, A8, A9, and A10, respectively, a well-recognized
transmembrane polymorphism MICA-AS.1, which causes
a frameshift mutation for a premature stop codon, leading
to a truncated MICA protein without a cytoplasmic tail [41,
451, is noteworthy. In HCC patients compared with healthy
controls, MICA-AS5.1 polymorphism was increased, and
the individuals with the polymorphism had increased
SMICA levels [46]. The shorter MICA protein encoded by
MICA-AS5.1 was discussed to be easily detached from the
carcinoma cell membrane, and indeed correlation of
MICA-A5.1 with higher SMICA levels in other types of
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cancer or inflammatory diseases has been reported [47, 48].
SNPs in the MICA gene were also found to be associated
with susceptibility to chronic inflammatory diseases,
among which rs1051792 is well studied and corresponds to
a methionine (Met)/valine (Val) polymorphism at amino
acid 129 of MICA (MICA-129), with the Met allele
(MICA-129Met) as a strong binder to NKG2D [49]. The
SNP was reportedly implicated in several major disorders,
exemplified by inflammatory bowel disease [50], type 1
diabetes [51], and chronic graft-versus-host disease [52],
beside other MICA SNPs involved in rheumatoid arthritis
[53] and HCV-induced HCC in our GWAS [13], under-
scoring the immunopathological impact of genetic variance
even on carcinogenesis.

Virus-induced HCC

HCYV is reported to chronically infect 130 million to 170
million people globally [54], and accounts for 60 % of
HCC’s causative agents in the USA, Europe, Egypt, and
Japan [3]. About half of the people chronically infected
with HCV develop chronic liver disease (CLD), with
5-20 % progressing to cirrhosis within 5-20 years, 1-2 %
of which develop HCC each year [55]. The complex
pathogenic effects of persistent HCV replication as a risk
factor for HCC [56] have been ascribed to the activation of
cellular oncogenes and/or the inactivation of tumor sup-
pressor genes [57] and derangement of multiple signaling
pathways [58-60], exemplified by the core protein and
nonstructural proteins NS3 and NSS5A [6]. Also, during the
progression from the CLD through fibrosis to cirrhosis,
accompanied inflammation, oxidative stress, localized
hypoxia, epithelial-to-mesenchymal transition, and angio-
genesis are all eventually contributory to HCCs [3], the
vast majority of which develop in a cirrhotic liver [61].
Furthermore, miRNAs were recently exhibited to play
carcinogenic roles [62] in HCV-induced HCC, interfering
with multiple target genes and pathways associated with
cancer [63]. Beside these factors, alteration of immunity
well illustrated by the reduced tumor surveillance function
of NK cells in addition to a weakened impact of CD8" T
cells is crucially involved in HCC development [64]. In
chronic HCV infection, suppression of NK cell activation
due to impaired interleukin (IL)-15 production [65] and
decreased expression of activation-associated receptors
[66] was observed, and especially intrahepatic NK cells
demonstrated reduced cytotoxicity and TRAIL expression
[67]. In cirrhosis, decreased NK cell function was sug-
gested to be a possible factor related to HCC development
[68], in keeping with regulatory effects of NK cells on
intrahepatic fibrosis via their cytotoxicity toward hepatic
stellate cells indicated in CHC [69]. In patients with HCC,
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Table 1 Association of rs2596542 with hepatitis B virus (HBV)- or hepatitis C virus (HCV)-induced hepatocellular carcinoma (HCC)

Risk allele Control Patient background OR P Reference

A HCYV negative HCV, Japanese 1.39 421 x 10713 Kumar et al. [13]
A CHC HCV, Japanese 1.36 3.13 x 1078 Kumar et al. [13]
G* No HCC HCV, European Lange et al. [81]
G Healthy HBV, Japanese 1.19 0.029 Kumar et al. [94]
A Non-HCC HBYV, Vietnamese 1.5 0.01 Tong et al. [95]
A LC HBYV, Vietnamese 1.6 0.009 Tong et al. [95]

CHC chronic hepatitis C, LC liver cirrhosis, OR odds ratio

# Susceptibility genotypes are indicated in the original study by Lange et al. [81].

tumors progress despite the presence of NK cell response
[70], suggesting immunosuppressive mechanisms encom-
passing immunosuppressive cytokines, regulatory T cells,
and myeloid-derived suppressor cells [64], which were
found to suppress the cytokine production as well as the
cytotoxic capacity of NK cells [71]. Furthermore, the levels
of highly cytotoxic NK subsets of CD56%™ were dramat-
ically reduced peripherally and in tumor regions, and these
subsets exhibited reduced levels of IFN-y production and
cytotoxicity [72]. Dysregulation of the NKG2D system
was observed to be responsible for diminished tumor-
specific NK cell responses. For instance, NKG2D was
downmodulated on NK cells via transforming growth
factor B (TGF-B)-induced by IL-10, which was produced
from monocytes stimulated by NS5A [73]. Moreover,
NKG2DLs were also targeted by tumors for their evading
NKG2D-mediated anticancer immunity in HCC [74], and
in particular proper expression and function of MICA
have been found to be perturbed. Cell surface MICA
expression was downregulated by NS3/N4A in HCV-
infected cells [75], and NS2 and NS5B were responsible
for an HCV-associated decrease in MICA expression [76].
On the other hand, the levels of SMICA were elevated in
patients with advanced HCC, associated with impaired
activation of NK cells [77]. ADAMY was subsequently
shown to be responsible for the shedding of MICA [34]
with another critical sheddase, ADAMI10 [35], both of
which were overexpressed in HCC, decreasing its NK cell
sensitivity via sMICA production.

Genetic variance of MICA was shown to affect HCC
development. The amount of MICA-A5.1 polymorphism,
giving rise to a truncated protein, was increased in HCC
patients, with higher serum levels of SMICA [46], and the
MICA-A4 frequency was increased in end-stage liver dis-
ease and HCC [78], in agreement with the same trend as in
our GWAS though not statistically significant [13]. We
also identified the SNP rs2596542 (Table 1) in the 5
flanking region of MICA strongly associated with HCV-
induced HCC in the GWAS and sMICA levels, and sug-
gested the 152596542 A allele would express low levels of
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mMICA in response to HCV infection [13]. A subsequent
study investigated the effects of rs2596542 and candidate
SNPs, showing strong linkage disequilibrium with it, on the
binding of nuclear proteins to the genomic segment
including rs2596542. The analyses led to the discovery of
rs2596538 located 2.8 kb upstream of the MICA gene,
showing the binding to transcription factor Spl at its pro-
tective G allele, which was also associated with higher
sMICA level among 246 HCV-induced HCC patients, and
the direct influence of a SNP on MICA transcription [79].
The data support the pathophysiological effects of SNPs on
gene regulation and provide backing for the notion that
MICA genetic variation could be a prognostic biomarker
for CHC patients though the effects of specific genetic
traits in susceptibility to HCC may vary from one popu-
lation to another [80] as was seen in the protective impact
of the 152596542 A allele on HCC development in the
European population [81], whereas the SNP was not cor-
related with HCC recurrence after hepatectomy [82].
Around two billion people are infected with HBV, and
more than 350 million worldwide have become long-term
carriers, with 60 % of HCC being associated with HBV in
Africa and Asia [3]. Whereas chronic HBV infection and
the consequential liver injury are, as was the case with
HCV-induced HCC, acknowledged risk factors for HCC
development [56], which is reportedly due to the pertur-
bation of signaling pathways and genes prominently by
HBV-encoded X protein (HBx) [83] and integration of the
viral DNA sequences into the human genome, again dis-
ruption of tumor immune surveillance was conspicuous in
NK cell hypofunction. In chronic hepatitis B (CHB)
patients, lower activity of NK cells was observed [66, 84],
and the capacity of IFN-y production by NK cells was
impaired [85]. Murine chronic HBsAg carriers also
exhibited decreased number, declined activation, and
attenuated cytotoxicity of hepatic NK cells [86], whose
cytotoxicity was also reported to control hepatic stellate
cells in HBV-related liver disease [87]. Reduced level of
NKG2D/DAP10 was correlated with high levels of TGF-
By, a well-studied downregulator of NKG2D, in HBV-
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infected patients in the immunotolerant phase [88],
increasing the risk of HCC. NKG2DLs were also down-
regulated by TGF-f [89], and more specifically, HBV-
mediated disruption of MICA as an NKG2DL has been
found. In HepG2.2.15 cells, the expression of mMICA was
strongly diminished [90], and RNA interference-mediated
inhibition of HBV induced MICA upregulation, conferring
the cells with more susceptibility to lysis by NK cells [91].
In HBsAg-overexpressing HCC cells, suppression of the
MICA expression via induction of miRNAs targeting the
3" untranslated region of MICA bringing about reduced
sensitivity to NK cells was identified [92], in accordance
with a report of the significant role of miRNAs in MICA
expression regulation [93]. On the other hand, we also
reported higher sSMICA level to be associated with poorer
prognosis and vascular invasion in HCC patients infected
with HBV, showing a significantly shorter survival [94],
concurrent with an increase of sMICA levels in HBV-
infected patients [95] and correlation of a high sMICA
level with tumor size, poor prognosis, and low NKG2D
expression on CD56" NK cells among patients with
advanced HCC [96]. Intriguingly, HBx was associated
with an enhanced expression of membrane type 1 matrix
metalloproteinase (MMP), MMP2, and MMP3 [97-99]
and was identified to both transactivate MMP9 and sup-
press tissue inhibitor of metalloproteinase (TIMP) 1 and
TIMP 3 [100, 101], presumably promoting shedding of
mMICA.

A number of studies demonstrated substantial effects of
MICA polymorphisms in HBV infection over the course of
HCC development. Among MICA microsatellite variants,
the genotype A6/A9 was contributory to an increased risk
of HCC compared with liver cirrhosis, and genotype A5/
A6 was observed more frequently in HCC than in CHB,
though the allele A5.1 did not turn out to be related to HBV
infection and the induced HCC in a Vietnamese population
[95], inferring crucial roles of MICA variances. The group
also demonstrated the risk of HBV-induced HCC was
increased by the allele MICA-129Met, a strong binder to
NKG2D [49], similarly to a polymorphism, MICA*015,
with high binding affinity for NKG2D associated with
HBYV persistence [102], and suggested the strong binding
could have effects similar to those of elevated sMICA
levels and reduced NKG2D expression. As for the SNP
12596542 (Table 1), we also demonstrated the G allele,
the protective allele expressing a higher level of mMICA in
HCV-induced HCC in a previous study [13], to increase the
risk of HCC in HBYV infection, associated with elevated
SMICA levels in Japanese patients [94]. It was speculated
that the HBx-driven increase in expression of MMPs
leading to both sMICA level elevation and mMICA level
reduction could explain the HBV-infection-characteristic
response of the SNP. In a Vietnamese cohort, the A allele
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of 152596542 was associated with increased progression
from cirrhosis to HCC in HBV infection but not from CHB
to cirrhosis or from other early stages of HBV infection, at
least indicating the significance of the SNP in the liver
disease progression irrespective of viral factors [95].
Another study investigating rs2596542 in HBV infection
was conducted in Han Chinese and did not find significant
differences of the allele frequency between CHB and HCC
patients, although the haplotype of the 152596542 G allele
with the A allele of rs9275572, a reported risk allele in
HCV-induced HCC {13], exhibited a protective effect on
the occurrence of HBV-induced HCC, which indicated that
the 152596542 G allele strengthened the protective impact
of the rs9275572 A allele [103]. In a Saudi Arabian pop-
ulation, whereas the C allele of rs2596542 was more fre-
quently distributed in HBV-infected patients than in
healthy controls, the T allele frequency was increased in
patients categorized as being active carriers, as having
cirrhosis, or as having cirrhosis-induced HCC in compari-
son with inactive carriers,owing to which the SNP’s dis-
ease-determining activity and the existence of additional
factors for disease progression in HBV infection [104]. All
these results again depict various impacts of specific
genetic traits in susceptibility for HCC among diverse
populations [80], with the possibility that a locus could
exert opposite effects in different ethnic groups owing to
distinct genetic backgrounds and environmental pressures
[103]. Especially, different mechanisms of HCC develop-
ment presumed to operate over the course of HBV infec-
tion from those in HCV infection are well perceived as
observed in the cases of rs2596542 and rs9275572 above,
which further complicates the genetic understanding of
virally induced HCC. Although a coherent explanation for
the roles of rs2596542 and related SNPs in MICA neces-
sitates further studies in diverse populations at larger scales
and functional analyses, the critical involvement of MICA
SNP(s) in HBV-mediated liver diseases leading to HCC
has thus been increasingly recognized.

HCC immunotherapy

For the prevention of HCC occurrence in HBV and HCV
infections, the essential option is antiviral treatment [105],
which constitutes administration of antiviral drugs against
HBYV infection [106], with maintained viral response by a
nucleoside/nucleotide analog reducing the risk of HCC
even in cirrhotic patients [107], and against HCV infection
[108], with a lower rate of HCC in patients achieving a
sustained virologic response (SVR) even in the presence of
cirrhosis [109]. Still, the anti-HCC efficacy of viral repli-
cation inhibition is limited in HBV infection for several
reasons such as drug resistance [110] and covalently closed
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circular DNA in the nucleus, a persistent source of recur-
rence [111], and unfortunately HCC does emerge as was
observed in a Greek study reporting no effect of complete
viral suppression on the HCC incidence in patients with
cirrhosis [112]. Likewise, HCV is well known to acquire
resistance to antivirals owing to the high error rate of
replication [113], and also multiple cases of HCC devel-
opment in treatment responders even after they had
achieved a SVR were documented [114]. Generally, such
latency of HCC development has led to its diagnosis at an
advanced stage, where sorafenib is the only agent approved
for HCC treatment, but has limited efficacy [115], therefore
requiring novel and better efficacious HCC therapies.
Remarkably, cancer immunotherapy was selected by Sci-
ence as the breakthrough of the year in 2013 thanks to its
entirely new way of treating cancer via the immune system
rather than targeting the tumor itself and successful results
across tumor types [116]. Hence, in addition to classic
immunological strategies against carcinogenic = viruses
represented by vaccination against HBV [117] and IFN-a
treatment in HBV infection [118] or HCV infection [119],
boosting antitumor immune cells for HCC treatment irre-
spective of viral factors is of an increasing interest. A
variety of immune-based strategies involving cytokines,
cell-mediated vaccines, monoclonal antibodies, and
immune adjuvants have been in trials in HCC [120]. Liver
NK cells from a deceased donor liver can be used advan-
tageously for the treatment of liver transplantation because
of HCC [121]. The MICA-NKG2D system is also a pre-
ferred target of immunotherapeutic intervention [122]. For
example, IL-12 found to improve NK cell cytotoxicity
through upregulation of NKG2D expression [123] and
inhibited liver carcinogenesis in animal models [124, 125].
In turn, induction of MICA expression is another alterna-
tive for stimulation of NK cell activity. Histone deacetylase
(HDAC) inhibitors were demonstrated to enhance the
expression of NKG2DLs on cancer cells, promoting
NKG2D-mediated cytolysis [126]. Valproic acid, a well-
known antiepileptic drug with HDAC inhibitory activity,
increased MICA transcription in and NK-mediated lysis of
HCC cells [127]. Additional HDAC inhibitors such as
panobinostat, belinostat, and resminostat in the presence or
absence of sorafenib have been tested in phase I/II studies
in advanced HCC [128]. Furthermore, bortezomib, an
anticancer agent with proteasome-inhibitory activity, was
identified to elevate mMICA expression in hepatoma cells
at low doses, resulting in the stimulation of cytotoxicity
and TFN-y production of co-cultured NK cells in a tumor-
specific manner [129]. The effects of the drug with pref-
erable tumor selectivity in NK cell activation on HCC have
started to be evaluated in clinical trials [130].

Although we have focused our attention here on antitu-
mor properties of the MICA-NKG2D system, pathogenic
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aspects of the NKG2D-driven immune responses [131] also
need to be considered, especially in therapeutic upmodula-
tion of NK cell cytotoxic activity, as NK cells were also
found to contribute to liver injury during chronic hepatitis
viral infection [132], in concordance with a report that the
pathogenesis of HCC is mediated by immunity [133],
leading to inflammation and regeneration. In chronic HBV
infection, liver injury was correlated with hypercytolytic NK
cells in immune-activated patients [134], and liver damage
was due to activated and TRAIL-expressing NK cells
lacking target specificity during hepatic flares in e antigen
CHB patients [135]. In CHC, polarization of NK cells
toward cytotoxicity was suggested to contribute to liver
injury [136], and activated NK cells were also identified to
cause aberrant DNA methylation via reactive oxygen spe-
cies production in patients and a mouse model of chronic
HBV or HCV infection [137]. Specifically, NKG2DLs were
responsible for NK cell-mediated hepatocyte injury via
NKG2D recognition on a background of HBV [138]. Indeed,
upregulation of MICA protein level followed by hepatic NK
cell activation and hepatocellular damage was detected in
nonalcoholic steatohepatitis patients [139], progressing to
HCC [140]. Hence, for safe management of the MICA—
NKG2D signaling, it is indispensable to avert adverse and
immunopathological side effects, including autoimmune
reactions. Moreover, tumor selectivity of immunomodula-
tory drugs enhancing MICA expression is of great benefit as
well; these drugs include bortezomib, which increases
mMICA expression in hepatoma cells but not in nonma-
lignant primary human hepatocytes [129]. From a virolog-
ical perspective, different pathophysiological effects
between HBV and HCV on MICA expression and modifi-
cation are to be taken into consideration as mentioned for the
HBV-characteristic enhancement of sMICA production
[94]. Additionally, the status of SMICA production should
be examined in MICA expression-targeted therapy to
guarantee mMICA expression, otherwise functionally
dominant negative effects of SMICA on NKG2D [37] could
be exacerbated by the treatment. Accordingly, MICA
sheddases were presented as interventional targets, and in
HCC the chemotherapeutic agents sorafenib and epirubicin
were discovered to possess inhibitory activities against
ADAMY [34] and ADAMI0 [35], respectively. Further
insights into the immunological roles of sMICA in HCC
development are evidently needed for the development of
better therapeutic schemes.

As reviewed in previous sections, all these immuno-
pathological processes discussed could be potentially
affected by MICA wvariations such as SNPs, causally
influencing therapeutic directions together with other fac-
tors. For instance, in those CHC patients with the
182596542 A allele failing to induce MICA expression in
response to HCV [13], drugs to increase MICA expression
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Fig. 1 Current molecular genetic understanding of the MHC class I
polypeptide-related sequence A (MICA)-natural killer group 2D
(NKG2D) signaling in viral hepatocellular carcinoma. Briefly, the
expression of MICA is initiated by stress-induced transcription of the
messenger RNA (mRNA), being subsequently regulated by microR-
NAs (miRNA) and translated into the protein. This is followed by its
presentation on the cell surface while the protein is under the control
of proteasome-dependent degradation. Membrane-bound MICA
(mMICA) is engaged by NKG2D on natural killer (NK) cells, which
is disturbed by soluble MICA (sMICA) generated by sheddases, and
their activation is triggered through phosphatidylinositol 3-kinase
(PI3K)/growth factor receptor-bound protein 2 (GRB2) mediators.
Consequently, those NK cells exert cytotoxic effects via perforin/
granzyme secretion and death receptor signaling, and release

may be of benefit, though additional factors, including
ethnic background, should have an influence [81], whereas
MICA sheddase inhibition could be rather effective in
HBV-induced HCC patients with the 1s2596542 G allele
exhibiting converse impacts of the SNP on carcinogenesis
[94]. In another ethnic group where the rs2596542 A allele
is associated with HBV-induced HCC, administration of
both MICA expression inducers and sheddase inhibitors
would appear to be reasonable [95]. These examples are
based on the current understanding of the SNP’s genetic
involvement in MICA transcription [79], and better specific
pharmacological regulation of MICA expression at the
messenger RNA level could be realized if further detailed
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inflammatory cytokines such as interferon-y, which brings about
antiviral effects and further immune responses against infection and
cancer. On the other hand, viruses are known to counteract the
anticarcinogenic action of the MICA-NKG2D system by targeting
MICA biogenesis. Hepatitis C virus (HCV) reportedly disrupts the
expression of MICA protein, and hepatitis B virus (HBV) deters
MICA mRNA transcription and upmodulated miRNAs to that, and
promotes sheddases. The important single nucleotide polymor-
phisms (SNPs) and other polymorphisms in the MICA gene discussed
in this review are graphically highlighted: / rs2596542 upstream of
the MICA transcription start site, 2 the polymorphisms with a variable
number of tandem repeats, and 3 MICA-129Met. DAPI/0 DNAX-
activating protein of 10 kDa

mechanistic analyses of the transcriptional elements and
modes of SNP involvement were conducted [141]. Addi-
tionally, biological effects of MICA SNPs correlated with
HCC, and their functional association with other SNPs
represented by MICA sheddases would provide useful
guidance for prescription as individuals with unique com-
binations of SNPs are assumed to possess unique properties
of MICA biogenesis [142]. On the other hand, rs2596542
and related MICA SNPs were proposed to be possible
prognostic biomarkers owing to their strong association
with HCC as shown in HBV infection [94] and CHC [79],
as well as SMICA [96]. Further investigation is needed to
distinguish the stage of CHC progress the rs2596542 A
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allele affects, and multiple genetic variants would be more
useful than a single SNP especially for HCC risk prediction
[143, 144]. Expectedly, SNPs constitute a part of the
determinants for personalized immunochemotherapy for
HCC [145], with causes, disease stages, ethnicities, and
drug properties adding to other risk factors synchronously
in the calculation as discussed herein.

Conclusion

In recent years, the therapeutic development of safe and
effective antiviral drugs suppressing replication of HBV or
HCV was substantially fostered [146], eventually leaving
the issue of HCC development in the aftermath of viral
activities. For patients in need of regular HCC surveillance
irrespective of favorable responses to antiviral therapies
achieving an undetectable level of viral replication [111,
147] as well as those with HCC, immunotherapeutic
intervention through NKG2D signaling might become an
attractive option, as argued herein [25, 115]. Notably, the
genetic identification of MICA in HCV-induced HCC by
the GWAS has resulted in more attention being drawn to
the roles of the MICA-NKG2D system and NKG2D-
expressing immune cells such as NK cells in virus-induced
HCC (Fig. 1). The information on MICA SNPs not only
reveals to us the novel immunobiological properties of the
ligand in the MICA-NKG2D system, but also gives us a
balanced direction for immunomodulatory modalities [148]
together with other factors showing prognostic values in
each case, resulting in our coming a step closer to per-
sonalized immunotherapy.
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Abstract

Objectives

Mutations in hepatitis B virus (HBV) X region (HBXx) play important roles in hepatocarcino-
genesis while the results remain controversial. We sought to clarify potential hepatocellular
carcinoma (HCC)-characteristic mutations in HBx from HBV genotype C-infected patients
and the distribution of those mutations in different disease phases and genotypes.

Methods

HBx sequences downloaded from an online global HBV database were screened and then
classified into Non-HCC or HCC group by diagnosis information. Patients' data of patient
age, gender, country or area, and viral genotype were also extracted. Logistic regression
was performed to evaluate the effects of mutations on HCC risk.

Results

1) Full length HBx sequences (HCC: 161; Non-HCC: 954) originated from 1115 human sera
across 29 countries/areas were extracted from the downloaded 5956 HBx sequences. Ge-
notype C occupied 40.6% of Non-HCC (387/954) and 89.4% of HCC (144/161). 2) Sixteen
nucleotide positions showed significantly different distributions between genotype C HCC
and Non-HCC groups. 3) Logistic regression showed that mutations A1383C (OR: 2.32,
95% Cl: 1.34-4.01), R1479C/T (OR: 1.96, 95% Cl: 1.05-3.64; OR: 5.15, 95% Cl: 2.53-
10.48), C1485T (OR: 2.40, 95% ClI: 1.41-4.08), C1631T (OR: 4.09, 95% Cl: 1.41-11.85),
C1653T (OR: 2.58, 95% Cl: 1.58-4.19), G1719T (OR: 2.11, 95% CI: 1.19-3.73), and
T1800C (OR: 23.59, 95% Cl: 2.25-247.65) were independent risk factors for genotype C
HBV-related HCC, presenting different trends among individual disease phases. 4) Several
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