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did nor secrete any HCV core protein during the
observation period. We also determined the HCV
RNA levels and infectivity in the culture medium at 4,
8, and 12 weeks after-tansfection - (Fig- 1C,D)-The
three clones with adaptive mutatons (R2198H,
R22101, and R2895K) had higher HCV RNA levels
and infectivity than the other clones at 4 weeks after
transfection, and their levels increased at 8 and 12
weeks after transfection. The other three clones
(124961, R2895G, and T2496] + R2896K) had lower
levels of HCV RNA and infectivity at 4 weeks after
transfection, but from 8 weeks after transfection their
levels were similar to the levels of the former three
clones. To analyze the mechanism of this discrepancy,
we determined the sequences of culture medium of six
$310 clones 82 days after transfection (D82) (Table 1).
Interestingly, two clones (522101 and R2895K) that

started to secrete infectious virus at carlier timepoints

did not have amino acid murtations.

started to secrete infectious virus at carlier timepoints; -
although the virus genome had murations in the E2 and

NS3 regions (’lable 1). These mutations may,be neces-

sary to produce infectious virus in this clone, but we

found different mutations in the R2198H virus in an
independent repeated experiment (data not show.
The virus genomes of the three other clones (T24961

tions in the E2, NS3, NS4B, NS5a, or NSSB remohs
(Table 1).

To examine whether the replicating virus in the trans-

fected cells could spread
passaged transfected
anti-core monoclonal i)
greater number of positive cells in three of the clones
(R2198H, R2210], and R2895K), even at 4 weeks after
transfection, compared to the others, and the numbers
of positive cells increased at 8 and 12 wecks after trans-
fection. On the other hand, the other three clones
(T24961, R2895G, and T2496] + R2896K) began to
get more infected at a later timepoint (8 weeks after
transfection), and they showed similar numbers of posi-
tive cells ar 12 weeks after transfection.

Viral protein expression in the $310-transfected cells
was detected by western blotting (Fig. 1F). The core
protein expression levels were similar in S310 RNA-
transfected cells as compared with JFH-1 and J6/
JFH1. However, E2 and NS3 protein expression levels
were lower than for JFH-1 and J6/JFH1, probably due
to the lower affinity of these antibodies to genotype 3a
virus. We failed to detect any other NS proteins with
the available antibodies. Interestingly, lower E2 protein
expression levels were found in lanes 1, 3, and 6 than

KIM ET AL. 5

Table 1. Sequence Analysis and Neutralization With AP33
Antibody of Culture Medium of 82 Days After Transfection

$310 Clone Amino Acld Mutations Regions AP33 IC5 (1g/ml)
R2198H “TA16A E2 0.0514
H579R E2
AL071V NS3
K1412Q NS3
H1967N NS48
$22101 ND - 0.0472
124961 14168 E2 0.0642
ALOTLY NS3
D1281N NS3
V17561 NS4B
R2895K NS58
R2895K ND - 0.0747
R2895G 11817V NS4B 0.0615
G2895A NS5B
729998 NS58
T24961 + R2985K T416N E2 0.0413
G2326A NS5A
S2357L NS5A
C2429R NS5A

-~ ND, not detected.

the othér lines, although there were no such differ-
ces in core protein expression levels. By the sequenc-

ing analysts of the virus genome, R2198H, T2496],
_and T24961 + R2895K, which had the weaker E2 sig-
R2895G, and T24961 + R2896K) had scveral muta-

“nals in Westem blomng, each bad a nonsynonymous
substitution at amino acid position 416 (R2198H; T

to A, T2496; T to S, T24961+R2895G; T to N,

‘respectlvely) Thxs position is located in the epitope of

he other three clones
5G) did not have muta-
“herefore, it appeared that the
E2 mutations mxght disturb antibody binding to E2
protein. To confirm whether neutralization of AP33
was affected by T416 mutations, we determined the
50% inhibitory concentrations (ICsy) of AP33 neutral-
ization for each mutant virus clone. However, all
clones had similar ICsq values (Table 1). Thus, muta-
tions in the anti-E2 antibody epitope region influenced
the results of the western blotting assay but not the
neutralization assay.

To examine the viral replication and production lev-
els at the late stage of the long-term culture, the HCV
core protein levels, RNA levels, and infectivity of the
cell culture medium collected 82 days after transfec-
tion were determined (Table 2).{TBL2} HCV core
protein levels, RNA levels, and infectivity of the six
S310 clones were at approximately one-tenth of the
levels of the JFH-1 wild-type virus. However, these
levels of infectivity (~1,000-6,000 ffu/mL) might be
sufficient to maintain secreted S310 virus production
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Table 2. Quantification of HCV Core Protein Level, RNA
Level, and Infectivity of Culture Medium of 82 Days After

Transfection

Mutations Core {fmol/L) RNA {copy/ml) Infectivity (ffu/ml)
R2198H 2,652 1.80E+07 1,000
$2210! 3,334 8.80E+07 4,167
1249861 3,496 433 E+07 2,708
R2895K 4,716 7.83 E+07 6,042
R2895G 1,763 4,11 E+07 417
T24961+R2895K 2,728 6.26 E+07 1,806
JFH-1 20,932 3.34 E+08 34,722
J6/JFH1 83,388 2.08 E+08 72,917

and replication, since S310 clones could continuously
produce the infectious virus in long-term culture
(Fig. 1).

Characterization of Cell Culture-Adapted S$310
Virus, To characterize the secreted infectious viral
particles, we analyzed the culture medium of four
S310 clones (R2198H, S2210I, R2895K, and
T2496I+ R2895K) by sucrose density gradient cen-
trifugation. HCV particles produced in cell culture
with the S310 clones showed major peaks of HCV
core protein, RNA, and infectivity at 1.15 mg/mL

F2 (Fig. 2). JFH-1 also exhibited similar profiles c‘)f;HCV .
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core proteins and RNA, but the peak infectivity titers
were usually located in a lighter fraction.'®*® The
locations of the peak infectivity titers of S310 clones
were different from JFH-1.

S310 viruses (D82), JFH-1 wild-type virus, and J6/
JFH1 virus were inoculated into Huh7.5.1 cells at a
multiplicity of infection (MOI) of 0.3. To determine
whether the cells were successfully infected, we deter-
mined and compared the intracellular and extracellular
core protein levels of S310 viruses with JFH-1 and J6/
JFH1 virus at 24, 48, and 72 hours after infection.
Both the intracellular and extracellular core protein
levels of all S310 viruses were similar to the levels of
JFH-1 wild-type virus, but lower than the levels of J6/
JFH1 chimeric virus (Fig. 3A,B). We also evaluated
HCV RNA levels and obtained similar results with
HCV core protein levels (data not shown).

~ Next, we determined the neutralization of the infec-
tion of these viruses by using anti-CD81 antibody
(JS81). Anti-CD81 antibody treatment inhibited the
infection of Huh7.5.1 cells by ~99% as compared to
control IgG (Fig. 3C,D). $310 virus infection was also
inhibited by AP33 anti-E2 antibody (Table 1). It is
thus suggested that the S310 viruses utilize similar
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Fig. 2. Sucrose density gradient analysis of the culture medium at 8 weeks after transfection. (A) R2198H, (B) $2210l, (C) R2895K, (D)
T24961+R2895K. Culture medium was overlaid on the stepwise sucrose density gradient (0%, 10%, 20%, 30%, 40%, 50%, and 60% sucrose)
and centrifuged for 18 hours at 35,0008 at 4°C. A total of 18 fractions were collected from the bottom of the tubes, and density, HCV core pro-

tein level, HCV RNA level, and infectivity in each fraction were determined.
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Fig. 3. Comparative analysis with the S310 viruses, JFH-1 and J6/JFH1. (A), (B) Huh7.5.1 cells were infected with the S310 viruses, JFH-1
and J6/JFH1, at an MOI of 0.3. HCV core protein levels in the cell lysate (A) and culture medium (B) were measured at 24, 48, and 72 hours
after infection. (C,D) Infection with the adapted $310, JFH-1, and J6/JFH1 virus particles was inhibited by adding ant-CD81 antibody. IgG: nor-
mal human immunoglobulin G, anti-CD81: monoclonal anti-CD81 anubody All assays were performed in triplicate, and data are presented as

means = standard deviation.

infection pathways as JFH-1 and ]6/]FH1 chimie
virus, at least with respe

in the S310-infected cells was performed with confocal
microscopy. We synthesized RNA of three S310 clones
(R2198H, S2210I, and R2895K), S310/JFH1 chi-
mera, and JFH-1 and transfected the synthesized RNA
into Huh7.5.1 cells. The cells were passaged every 3-5
days, and passaged cells were seeded onto a slide glass.
We used BODIPY, a marker for LDs. S310-derived
core proteins showed punctate patterns instead of ring-
like patterns and were mainly found in the cytoplasm
(Fig. 4A). S310-derived core proteins were not located
around the LDs. By contrast, in the JFH-1 virus-
infected cells, core proteins colocalized with LDs and
exhibited ring-like patterns corresponding to the surfa-
ces of LDs, as previously reported (Fig. 4A).*” To con-
firm the intracellular localizations of HCV core
protein and LDs, we magnified a partial area of each
image and displayed the intensity of both fluorescences
(Fig. 4B). We sclected the representative region of
interest (ROI1) and drew a line in each image. Inten-

respectively.

sity proﬁles along the line are shown on the right of
the

nes indicate the fluo-
V core protein and LDs,
B demonstrates that S310-derived

igu
core proteins were localized in the cytoplasm and not
around the LDs, whereas JFH-1-derived core proteins

were colocalized around the surfaces of LDs. These
results suggest that the virus particle production path-
way may be different between S310 and JFH-1
viruses.

Next, we quantified the lipid content in the infected
cells. JFH-1 wild-type virus, S310 viruses (522101,
T24961, and R2895K) and S310/JFH1 chimeric virus
were inoculated into Huh7.5.1 cell cultures at an
MOI of 0.2. Inoculated cells and Huh7.5.1 cells were
passaged every 3-5 days. After 11 times of serial pas-
sages, core protein, LDs, and nuclei were visualized in
the cells. Representative cell images are shown in Fig.
5A. Core proteins (red) were more strongly stained in
JFH-1 and S310/JFH1 virus-infected cells than in
S310 virus-infected cells, and no core protein staining
was observed in Huh7.5.1 cells. The LD staining
(green) in the virus-infected cells was higher than in
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Fig. 4. Localization of HCV core proteins and lipid droplets. (A) Huh7.5.1 cells were transfected with the transcribed RNA from each construct.
The cells were passaged every 3-5 days, and passaged cells were seeded onto a slide glass. The cells were fixed, probed with the core-specific
antibody (red), BODIPY for lipid droplets (green), and DAPI for nucleus staining (blue), and examined by confocal microscopy. Cells at 61 days
after transfection are shown. (B) Each merged image was magnified and a line was drawn across the region of interest (ROi1). Intensity profiles

along the line are shown on the right of the images. The red line indicates the fluorescence intensity of HCV core protein, and the green line
indicates the fluorescence intensity of LDs. The y-axis indicates arbitrary units of fluorescence intensity.
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Fig. 5. Quantification of the LD content in cells. (A) Huh7.5.1 cells were inoculated with S310 viruses and JFH-1 wild-type virus at an MO} of
0.2. After 11 serial passages, the cells were analyzed as described in the Fig. 4A legend. (B) The mean values of the LD staining area in 7 cells
(from Huh7.5.1 cells and JFH-1 infected cells) or 11 cells (from S310 and S310/JFH1 infected cells) were measured by MetaMorph analysis for
each Huh7.5.1 cells and virus-infected cell. The y-axis indicates LD staining area. Mean values * standard deviations are shown.

Huh7.5.1 cells. Furthermore, the LD staining area in
the S310 virus (§22101, T2496]1, and R2895K)- and
S310/JFH1-infected cells was further greater than in
JFH-1-infected cells (Fig. 5A). For the statistical analy-
sis, we selected representative similar sized cells and
measured the LD staining area in a single cell by
MetaMorph analysis. We analyzed seven cell images
each from Huh7.5.1 cells and JFH-1, and 11 cell
images each from S310/JFHI and S310 virus-infected
cells. JEH-1 infected cells exhibited significantly higher
LD staining levels than Huh7.5.1 cells (2 < 0.0005).
S310 virus and S310/JFH1 chimeric virus-infected
cells exhibited significantdy much higher LD staining
levels than Huh7.5.1 cells (2 < 0.0001) and than JFH-
1 infected cells (£ < 0.005).

Antiviral Drug Activities Against S310 Viru-
ses. We tested several antiviral drugs against S310
(genotype 3a) and JFH-1 (genotype 2a) infections. In
the preliminary experiments, secreted HCV core pro-
tein levels were detected in parallel with intracellular
HCV RNA levels. We thus used the secreted HCV
core protein level as a marker of antiviral activity and
determined ICsq values against HCV replication (Table
3). Huh7.5.1 cells were inoculated with S310 and
JFH-1 viruses at an MOI of 0.2 with or without NS3
protease inhibitor (VX-950), nucleoside polymerase
inhibitor (PSI-6130), nonnucleoside polymerase inhib-
itor (JTK-109), NS5A inhibitor (BMS-790052), CsA,
and IFNoa. We selected the three S310 viruses
(822101, T24961, and R2895K) with NS3, NS5A, or
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Table 3. Antiviral Drug Activities Against HCV Infection

VX-950 (nM) BMS-790052 (pM) PSI-6130 (uM) JTK-109 (uM) CsA (uM) 1FN-a (1U/mL)
JFH-1 312187 200+ 168 3417 8721 05+0.2 0.1x0.1
$22101 9841.0+-1026.1 48:1 £ 59:1 1.4+01 0.720:1%* 02x0:1 42+40
12496l 436.6 = 81.7* 244 %234 56+52 2.3+ 0.6%* 0.7+0.6 02+02
R2895K 436.3 = 249.8* 102+ 1.7 1602 1.4 £ 1.2%* 09:+0.8 46+37

Assays were performed in triplicate and ICso values are expressed as mean = standard deviations.

*P < 0.05 versus JFH-1.

NS5B adaptive mutations (Table 1). In VX-950 treat-
ment, 1Csq values for S310 infection seemed to be
higher than for JFH-1 infection; however, a statistically
significant increase was only observed with T24961
virus infection as compared to JFH-1 virus infection
(Table 3). This lack of significance may be due to the
large experimental deviation in other S310 virus infec-
tions. PSI-6130 inhibited both genotype virus infec-
tions at similar levels. However,

inhibited both JFH-1 and S310 viruses at similar lev-
els. There were no differences in antiviral drug effica-
cies among S310 clones except for VX-950. Adaptive
mutations in these three clones may not be important
for drug efficacies. Cell viability was determined by
the WST-1 assay, and there was no cellular toxicity
within the tested dose of the drugs (data not shown).

Discussion

In the present study w
adapted genotype 3a inf
vious study, adaptive /
efficient rephcatlon of a genotype 3a subgenomxc reph—
con (8$310).° Therefore, we introduced these mutations
into full-length S310 constructs to determine if these
constructs can replicate and produce infectious virus
particles in cell culture. Full-length S310 wild-type
virus did not exhibit increased intracellular and extrac-
ellular core levels. However, some of the full-length
S310 viruses with adaptive mutations displayed
increased intracellular and extracellular core levels in a
transient virus production assay (data not shown). To
examine whether these clones could continuously pro-
duce infectious viral particles, we passaged the S310
RNA-transfected cells repeatedly and monitored the
HCV core protein levels in the culture medium for 3
months. As a result, HCV core protein levels of the
three clones with adaptive mutations (R2198H,
§22101, and R2895K) increased soon after the trans-
fection and eventually plateaued. From 6 to 8 weeks
after transfection, extracellular HCV core protein levels

JTK-109  was
significantly more cffective against S310 viruses than
JFH-1 virus (2 < 0.05). BMS-790052, CsA, and IFNox

of the other three clones with adaptive mutations
(T24961, R2895G, and T24961 + R2896K) increased
rapidly, and their extracellular core protein levels also
reached levels similar to the former three clones. All
six clones showed sufficient viral RNA replication,
virus production, and infectivity for autonomous virus
expansion at the end of culture (D82). By sucrose
density gradient analysis, we confirmed that $310
clones exhibited similar profiles of HCV core protein

and RNA to JFH-1, but the peak infectivity titers
‘were located in the same fraction as HCV core pro-
teins and RNA. The peak infectivity of S310 clones
shifted to the heavier fractions as compared to JFH-1.

In a previous study, it was also reported that a particu-
lar mutant JEH-1 strain exhibited both HCV RNA
and infectivity in the same fraction.”® In that study, a

_point ‘mutation (G451R) was identified in the viral
E2 protein, and the G451R mutation was speculated
_to increase the density and infectivity of the virus par-
uclesi" It is thus possible that E2 proteins of S$310

also alter the density of infectious viral par-
i i reted S310 viruses into
! acellular and extracellu-
lar core pro lev sted cells were at levels
similar to JFH-1 but less than J6/JFHI. In the neu-
tralization experiment, S310 infections of Huh7.5.1
cells were sensitive to anti-CD81 and and-E2 anti-
body treatment. Thus, these results suggest that $310
viruses can replicate efficiently and produce infectious
virus particles.

Patients with genotype 3a HCV infections tend to
develop hepatic steatosis, an intracellular accumulation
of lipids and subsequent formation of LDs in the cyto-
plasm of hepatocytes.’® S310-infected patient also
showed microvesicular and macrovesicular steatosis
both before and after liver transplantation. The LD is
an organelle used for the storage of neutral lipids.
Hepatic steatosis might be involved in inducing lipid
synthesis by activation of SREBP-1 and peroxisome
proliferator-activated receptor gamma (PPARy) or by
producing reactive oxygen species.’' > Inversely, MTP
and PPAR« might be involved in decreasing lipid
secretion and degradaci011.34’35
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In previous studies, cells expressing genotype 3a
core protein were used to study the genotype 32 HCV
core protein association with steatosis.''> HCV geno-
type 3a core protein up- regulated the activity of fatty
acid synthase promoter.>® Domain 3 of the HCV core
protein was sufficient for lipid accumulation, and spe-
cific polymorphisms in the HCV core protein of geno-
type 3a increased the lipid levels, contributing to
steatosis in cultured cells.'’ However, the previous sys-
tems used only core protein expression, so they lacked
the effects of other viral proteins and the entire viral
life cycle. Furthermore, HCV core protein sublocaliza-
tion on the LD surface is important for infectious
virus particle formation.”” We thus analyzed core pro-
tein and LD sublocalization by using the genotype 3a
infection system. S310-derived core proteins showed
punctate signals rather than the ring-like core protein

staining pattern usually seen in JFH-1-infected cells
(Fig. 4A). We further examined whether S310 infec-

tion resulted in the accumulation of LDs in a long-+

term culture of infected cells. Interestingly, S310 virus-
infected cells exhibited greater LD accumulation than
Huh7.5.1 cells and JFH-1 virus-infected cells. In addi-

tion, LD accumulation in the SSIO/JFHl chlmcncﬂ
virus-infected cells was similar to S310 virus-infected

cells. S310/JFH1 chimeric virus consists of the S310-
derived structural region and the JFH-1-derived non-

structural region. The result thus suggests that the

S310-derived structural region is important for LD
accumulation in the S310-infected cells. To examine
the gene expression level i
metabolism, we examin PAR
Ic mRNA expression by real-time P
differences in mRNA expression levels were found in
between Huh7.5.1 cells and the infected cells (data not
shown). Further detailed analysis will be necessary to
clarify the mechanisms for LD accumulation in S310
virus-infected cells.

To provide new therapeutic approaches for genotype
3a HCV infections, we examined the antiviral drug
activity against S310-infected cells. In VX-950 treat-
ment, 1Csy values for S310 infection seemed to be
higher than for JFH-1 infection; however, VX-950 was
only statistically less effective for T2496I infection as
compared to JFH-1 infection. In our previous study,
another NS3 protease inhibitor, BILN-2061, was also
less effective for the S310 subgenomic replicon as
compared to the JFH-1 and Conl replicons. JTK-109,
a nonnucleoside polymerase inhibitor, was more effec-
tive for $310 than JFH-1. Other inhibitors, including
NS5A inhibitor, nucleoside NS5B inhibitor, IFNu,
and CsA, inhibited both viruses at similar levels. Thus,

HEPATOLOGY, Month 2014

this novel genotype 3a cell culture system can be used
to assay possible antiviral compounds.

In conclusion, we established an HCV genotype 3a
cell culture system. The patients infected with geno-
type 3a HCV appear to have different clinical charac-
teristics than patients infected with other genotypes.
This genotype 3a infectious cell culture system will be
useful for studying the molecular mechanism of HCV
viral life cycles and pathogenesis as well as for develop-
ing specific antiviral drugs for genotype 3a infections.
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was a kind gift from Dr. Jens Bukh. AP33 antibody
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Inc., and Pharmasset, Inc., respectively.

_References

1. Feld JJ, Liang TJ. Hepatitis C — identifying patients with progressive
liver injury. HEpATOLOGY 2006;43:5194-206.

2. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT,

et al. Expanded classification of hepatitis C Virus into 7 genotypes and
67 subtypes: updated criteria and assignment web resource. Hepato-
1oGY 2014;59:318-327.

3. Burt §, Idrees M, Akbar H, ur Rehman I, Awan Z, Afzal S, et al. The

'\:hanging epidemiology pattern and frequency distribution of hepatitis
C virus in Pakistan. Infect Genet Evol 2010;10:595-600.

" 4. Rehman 1U, Idrees M, Ali M, Ali L, But S, Hussain A, et al. Hepari-

tis C virus genotype 3a with phylogenetically distinct origin is circulat-
ing in Pakistan. Genet Vaccines Ther 2011;9:2.
5. Hui JM, Kench J, Farrell GC, Lin R, Samarasinghe D, Liddle C, et al.
Gcnorype—spccxﬁc mechanisms for hepatic steatosis in chronic hepatitis
fectdon. | (:astmenterol Hcpatol 2002;17:873-881.
g siostra E, Male PJ, Mentha G,
hic effect of heparitis C virus

0t} pa >
7. Kamar D, Farrell GC, Fung C, Czcorge] Hepatitis C virus genotype 3
is cytopathic to hepatocytes: reversal of hepatic steatosis after sustained
therapeutic response. HeraToroGY 2002;36:1266-1272.

8. Gottwein JM, Scheel TK, Jensen TB, Ghanem L, Bukh ]. Differential
efficacy of protease inhibitors against HCV genotypes 2a, 3a, 5a, and
6a NS3/4A protease recombinant viruses. Gastroenterology 2011;141:
1067-1079.

9. Saeed M, Gondeau C, Hmwe S, Yokokawa H, Date T, Suzuki T, et al.
Replication of hepatitis C virus genotype 3a in cultured cells. Gastroen-
terology 2013;144:56-58 57.

10. Saced M, Scheel TK, Gotrwein JM, Marukian S, Dustin LB, Bukh J,
et al. Efficient replication of genotype 3a and 4a hepatitis C virus repli-
cons in human hepatoma cells. Antmicrob Agents Chemother 2012;
56:5365-5373.

11. Jhaveri R, McHutchison J, Patel K, Qiang G, Diehl AM. Specific poly-
morphisms in heparitis C virus genotype 3 core protein associated with
intracellular lipid accumulation. ] Infect Dis 2008;197:283-291.

12. Jhaveri R, Qiang G, Diehl AM. Domain 3 of hepatitis C virus core
protein is sufficient for intracellular lipid accumulation. | Infect Dis
2009;200:1781-1788.

13. Qiang G, Jhaveri R. Lipid droplet binding of hepatitis C virus core
protein genotype 3. [SRN Gastroenterol 2012;2012:176728.

14. Lindenbach BD, Evans M]J, Syder AJ, Wolk B, Tellinghuisen TL, Liu

CC, et al. Complete replication of hepatitis C virus in cell culture. Sci-

ence 2005;309:623-626.

-233-



HEPATOLOGY, Vol. 00, No. 00, 2014

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Piesschmann I, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S,
Steinmann E, et al. Construction and characterization of infectious
intragenotypic and intergenotypic hepatitis C virus chimeras. Proc Nadl
Acad Sci U S A 2006;103:7408-7413.

Kato I, ‘Date T, Murayama A, Morikawa K, Akazawa D, Wakita T.
Cell culture and infection system for heparitis C virus. Natr Protoc
2006;1:2334-2339.

. Wakita T. Isolation of JFH-1 strain and development of an HCV infec-

tion system. Methods Mol Biol 2009;510:305-327.

Waldta T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z,
et al. Production of infectious hepatitis C virus in dssue culwre from a
cloned viral genome. Nat Med 2005;11:791-796.

Saced M, Suzuki R, Kondo M, Aizaki H, Kato T, Mizuochi T, et al.
Evaluation of hepatitis C virus core antigen assays in detecting
recombinant viral antigens of various genotypes. J Clin Microbiol
2009:47:4141-4143.

Takeuchi T, Katsume A, Tanaka I, Abe A, Inoue K, Tsukiyama-Kohara
K, et al. Real-time detection system for quantification of hepatitis C
virus genome. Gastroenterology 1999;116:636-642.

Date T, Miyamoto M, Kato T, Morikawa K, Murayama A, Akazawa
D, et al. An infectious and selectable full-length replicon system with
hepatitis C virus JFH-1 strain. Hepatol Res 2007;37:433-443.

Kato T, Date T, Miyamoto M, Furusaka A, Tokushige K, Mizokami
M, et al. Efficient replication of the genotype 2a hepatitis C virus sub~
genomic replicon. Gastroenterology 2003;125:1808-1817. .+

Date T, Kato T, Kaco J, Takahashi H, Morikawa K, Akazawa D, et al.

Novel cell culture-adapted genotype 2a hepatitis C. virus infectious
clone. ] Virol 2012;86:10805-10820.

Zhong J, Gastaminza D, Cheng G, Kapadia §, Kato T, Burton DR, .

et al. Robust hepatitis C virus infection in vitro, Proc Natl Acad Sci U
S A 2005;102:9294-9299.

Olmstead AD, Knecht W, Lazarov I, Dixit SB, Jean E Human subtilase

SKI-1/S1P is a master regulator of the HCV Lifecycle and a potential
host cell target for developing indirect-acting antiviral agents. PLoS
Pathog 2012;8:¢1002468.

Kato T, Matsumura T, Heller T, Saito S, Sapp RK, Murthy K, et al.
Production of infectious hepatitis C virus of various genotypes in " cell
cultures. J Virol 2007;81:4405-4411. .

KIMETAL. 13

27. Miyanari Y, Awtsuzawa K, Usuda N, Wacashi K, Hishiki T, Zayas M,
ct al. The lipid droplet is an important organelle for hepatitis C virus
production. Nat Cell Biol 2007;9:1089-1097.

28. Gastaminza I, Dryden KA, Boyd B, Wood MR, Law M, Yeager M,
et al. Ultastruceural and  biophysical characterization. of hepatitis. C
virus particles produced in cell culture. | Virol 2010;84:10999-11009.

29. Zhong J, Gastaminza P, Chung J, Stamataki Z, Isogawa M, Cheng G,
et al. Persistent hepatitis C virus infection in vitro: coevolution of virus
and host. J Virol 2006;80:11082-11093.

30. Anderson N, Borlak J. Molecular mechanisms and therapeutic targets
in steatosis and steatohepatitis, Pharmacol Rev 2008;60:311-357.

31. Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz
KR, et al. Liver peroxisome proliferator-activated receptor gamma con-
tributes to hepatic steatosis, triglyceride clearance, and reguladon of
body fat mass. | Biol Chem 2003;278:34268-34276.

32. Videla LA, Rodrigo R, Orellana M, Fernandez V, Tapia G, Quinones
L, et al. Oxidative stress-related parameters in the liver of non-alcoholic
fatty liver disease patients. Clin Sci (Lond) 2004;106:261-268.

33. Ma S, Yang D, Li D, Tan Y, Tang B, Yang Y. Inhibition of uncoupling
protein 2 with genipin exacerbates palmitate-induced hepatic steatosis.
Lipids Health Dis 2012;11:154.

34. Perlemurter G, Sabile A, Letteron P, Vona G, Topilco A, Chretien Y,
et al. Hepatitis C virus core protein inhibits microsomal triglyceride
transfer protein activity and very low density lipoprowin secretion: a
model of viral-related steatosis. FASEB ] 2002;16:185-194.

35. Mirandola'S, Realdon S, Igbal ], Gerotto M, Dal Pero E Bortoletto G,
et al. Liver microsomal triglyceride transfer protein is involved in hepa-

. titis C liver steatosis. Gastroenterology 2006;130:1661-1669.

36. Jackel-Cram C, Babiuk LA, Liu Q. Up-regulation of fatty acid synthase
promoter by hepatitis C virus core protein: genotype-3a core has a
stronger effect than genotype-1b core. J Hepatol 2007;46:999-1008.

Supporting Information

Additional Supporting Information may be found
in the online version of this article at the publisher’s
website:

-234-



@ PLOS | one

OPEN & ACCESS Freely available ontine

Involvement of MAP3K8 and miR-17-5p in Poor Virologic
Response to Interferon-Based Combination Therapy for
Chronic Hepatitis C

Akihito Tsubota'-?*, Kaoru Mogushi>, Hideki Aizaki*, Ken Miyaguchi®, Keisuke Nagatsuma'-
Hiroshi Matsudalra1 2, Tatsuya Kushida®, Tomomi Furihata®, Hiroshi Tanaka®, Tomokazu Matsuura7

1 Institute of Clinical Medicine and Research (ICMR), Jikei University School of Medicine, Kashiwa, Chiba, Japan, 2 Division of Gastroenterology and Hepatology, Kashiwa
Hospital, The Jikei University School of Medicine, Kashiwa, Chiba, Japan, 3 Department of Bioinformatics, Medical Research Institute, Tokyo Medical and Dental University,
Bunkyo-ku, Tokyo, Japan, 4 Department of Virology II, National Institute of Infectious Diseases, Shinjuku-ku, Tokyo, Japan, 5 National Bioscience Database Center, Japan
Science and Technology Agency, Chiyoda-ku, Tokyo, Japan, 6 Laboratory of Pharmacology and Toxicology, Graduate School of Pharmaceutical Science, Chiba University,

Chiba, Japan, 7 Department of Laboratory Medicine, Jikei University School of Medicine, Minato-ku, Tokyo, Japan

ces in chxonlc hep

treatment a proportlon of pa‘clents respond poo rl\f 10 treatmen’c Thh st'\idy alrﬁéd': ‘
to explore hepatic mRNA and mi *roRNA s gnatures involved in hepatitis C treatment resis

ince. Global hepatic mRNA and |

- microRNA expression profiles were compared using microarray data between treatm ent responses. Quantitative real-time

_polymerase chain reaction validated the gene signatures from 130 patients who were infected with hepatms C virus
~ genotype 1b and treated ‘with. pegylated interferon-alpha and ribavirin combmatlon therapy. The correlation between
- mRNA and microRNA was evaluated using in silico analysis and in vitro siRNA and microRNA 1nhlbution/overexpressmn, .
' ‘expenments‘ Multivariate regression analysns ldentrf ed that the mdependent variables IL288 SNP.rs8099917, hsa-miR-122-

Editor: Wenyu Lin, Harvard Medical School, United States of America

collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: atsubo@jikei.ac.jp

5p, hsa-miR-17- Sp, -and MAP3K8 were sngnlﬁ _antly assoc;ated with a poor virologic response. MAP3K8 and miR-1 7-5p;"“
~ expression were mversety correlated with treatment response. Furthermore, miR-17-5p repressed HCV productton by
_ targeting MAP3KS. Collectively, the data suggest that several molecules and the inverse. correlatlon between mRNA and ;

: mlcroRNA contnbuted to a host genetlc refractory hepatms C treatment response . :

Citation: Tsubota A, Mogushi K, Aizaki H, Miyaguchi K, Nagatsuma K, et al. (2014) Involvement of MAP3K8 and miR-17-5p in Poor Virologic Response to
Interferon-Based Combination Therapy for Chronic Hepatitis C. PLoS ONE 9(5): €97078. doi:10.1371/journal.pone.0097078

Received December 6, 2013; Accepted April 14, 2014; Published May 12, 2014

Copyright: © 2014 Tsubota et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by Grants-in-Aid from the Ministry of Health, Labour and Welfare (Japan), the Ministry of Education, Culture, Sports,
Science and Technology (Japan), and Clinical Research Funds from ICMR, the Jikei University School of Medicine. The funders had no role in study design, data

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Chronic hepatitis C (CH-C) caused by hepatitis G virus (HCV)
infection is a major chronic liver disease worldwide, and it often
develops into cirrhosis and hepatocellular carcinoma. Pegylated
interferon alpha (peg-IFNo) and ribavirin (RBV) combination
therapy is widely used to treat CH-C [1]. However, treatment fails
in approximately 50% patients with HCV genotype 1. Of note,
approximately 20-30% patients show null or partial response to
the treatment. The introduction of nonstructural 3/4A protease
inhibitors has improved the outcome for genotype 1 CH-C
patients [1]. However, new antiviral agents increase the frequency
and severity of adverse effects, are costly, have complex treatment
regimens, and often result in viral resistance. Importantly, the
outcomes of triple combination therapy are extremely poor in
patients who showed null and partial response to previous peg-
IFNo/RBV, compared to treatment-naive patients and relapsers
[1-3]. Furthermore, over 50% of null and partial responders,
among all patients with a similar virologic response or viral
kinetics, relapse after treatment cessation [2,3]. Collectively, these
studies suggest a role of host genetics in treatment resistance.

PLOS ONE | www.plosone.org

Microarray applications in clinical medicine identified that
numerous mRNAs and microRNAs (miRNAs) regulate complex
processes involved in disease development. For example, hepatic
mRNA expression of IFN-stimulated genes (ISGs, such as ISG15,
OAS, IFI, IP10, and viperin) and IFN-related pathway genes (MX
and USP18) correlate with responses to peg-IFNa/RBV combi-
nation therapy for CH-C [4-7]. However, few studies have
examined global miRNAs alone [8]. Furthermore, mRNA and
miRNA gene signatures and their interactions in treatment
response have not been reported. miRNAs are evolutionarily
conserved, small non-coding RINAs [9,10]. A single miRNA can
regulate the expression of multiple target mRNAs and their
encoded proteins by imperfect base pairing and subsequent
mRNA cleavage/translational repression. Conversely, the expres-
sion of a single mRINA is often regulated by several miRINAs. As
regulators of promotion or suppression of gene expression,
miRNAs are involved in diverse biological and physiological
processes, including cell cycle, proliferation, differentiation, and
apoptosis. In addition to targeting endogenous mRNAs, miRNAs
regulate the life cycle of viruses such as the Epstein-Barr virus,
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HCV, and other oncogenic viruses by interacting with viral
transcripts [11,12].

We investigated the differential expression profiles of mRINAs
and miRNAs isolated from the liver tissues of untreated patients
with HCV genotype 1b using microarray analysis. Expression
profiles and their interactions were analyzed to identify the
molecular signatures associated with treatment resistance.

Materials and Methods

Patient population, treatment, and liver tissue samples

During 2010 and 2011, 130 patients infected with HCV
genotype 1b were treated weekly with 1.5 pg/kg of peg-IFNo-2h
(MSD, Tokyo) and daily with 600-1000 mg RBV (MSD) [2,3] for
48 weeks at Jikei University Kashiwa-affiliated hospitals. Patients
with undetectable serum HCV RNA at week 12 or later were
recommended to extend the treatment to 72 wecks. All study
participants provided informed written consent and materials for
genetic testing and met the following criteria: (1) CH-C diagnosis
confirmed by laboratory tests, virology, and histology; (2) genotype
1b confirmed by polymerase chain reaction (PCR)-based method;
(3) absence of malignancy, liver failure, or other form of chronic
liver disease; and (4) no concurrent treatment with any other
antiviral or immunomodulatory agent. Liver specimens were
obtained percutancously before treatment, formalin-fixed, and
paraffin-embedded for histological assessment [13]. A tissue
section was stored in RNAlater solution (Life Technologies,
Carlsbad, CA). Total RNA containing mRNA and miRNA was
isolated using the mirVana miRNA isolation kit (Life Technolo-
gies).

Sustained virological response (SVR) was defined as an
undetectable serum HCV RINA level at 24 wecks after treatment
completion. A null response was defined as a viral decline of <
2 log1o IU/mL from baseline at treatment week 12 and detectable
HCV RNA during treatment. A partial response was defined as a
viral decline of >2 log)q IU/mL from baseline at week 12, with no
achievement of an undetectable HCV RNA level. Relapse was
defined as an undetectable serum HCV RNA level at the end of
treatment and viremia reappearance on follow-up examination
[1]. Viral loads and the presence or absence of serum HCV RNA
were evaluated using a qualitative PCR assay (Amplicor HCV
version 2.0; Roche Diagnostics, Tokyo).

This study conformed to the provisions of the Declaration of
Helsinki and Good Clinical Practice guidelines and was approved
by the Jikei University Ethics Committee for Human Genome/
Gene Analysis Research (No.21-093_5671).

mRNA microarray

Global mRNA expression analysis was performed using total
RNA isolated from each sample [sustained virological responders
(SVRs), n=5; relapsers, n=3; null responders, n=4] and the
GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix,
Santa Clara, CA). Datasets were normalized by the robust multi-
array analysis, using R 2.12.1 statistical software and the
BioConductor package.

miRNA microarray

Global miRNA expression analysis was performed using total
RNA isolated from the same samples used for mRNA expression
analysis and the miRCURY LNA microRNA Array series
(Exiqon, Vedbaek, Denmark). Total RNA was labeled with Hy3
and hybridized to slides that contained capture probes targeting all
human miRNAs registered in the miRBASE 14.0. miRNA

PLOS ONE | www.plosone.org

MAP3K8/miR-17 Expression in Poor Treatment Response

microarray datasets were normalized by quantile normalization
using R statistical software.

Differential gene expression according to treatment

response

The limma package from BioConductor software (under R
statistical software) was used to calculate moderated t-statistics
(based on the empirical Bayes approach) to identify mRINA or
miRNA differentially expressed between the SVR/relapser group
and null/partial responder group. Because of multiple hypothesis
testing, p values were adjusted by the Benjamini-Hochberg false
discovery rate (FDR) method.

Hierarchical cluster analysis

Up- and down-regulated probe sets were analyzed by hierar-
chical clustering using R statistical softwarc. Pearson’s correlation
coeflicients were used to calculate a matrix similarity score among
the probe sets. The complete linkage method was used for
agglomeration. Heat maps were generated from significant
differentially expressed probe sets.

Quantitative real-time PCR for mRNA

To validate microarray results and to confirm the observed
differences in the mRNA expression levels in a quantitative
manner, cach sample was subjected to reverse transcription (RT)-
PCR and quantitative real-time RT-PCR (qPCR) in triplicate.
After ¢cDNA synthesis, target genes were amplified in PCR
mixtures that contained TagMan Universal PCR Master Mix (Life
Technologies) and TagMan probes designed with the Universal
Probe Library Assay Design Center (http://www.roche-applied-
science.com/sis/rtper/upl/adejsp). Target gene expression levels
in each sample were normalized to the expression of the
housekeeping gene of 18S rRNA and the corresponding gene of

one null responder.

Quantitative real-time PCR for miRNA

cDNA was synthesized from aliquots of the isolated total RNA
using the TaqgMan MicroRNA Reverse Transcription kit (Life
Technologies) including RT primers designed with miRNA-
specific stem-loop structures according to manufacturer’s protocol.
miRNA expression levels were quantified with the TagqMan
MicroRNA assay (Life Technologies) in triplicate. Target gene
expression levels were normalized in each sample to the expression
of the endogenous gene RNU48 and the corresponding gene of
one null responder.

miRNA target prediction

Up- and down-regulated miRINAs with a fold change of >1.2
and $<<0.005 (FDR<C0.15) between two groups (SVRs/relapsers vs
null responders) in the microarray analysis were subjected to the i
silico prediction of mRINA targets for miRNA using MicroCosm
Targets, miRanda, PicTar, PITA, and TargetScan algorithms.
Predicted mRINA targets were analyzed further if they met the
following criteria: (1) fold change of >1.5 and $<<0.003 (FDR<
0.35) in mRINA microarray results; (2) inverse correlation (negative
correlation coefficient) between miRNA and mRNA in mRNA
and miRNA microarray results; and (3) qPCR-validated micro-
array results. Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathways, Agilent Literature Search 3.0.3 beta, and
Cytoscape 3.0.2 were used to identify the significance of
candidates in gene regulatory networks.
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Cell culture

The human hepatoma cell line Huh7.5.1 (a gift from Professor
Francis Chisari, Scripps Research Institute, La Jolla, CA) was
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum [14]. Cell culture-produced HCV
(HCVecc) were harvested from JFHI-transfected Huh7.5.1 as
previously described [15].

Plasmids and siRNAs

The siRNAs targeting MAP3K8 were siRNAI, 5'-uucgu-
cuuuauaucuugugtt-3’;  siRNA2, 5’-uguugcuagguuuaauauctt-3';
siRNA3, 5'-aucuugugccaaguaunacctt-3’; and scrambled negative
control siRNA to siRNAI (Sigma-Aldrich, St. Louis, MO). The
expression and inhibitor plasmids of hsa-miR-17-5p and control
plasmids were purchased from GeneCopoeia (Rockville, MD).

HCV core antigen measurements and cell viability

The HCV core antigen concentrations in filtered culture
medium and cell lysates of infected cells were measured with the
Lumipulse Ortho HCV antigen kit (Ortho Clinical Diagnostics,
Tokyo). Cell viability was analyzed using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, WI).

Transfection

Cells were seeded into a 24-well plate and transfected with
siRNAs and plasmids using Lipofectamine RINAIMAX (Invitro-
gen, San Diego, CA) and TransIT-LT1 (Mirus, Madison, WI),
respectively.

Luciferase reporter assay

The MAP3K8 3'UTR segment containing the putative miR-
17-5p target sites was subcloned into the pGL3 reporter plasmid
(Promega). A mutant construct was also generated by PCR-based
mutagenesis using mutagenic primers. The luciferase reporter and
hsa-miR-17-5p expressing or mock plasmids were co-transfected
with the Renilla luciferase transfection control plasmid. Luciferase
reporter activity was measured 48 hours after transfection with the
Dual-Luciferase Reporter Assay System (Promega).

Western blot

Liver samples were sonicated in lysis buffer. Lysate aliquots
were separated by SDS-polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane. Membranes were
incubated with primary antibodies against MAP3K8 (ab70853,
Abcam, San Diego, CA) and -actin (EP1123Y, Abcam).
Membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies. Immunoreactivity was detected with
reagents (GE Healthcare Life Sciences, Piscataway, NJ). Images
were scanned and band intensities quantified with Image J.

IL28B and ITPA single nucleotide polymorphism (SNP)
genotyping

Genomic DNA was extracted from whole blood using the
MagNA Pure LC and the DNA Isolation Kit (Roche Diagnostics).
The IL28B rs8099917 and rs12979860 [16,17] and ITPA exon 2
rs1127354 [18] genectic polymorphisms were genotyped by real-
time detection PCR with the TagMan SNP Genotyping Assays.

Statistical analysis for factors associated with null/partial
response

The chi-square, Fisher’s exact, Student’s # and the Mann—
Whitney two-tailed tests were used to compare frequencies in
categorical data or differences in continuous data between two
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groups. Significant independent factors associated with null/
partial responses were identify with multiple logistic regression
analysis using the SPSS statistical package for Windows, version
17.0 (IBM SPSS, Chicago, IL). A p value of <0.05 was considered
statistically significant.

Results

Patient profiles and treatment response

Among the 130 patients, 62 (48%) achieved SVR, 36 (28%)
relapsed, and six (5%) and 26 (20%) showed partial and null
response, respectively. Patients were divided into an SVR /relapser
group and a null/partial responder group. Table S1 compares the
baseline characteristics of the two groups. Patients with elevated
serum gamma glutamyl transpeptidase and decreased albumin
concentrations were more likely to experience a null/partial
response. The IL28B rs8099917 TG and rs12979860 CT variants
were more likely to be null/partial responders compared with TT
and CC genotypes, respectively.

mMRNAs associated with treatment response

mRNA microarray data were deposited into the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/
), accession number GSE42697. The cut-off criteria for fold
change >1.5 and $<<0.003 identified 39 up-regulated and 17
down-regulated annotated probe sets in null responders (Data S1).
The up-regulated genes were associated with transcription,
translation, cell cycle, phosphorylation, signal transduction,
immune response, RINA splicing/mRNA processing, and viral
reproduction. The down-regulated genes were associated with
xenobiotic/small molecule/lipid metabolic and oxidation—reduc-
tion processes. Hierarchical clustering of mRNAs and samples
showed that samples from SVRs and relapsers clustered to form a
group different from the null responders (Fig. S1). To validate the
microarray results, qPCR was performed for all significant
differentially expressed genes. The expression levels of MAP3K8
(mitogen-activated protein kinase kinase kinase 8, p=5.24x1077),
TMEM!178 (transmembrane protein 178, p=7.31x10~%), PSME4
(proteasome activator subunit 4, also known as PA200,
$=243%x10"%, and EIF3B (eukaryotic translation initiation
factor-3B, p=3.16x107% Fig. 1) were significantly increased in
null/partial responders compared with those in SVRs/relapsers.
TMEMI178 is a multi-pass membrane protein and PSME4 is a
nuclear protein that activates the proteasome and is important for
oxidative-stress adaptation. EIF3B is involved in protein transla-
tion/synthesis and interacts with the HCV IRES and the 40S
ribosomal subunit.

miRNAs associated with treatment response

miRNA microarray data were deposited into the NCBI GEO,
accession number GSE45179. The cut-off criteria for fold change
>1.2 and p<<0.005 identified 111 down-regulated and 76 up-
regulated miRNAs in null responders (Data S2). Hierarchical two-
dimensional clustering showed that distinct patient groups
clustered into two distinct groups (Fig. S2). Bioinformatic analysis
predicted target genes of the differentially expressed miRNAs. The
hypothetical target genes should be MAP3KS8, TMEMI178,
PSME4, and EIF3B. Furthermore, these miRINAs and mRINAs
must have an inverse correlation between mRNA and miRNA
microarray data. The microRNAs that satisfied the requirements
were as follows: hsa-let-7g* and hsa-miR-17-5p, -20b, -297, -374b,
-494, -602, -668, and -1297 for MAP3KS8; hsa-miR-106b* and -
122-5p for TMEMI178; and hsa-miR-492 and -675-5p for
PSMEA4. No corresponding miRNA was identified for EIF3B.
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Figure 1. Validation of differentially expressed mRNAs by qPCR analysis. The expression levels of four mRNAs were significantly higher in
null/partial responders than in SVRs/relapsers. Assays for each sample were performed in triplicate. All p-values were calculated using the Mann-

Whitney test.
doi:10.1371/journal.pone.0097078.g001

Stem-loop-based PCR was performed to confirm the reliability of
the miRINA microarray results and the inverse correlation between
miRNA and mRNA. The expression levels of hsa-miR-122-5p
(p=2.75x10""), hsa-miR-675-5p (p=1.00x107"), and hsa-miR-
17-5p (p=1.73%10"% were significantly lower in null/partial
responders than in SVRs/relapsers (Fig. 2).

Independent variables associated with treatment
response

Multiple logistic regression analysis of variables that were
significant in univariate analysis identified that rs8099917
[p= 3.67x107%, odds ratio (OR)=7.51, 95% confidence interval
(CD)=2.14-29.27], hsa-miR-122-5p (p=5.60x10"", OR=0.11,
95% CI=0.03-0.38), hsa-miR-17-5p (p=2.02x10™*, OR = 0.56,
95% CI=0.41-0.76), and MAP3K8 (p=8.58x10"°, OR =2.86,
95% CI=1.31-6.25) were significantly associated with null/
partial response. Importantly, i sifico analysis and microarray data
suggested that increased miR-17-5p could cause MAP3KS8
reduction. In fact, an inverse correlation was observed between
MAP3K8 mRNA and miR-17-5p (r=—0.592, p=4.31x107%).
MAP3KS is closely linked to genes associated with cell prolifer-
ation, inflammation, and apoptosis (Fig. S3) and is associated with
the miR-17 cluster family (Fig. S4).
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MAP3K8 contributes to HCV production

siRNA transfection in HCVecc-infected cells was performed to
assess the influence of MAP3K8 mRNA and protein on HCV
production (Fig. 3A). miR-17-5p levels were significantly increased
(Fig. 3B) while supernatant HCV core antigen levels were
significantly decreased following transfection of the siRNAs
(Fig. 3C). However, the HCV core antigen levels in cell lysates
were not changed (Fig. 3C). Taken together, these findings
suggested that MAP3KS8 repressed miR-17-5p and contributed to
the production (e.g. release and assembly) of HCV. In v,
MAP3KS protein expression levels were significantly increased in
null/partial responders compared with those in SVRs/relapsers
(p=2.43x1077).

Hsa-miR-17-5p regulates HCV production by targeting
MAP3K8

Changes in MAP3K8 and HCV core antigen levels were
evaluated by hsa-miR-17-5p inhibition and overexpression in
HCVcc-infected cells. miR-17-5p inhibition increased MAP3KS8
mRNA and protein levels (Fig. 4A and 4B, left). In contrast, miR-
17-5p overexpression decreased MAP3K8 mRNA and protein
levels (Fig. 4A and 4B, right). Interestingly, miR-17-5p inhibition
increased, whereas miR-17-5p overexpression decreased HCV
core antigen levels in both supernatants and cell lysates (Fig. 4C).
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Figure 2. Validation of differentially expressed miRNAs by qPCR analysis. The expression levels of three miRNAs were significantly higher in
null/partial responders than in SVRs/relapsers. Assays for each sample were performed in triplicate. All p-values were calculated using the Mann-

Whitney test.
doi:10.1371/journal.pone.0097078.g002

Taken together, these results suggested that miR-17-5p regulated
the production of HCV by targeting MAP3K8 mRNA. Luciferase
reporter assays showed that miR-17-5p overexpression decreased
the luciferase activity of the wild-type MAP3K8 3'UTR reporter
construct, whereas co-transfection with the mutant MAP3KS8
3'UTR construct or mock had no effect (Fig. 3), suggesting that
miR-17-5p targeted the MAP3K8 3'UTR and antagonized
MAP3KS8 protein expression.

Discussion

This study showed close linkage between mRNA and miRNA
signatures in CH-C treatment outcomes using global expression
profiling analyses. To confirm the findings, this cohort was
randomly divided into derivation and confirmatory groups. The
derivation group results were similar to those described above and
reproducible in the confirmatory group (data not shown).
Subsequently, we attempted to compare our findings with
registered patient data obtained from independent cohorts
comprising either Asian or non-Asian subjects. However, com-
parisons were not possible because most mRNA or miRNA
microarray studies had a small sample size, limited information,
unregistered data, and/or findings that were not validated in an
independent cohort [4-7,11,19-21]. To our knowledge, our study
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was the first to investigate the correlation between mRNA and
miRNA in treatment response using global gene expression
analysis and & vitro experiments. Such gene signature identification
can improve the accuracy of treatment outcome predictions,
independent of known strong predictors.

Pretreatment hepatic ISG levels are higher in non-SVRs/non-
relapsers than in SVRs/relapsers [4-7]. The poor ISG response of
non-SVRs with further exogenous IFN may contribute to
treatment failure [5,6]. Because patient groups with different
response categories differ in their innate IFN response to HCV
infection; poor responders may have adopted a different equilib-
rium in their innate immune response to HCV [4,6]. As per
multivariate regression analysis, however, IL28B SNPs may
diminish the significance of hepatic ISGs as treatment predictors
because hepatic ISG expression is associated with IL28B SNPs
[7,19]. Conversely, hepatic ISGs were reported to be stronger
predictors compared with IL28B SNPs [20]. Although our gene
set enrichment analysis (data not shown) also showed that hepatic
ISG expression levels were generally higher in null/partial
responders than in SVRs/relapsers, the differences were not large
enough to be ranked in a higher order and/or to reach statistical
significance in expression profiling and validation analyses (Data
S3). These variations among studies may be caused by different
and heterogeneous patient characteristics, including HCV geno-
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type, patient race, treatment response definitions, study end-
points, and treatment regimens. This study analyzed patients with
a homogeneous race and genotype (1b) who adhered to
combination therapy and treatment for a specified duration.

MAP3KS, also known as cancer Osaka thyroid (cot) [22] or
tumor progression locus 2 (tpl2) [23], was originally recognized as
a proto-oncogenic protein. Toll-like receptors (I'LRs) are innate
immune sensors stimulated by specific microbial and viral
components, including HCV. In witro HCV infection directly
induces TLR4 expression and activates human B cells to increase
the production of IFN-f and IL-6 [24]. Peripheral blood
mononuclear cells from HCV-infected individuals express higher
TLR4 levels compared with uninfected controls [24]. In the IKK-
NF-xB pathway, certain activated TLRs, including TLR4, induce
inhibition of kappa B kinase (IKK)- catalyzed phosphorylation of
nuclear factor kappa B (NF-xB) p105. Nonphosphorylated NF-xB
p105 forms a stable, inactive complex with MAP3KS8. Subsequent
ubiquitination and proteasome-mediated processing of NF-xB-
pl05 to NF-kB-p50 releases MAP3KS8, which activates the
MAPK/ERK kinase (MEK)-extracellular signal-regulated kinase
(ERK) pathway. MEK-ERK regulates the expression of pro- and
anti-inflammatory mediators that lead to the production of various
cytokines and chemokines in a stimulus- and cell/receptor type-
specific manner (Fig. S3, Fig. S4) [25,26]. Indeed, MAP3KS8 is an
important and novel therapeutic target for inflammatory diseases
[27]. MAP3KS is involved in ERK signaling activation in hepatic
Kupffer and stellate cells with being stimulated by TLR4 and
TLRY, leading to ERK-dependent expression of the fibrogenic
genes IL-18 and TIMP-1. Thus, MAP3K8 expression may
contribute to liver fibrosis [28].
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In addition, this study provided a novel insight into MAP3KS8,
which is involved in resistance to HCV treatment. The results of
experiments in this study demonstrated the importance of
MAP3K8 in HCV production. MAP3K8 knockdown by siRNA
altered extracellular, but not intracellular, HCV core antigen
levels. This result suggests that MAP3K8 might be involved in the
release or assembly of HCV, does not exclude the possibility that
MAP3KS8 participates in intracellular HCV core production
because miR-17-5p influenced both supernatant and cell-lysate
HCV core antigen levels along with MAP3K8 mRINA and protein
levels. If MAP3KS8 limited viral release/assembly alone, intracel-
lular HCV core antigen would accumulate following siRINA
transfection. Conversely, MAP3KS8 overexpression did not affect
HCV production, probably because enough MAP3K8 may exist
in the cells. This result is generally observed in other critical host
factors (e.g. hVAP-33) involved in the HCV life cycle [29]. The
above description [24-26] and i silico analyses (Fig. S3, Fig. S4)
suggest that MAP3K8 might play a role in HCV production
through a regulatory pathway and network (Fig. S5); however, the
exact mechanism remains unknown and requires further investi-
gation. It is important to note that there may be differences
between the HCV genotype 1b- and 2a-derived strains/replicons.
The 2a-derived JFHI1 infection system is highly competent
compared with other genotype-derived systems and allows steady
inhibition and expression analyses [30]. Notably, this i vitro study
focused on the correlation between MAP3K8 and miR-17-5p and
their impact on HCV production; there may not be significant
genotypic effect on MAP3K8 and miR-17-5p. Importantly, it is
difficult to determine genotype-specific differences using different
infection-competent systems.
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The miR-17-92 polycistron, also known as the first oncomir,
encodes six or seven miRNAs, including miR-17-5p [31,32], and is
frequently overexpressed in several tumors [31,33]. In contrast,
overexpression of miR-17-5p also leads to tumor suppression in
breast cancer [34] and HeLa cells [32]. miR-17-5p may function
as both a tumor suppressor and an oncogenic activator by
targeting both pro- and anti-proliferative genes and by competing
with each other in different cellular contexts, which are dependent
on the expression of other transcriptional regulators [35]. Known
targets of the miR-17-92 cluster primarily regulate cell cycle
progression, apoptosis, and transcription factors [32,35]. Physio-
logically, this cluster is down-regulated during aging, and
hematopoietic and lung differentiation. During HIV infection,
suppression of this cluster by the virus is required for efficient viral
replication [36]. Our results suggest that inhibition of miR-17-5p
expression may be advantageous for HCV production. Interest-
ingly, miR-17-5p overexpression in HeLa cells decreases the
expression of the low-density lipoprotein (LDL) receptor (LDLR)
and consequently induces reduced intracellular lipoprotein accu-
mulation because of the impaired internalization [32]. LDLR is
one of putative HCV receptors; however, its precise role remains
controversial {37-40]. LDLR also aids the optimization of HCV
replication, and the expression levels are stimulated by HCV
infection. Decreased LDLR and lipoprotein uptake through
LDLR may adversely affect the HCV life cycle because hepatocyte
lipid metabolism pathways are required for HCV.

Bioinformatics and i vitro experiments showed that miR-17-5p
expression levels were inversely correlated with MAP3KS8 in
response to anti-HCV treatment. miR-17-5p repressed HCV
production by inhibiting MAP3KS8 expression, whereas miR-17-
5p expression was influenced by MAP3K8. The results also
suggested a specific interaction between miR-17-5p and MAP3K8
3"UTR, which was previously validated by the luciferase reporter
assay [35]. Taken together, MAP3KS8 expression following HCV
infection is negatively influenced by miR-17-5p at both the
translational and transcriptional levels. This molecular interaction
is a potential target for novel molecular therapeutics. However, a
single miRNA can regulate the expression of multiple target
mRNAs by imperfect base pairing [9,10]. Conversely, the
expression of a single mRNA may be regulated by several
miRNAs. Numerous mRNAs and miRINAs are key regulators in
complicated pathophysiological networks (Fig. 83, Fig. S4).
Therefore, it is important to note that the complex interaction
between MAP3K8 and miR-17-5p may not be reflective of a
correlation between their expression and viral load in our patient
cohort.

Abundant hepatic miR-122 expression is essential for efficient
HCV replication in cultured human hepatoma cells [11].
Suppression of miR-122 leads to a marked reduction and long-
lasting suppression of HCV RNA in both sera and the livers of
nonhuman primates with chronic HCV infection [41]. Paradox-
ically, this study showed significantly lower miRNA-122 (hsa-miR-
122-5p) expression levels in null/partial responders than in SVRs/
relapsers, independent of other factors. This finding is in
agreement with the results of a previous study, which reported
markedly low baseline miR-122 levels in poor responders [21].
Moreover, no positive correlation was observed between miR-122
expression and viral load. No convincing explanation exists for
these paradoxical results. Re-analysis of registered miRINA
microarray data [8] identified significantly low miR-122 levels,
no change in miR-675-5p levels, and low (although not significant)
miR-17-5p levels in null/partial responders. Most miR-122 target
genes are involved in the lipid biogenesis pathway [42], and miR-
122 antagonism induces a substantial decrease in plasma lipid
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levels. As described above, host lipid metabolism is vital to HCV
[40], and may be related to the endogenous IFN response to HCV
and IL28B SNPs [43]. However, we did not find a correlation
between miR-122 expression and serum lipid levels nor identify
miR-122 target genes, including lipid-related metabolic pathways,
which could be considered key molecular signatures contributing
to a null/partial response.

In conclusion, both global mRNA and miRNA expression
profiling analyses increase our understanding of the molecular
mechanisms that underlie refractory treatment responses and are
even applicable to next-generation treatment. The results obtained
in this study also aid the identification of novel features of known
genes and target molecules for future therapeutic intervention.

Supporting Information

Figure 81 Hierarchical cluster analysis of mRNA ex-
pression using microarray analysis. Changes in mRNA
expression levels are presented in graduated color patches from
green (least expression) to red (most abundant expression).

(TTF)

Figure S2 Hierarchical cluster analysis of miRNA
expression using microarray analysis. Changes in gene
expression are presented in graduated color patches from blue
(least expression) to red (most abundant expression).

(TIF)

Figure S3 Relationship between MAP3KS8 (Tpl2/Cot)
and related genes in underlying gene regulatory net-
works. MAP3K8 (Tpl2/Cot) was integrated by Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) Pathways. MAP3KS8
(Tpl2/Cot) was identified as an important node and considered to
be a key regulator.

(TIF)

Figure S4 Gene networks for MAP3K8 and hsa-miR-17.
MAP3K8 and hsa-miR-17 and array-independent/literature-
based text-mining were integrated into the gene regulatory
network analysis (Agilent Literature Search). The interaction data
were visualized and analyzed by Cytoscape. MAP3K8 and its
related mRNAs were associated with the miR-17 cluster family
and its related miRNAs via IRF6, STAT3, AKT1, EPHB2,
TIMP1, and VEGFA.

(TIF)

Figure S5 Postulated scheme for HCV replication
regulated by MAP3KS8 and hsa-miR-17-5p. IKK, inhibition
of kappa B kinase; NF-kB, nuclear factor kappa B; MAP3KS,
mitogen-activated protein kinase kinase kinase 8; MEK, MAPK/
extracellular signal-regulated kinase.

(TTF)

Table S1 Comparison of baseline profiles between
SVRs/relapsers and null/partial responders.
DOC)

Data S1 List of gene probe sets up- and down-regulated
in sustained virological responders (SVR) and relapsers
compared with those in null responders.

(XLS)

Data 82 List of microRNA probe sets up- and down-

regulated in sustained virological responders (SVR) and
relapsers compared with those in null responders.

(XLS)

Data S3 List of all gene probe sets up- and down-
regulated in sustained virological responders (SVR) and
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relapsers compared with those in null responders, and
gene signatures in previously reported references.

(XLS)
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