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BACKGROUND & AIMS: Hepatitis C virus (HCV)
gains entry into susceptible cells by interacting with cell
surface receptor(s). Viral entry is an attractive target for
antiviral development because of the highly conserved
mechanism. METHODS: HCV culture systems were
used to study the effects of phosphorothioate oligonu-
cleotides (PS-ONs), as amphipathic DNA polymers (APs),
on HCV infection. The in vivo effects of APs were tested
in urokinase plasminogen activator (uPA)/severe com-
bined immunodeficient (SCID) mice engrafted with hu-
man hepatocytes. RESULTS: We show the sequence-
independent inhibitory effects of APs on HCV infection.
APs were shown to potently inhibic HCV infection at
submicromolar concentrations. APs exhibited a size-
dependent antiviral activity and were equally active
against HCV pseudoparticles of various genotypes. Con-
trol phosphodiester oligonucleotide (PO-ON) polymer
without the amphipathic structure was inactive. APs had
‘no effect on viral replication in the HCV replicon system
or binding of HCV to cells but inhibited viral internal-
ization, indicating that the target of inhibition is at the
postbinding, cell entry step. In uPA/SCID mice engrafted
with human hepatocytes, APs efficiently blocked de novo
HCV infection. CONCLUSIONS: Our results demon-
strate that APs are a novel class of antiviral com-
pounds that hold promise as a drug to inhibit HCV

entry.

epatitis C virus (HCV) infects approximately 200

million people worldwide.! The majority of HCV-
infected patients fails to clear the virus, and many de-
velop chronic liver disease including cirrhosis with a risk
of hepatocellular carcinoma. Treatment of chronic hep-
atitis C is currently based on peginterferon-alfa and riba-
virin, which is accompanied by substantial adverse effects
and is only effective in approximately half of the pa-
tients.?? In addition to other viral targets, viral entry is an
attractive target for antiviral development because of the

potentially conserved mechanism of viral entry* Al-
though several candidate receprors for HCV have been
identified,5-1° the mechanism of HCV entry still remains
largely unknown. Previous reports have indicated a pH
dependency for entry of HCV pseudoparticles-(HCVpp)
as well as cell culture-generated HCV (HCVcc), suggesting
that HCV enters cells by receptor-mediated endocyto-
sis.”1112 Antiviral compounds targeting the entry step of
viral infection have been successfully developed in other
viral infections.!? Recent studies have shown that phos-
phorothioate oligonucleotides (PS-ONs), as amphipathic
DNA polymers (APs), have a sequence-independent anti-
viral activity against human immunodeficiency virus type
1 (HIV-1) as entry inhibitors.!# The antiviral effect of APs
appears to be specific to the phosphorothioate backbone,
which confers an amphipathic structure, because the
phosphodiester oligonucleotides (PO-ONs) as nonam-
phipathic polymers are ineffective.!

Materials and Methods
Cell Culture and Oligonucleotide Synthesis

Huh7.5 (provided by Charles Rice), Huh7.5.1
(provided by Francis Chisari), Huh7, and Hep3B cells
were maintained at 37°C, 5% CO, in Dulbecco’s mod-
ified Eagle medium, containing 10% fetal bovine se-
rum. All PS-ONs and PO-ONs were synthesized as
described previously.’* Oligonucleotides lacking the
phosphorothioate modification (PO-ONs) were syn-
thesized with the addition of 2’-O-methyl ribose mod-
ification, which stabilizes oligonucleotides from nucle-
ase degradation.!* Compounds used in the in vivo
experiment were synthesized under good manufactur-
ing practice (GMP) conditions to yield high-purity
sodium salts.

Abbreviations used In this paper: APs, amphipathic DNA polymers;
HCV, hepatitis C virus; HCVcc, cell culture-generated HCV; HCVpp, HCV
pseudoparticles; VSVGpp, vesicular stomatitis virus G protein pseudo-
particle; PO-ON, phosphodiester oligonucleotide; PS-ONs, phosphoro-
thioate oligonucleotides.
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HCYV Infection and Replication Assays

The production of cell culture-generated HCV
JFH-1 (HCVcc) and HCV pseudovirus (HCVpp) has been
reported previouslys!S and is described in detail in the
Supporting Document. HCVpp harboring E1/E2 glyco-
proteins from genotypes la, 1b, 2a, 3a, 4a, Sa, and 6a were
described previously.!¢ For viral internalization assay,
Hep3B cells were incubated for 1 hour at 4°C to allow
binding of HCVpp (pHCV7a) to cells, washed repeatedly
with phosphate-buffered saline to remove unbound vi-
rus, and treated with concanamycin A (Sigma-Aldrich,
St. Louis, MO) (25 nmol/L), Anti-E2 AP33 antibody!” (25
pg/mL), PS-ON (100 nmol/L), or PO-ON (100 nmol/L)
overnight at 37°C for viral entry. The efficiency of infec-
tion was measured by luciferase assay 24 hours later.
Transient assay of genotypes 1b (Con-1) and 2a (JFH-1)
subgenomic reporter replicons have been reported previ-
ously!'®!® and are described in detail in the Supporting
Document.

HCV Binding and Fusion Assays

The HCV-like patticle (LP) binding assay was per-
formed at 4°C for 1 hour in 100 uL of TNC (50 mmol/L
Tris, pH 7.4, 100 mmol/L NaCl, 1 mmol/L CaCl,) buffer
containing 1% bovine serum albumin as reported previ-
ously?® and is described in detail in the Supporting Doc-
ument. Both Hep3B and Huh?7.5 cells were tested. Direct
binding of PS-ON or PO-ON to HCV-LP was measured
by a plate-binding assay and is described in the Support-
ing Document. For viral fusion assay, HCVpp/lipo-
some lipid mixing assays with rhodamine-labelled lipo-
somes were performed as previously reported?! and are
described in the Supporting Document.

HCYV Infection in Chimeric Mice

Human hepatocyte-transplanted mice generated
in severe combined immunodeficient (SCID)/urokinase
plasminogen activator (uPA) mice were purchased from
PhenixBio (Hiroshima, Japan).22 These uPA/SCID mice
stably transplanted with human hepatocytes were treated
intraperitoneally with 10 mg/kg of poly C PS-ON or poly
AC PS-ON (40mer) on days —1, 0, 1, 3, 5, and 7. Control
poly C PO-ON (40mer stabilized by 2'-O-methyl ribose
modification) was also tested. A fourth group of mice did
not receive any compounds (only normal saline admin-
istration). Approximately 5-15 mice were included in
each group. The mice were intravenously inoculated on
day 0 with HCV patient serum containing 3.9 X 10°
copies of HCV genotype 1b. Serum samples were ob-
tained on days 0 (prior to HCV inoculation), 7, 14, 21, 28,
and 35 for HCV RNA, HCV core antigen, and human
albumin determination. Human albumin in the blood of
the chimeric mice was measured with the Alb-II Kit
(Eiken Chemical, Tokyo, Japan).
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Statistical Analysis

Data from at least triplicate experiments were
averaged and expressed as means * standard deviations.
Statistical analysis was performed using the Student ¢ test
or Welch ¢ test. P values of less than .05 were considered
statistically significant.

Results

APs Inhibit HCV Infection in a
Sequence-Independent Manner

To assess whether APs can inhibit HCV infection,
fully degenerate 40mer oligonucleotides that were either
phosphorothioated (PS-ON) resulting in a stable amphi-
pathic DNA polymer or that had a 2'-O-methyl modifi-
cation on the ribose moiety (PO-ON) conferring stability
but not altering the polyanionic nature of DNA!423 were
tested. Huh?7.5 cells were infected with HCVcc in the
presence of either PS-ON or PO-ON. At 72 hours postin-
fection, HCV-infected cells were assessed by immunoflu-
orescence assay (Figure 14) and intracellular HCV RNA
quantification (Figure 1B). HCV infection was signifi-
cantly inhibited by PS-ON and not PO-ON (P < .05). The
inhibitory effect of PS-ON was also confirmed by reduced
HCV core antigen and HCV RNA levels in the culture
supernatant, as compared with those of the PO-ON-
treated cells (P < .05) (Figure 1C and D). To evaluate
further the efficacy of PS-ON against viral entry, HCVpp
harboring genotype 1b was used to infect Hep3B. The
PS-ON blocked infection of HCVpp in a similar dose-
dependent manner (Figure 1E). The PO-ON exhibited
some inhibitory effect at high concentration, which
could be attributed to noncytotoxic inhibition of cellular
adherence by the polyanion nature of PO-ON. To assess
whether the PS-ON inhibitory effect is specific for HCV,
retroviral pseudovirus carrying the vesicular stomatitis
virus G protein (VSVGpp) was tested in the presence of
PS-ON or PO-ON. Neither PS-ON nor PO-ON had any
effect on VSVGpp infection (Figure 1F). Furthermore,
adenoviral infection was not inhibited by PS-ON (Sup-
plementary Figure 1).

A series of homo- and heteropolymeric APs including
poly G, A, T, C, TG AC, TC, and AG PS-ONs were tested
for their inhibitory activities on HCV infection in both
HCVcc and the HCVpp systems. These APs had similar
inhibitory activities as the degenerate PS-ON with ran-
dom sequence in the HCVcc system except for poly G
and poly A (Figure 2A). Similar effects were also ob-
served on HCV core antigen and HCV RNA levels in the
culture supernatant (Figure 2B and C). In the HCVpp
system, these PS-ONs also had similar inhibitory ef-
fects (Figure 2D).

AP Inbibition of HCV Infection Is Dependent
on Size and Amphipathicity

Different sizes of degenerate PS-ONs (6-, 10-, 20-,
30-, 40-, 50- and 80mer) were tested for their inhibitory
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activities in the HCVcc and HCVpp systems. Only PS-
ONs with lengths of 40mer or greater potently inhibited
HCV infection (Figure 2E). This result was confirmed
with the poly C PS-ONs (Supplementary Figure 2). To
determine the requirement of amphipathicity for antivi-
ral activity of these compounds, additional oligonucleo-
tide analogs that had diminished hydrophilic character
were prepared and include degenerate PS-ON analogs
with either the base and/or the sugar removed (Supple-
mentary Figure 3). An additional degenerate PS-ON an-
alog containing the 2'-O-methyl ribose modification that
does not affect the amphipathicity was tested. These
analogs were tested for their inhibitory activities in the
HCVcc and HCVpp systems. Only analogs that retained
the amphipathic properties inhibited HCV infection (Fig-
ure 2F). These observations suggest that the amphipathic
nature of these PS-ONs is necessary for inhibiting HCV
infection.

APs Inbibit Infection of Various Genotypes

of HCV Without Affecting Replication

and Cell Attachment

To study the effects of APs on various HCV
genotypes, HCVpp harboring E1/E2 glycoproteins
from genotypes la, 1b, 2a, 3a, 4a, Sa, and 6a were

tested.!¢ Infections by all genotypes were equally blocked
by the degenerate PS-ON, whereas the degenerate
PO-ON had no effect (Figure 3A). Similar observation
was obtained with the poly C compounds (Supplemen-
tary Figure 2D).

The degenerate PS-ON compound was tested for its
effect on viral replication in the HCV replicon system,
which supports viral replication without the viral entry
step. Genotype 1b and 2a subgenomic replicons were
tested. Subgenomic replicon RNAs containing luciferase
reporter were transfected into Huh7.5 cells, and the rep-
lication efficiency was determined in the presence of the
PS-ON or PO-ON control. Neither PS-ON nor PO-ON
displayed any antiviral activities in both subgenomic rep-
licon systems (Figure 3B). To eliminate the possibility
that PS-ON may induce an antiviral state with increasing
time of exposure to cells, the HCV replicon assay was
performed after exposure to either PS-ON or PO-ON for
24-48 hours, and no difference in replication was ob-
served (data not shown). Furthermore, Huh7.5 cells
treated with PS-ON or PO-ON did not produce any
detectable levels of type I interferons.

To dissect further the effect of PS-ON on viral entry,
we applied the HCV-LP binding assay, which has been
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Figure 2. Sequence-independent
and size- and phosphorothioation-
dependent effects of PS-ON on HCV
0(0:;6“ infection. A series of 40mer PS-ONs
with specific sequences including poly
Q poly G, A, T, C, TG AC, TC, and AG

120 were tested for their inhibitory effect
§ 100 on HCV infection. (A) HCVcc was in-
= § 80 oculated with Huh7.5 cells and treated
g% 107 2t 0 with 100 nmol/L of these homo- and
> ‘>_, s heteropolymeric PS-ONs. Expression
g% e x ‘é 40 of HCV core was detected by immu-
= e 2 nofluorescence assay using anticore
¥ 2 antibodies. (B) The HCV core Ag titers
0 PG g O 49 © © and (C) HCV RNA levels in the culture
R a* 6“ a“ a* qf medium were determined. (D) Hep3B
&'\ Q&*QG“ % é‘\ 6\ Q quddi& 6\ 6\ Ll dz‘f& ‘é} cells were infected with HCVpp geno-
type 1b and treated with these various
E e F e0- B oves|  PS-ONsat100nmol/L, and luciferase
140 g 140 4 activities were determined 2 days
s wae] & HCVpp £ 120 £ HCvpp later. (E) Various sizes of PS-ON (10—
- .:.’ 80mers) at 100 nmol/L were tested in
g 100 ;;.c; 400 the HCVce and HCVpp systems. (F)
% 80 1 = 80 Various structures of oligonucleo-
+ 601 8 60+ tides, PS-ON analogue with phospho-
S 40 & 40 rothioate backbone but without the
E 20 ] - sugar or base, and PS-ON analogue
with 2’-O-methyl ribose modification,
04 x 0+ were synthesized. Each 40mer oligo-
SRR e e @&‘5) o-és o)-oe,,g? (9,0‘:@@ éi§\ Q@Q nucleotide at 100 nmol/L was tested
(-mer) S < < .z~°\° 8 ¢o° Qo,é‘ in the HCVcc and HCVpp systems. Al
O > & results are shown as percentages of
N infection + SD.

developed as a surrogate system to assess HCV binding to
cells.24-26 HCV-LP were incubated in the presence of
PS-ON and PO-ON for 1 hour at 4°C with Huh7.5 or
Hep3B cells. Under this condition, virus attaches to the
cells but does not enter. HCV patients’ serum containing
high-level of anti-E1/E2 antibodies was included as a
control. The binding was detected with FITC-labeled
mouse monoclonal anti-E2 antibodies (Figure 3C). The
results showed that the anti-HCV antibodies inhibited
the HCV-LP binding to the cells, whereas the PS-ON and
PO-ON-treated HCV-LP did not inhibit HCV-LP binding.
To validate the HCV-LP binding assay, HCVcc binding to
cells was performed in the presence of PS-ON, PO-ON, or
HCV serum. HCV RNA bound to the cells was quantified to
determine the percentage of binding. As shown in Figure
3D, HCV antibody significantly inhibited HCVcc binding to
cells (~80%), whereas PS-ON and PO-ON had minor effects
(<20%). These results suggest that the target of inhibition
by APs is at the postbinding, cell entry step.

To address the question of whether PS-ON binds to
HCV directly to inhibit HCV infection, HCV binding

assays were performed. First, in an immunoassay format
using HCV-LP as a capture antigen, neither PS-ON nor
PO-ON showed any significant binding to HCV-LP (Ta-
ble 1). Second, sedimentation density gradient analysis
did not show a preferential cosedimentation of HCVcc
with PS-ON or PO-ON in comparison with the control
preparation (Figure 3E), indicating that neither PS-ON
nor PO-ON binds to HCVcc to any significant extent. The
amount of PS-ON in the HCVcc or the control fraction
was higher than that of PO-ON, probably reflecting the
different physical properties of PS-ON and PO-ON. How-
ever, it is possible that low-affinity binding of HCV and
PS-ON could be present and required for subsequent
inhibitory action but not detected by the currently ap-
plied assays.

APs Inhibit Viral Internalization

To determine which entry step that APs targets,
the HCVpp assay was performed in the presence of con-
canamycin A (25 nmol/L), degenerate PS-ON (100 nmol/
L), degenerate PO-ON (100 nmol/L), or AP33+ALP98
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Figure 3. Effects of PS-ON on infection of various HCV genotypes, HCV replication, and cell binding. (A) HCVpp harboring E1/E2 glycoproteins from
genotypes 1a, 1b, 2a, 3a, 4a, 5a, and 6a were inoculated into Hep3B cells and simultaneously treated with 100 nmol/L of degenerate PS-ON and
PO-ON (40mer). Luciferase activities were determined 2 days later. (B) Subgenomic RNA of genotype 1b Con1 or 2a JFH1 were transfected into
Huh7.5 cells. Four hours after transfection, a set of transfected cells was harvested as a control for transfection efficacy, and the remaining cells were
treated with 100 nmol/L of PS-ON and PO-ON. Cells were then harvested at 72 hours posttransfection and luciferase activities determined. The
replication level was presented as the ratio of the luciferase activity of the sample at 72 hours over that of 4 hours. Percentages of replication were
determined by dividing the replication level of treated over that of untreated samples. (C) Hep3B and Huh7.5 cells were incubated with 20 pg/mL
HCV-LP and 100 nmol/L PS-ON or PO-ON at 4°C for 1 hour. The cells were washed and incubated with anti-E2 ALP98 monoclonal antibody for 30
minutes followed by FITC-labeled goat anti-mouse immunoglobulin for 30 minutes at 4°C. HCV-LP binding was analyzed by flow cytometry. The
black filled peaks are negative controls without the anti-E2 antibody. The gray filled peaks are positive controls showing HCV-LP binding without any
compounds. The black solid lines and gray dotted lines represent treatments with PS-ON and PO-ON, respectively. The gray solid line represents
samples in the presence of HCV serum that has been shown previously to inhibit HCV-LP binding. The mean fluorescence intensity (MFI) of each
sample is shown. (D) HCVcc was incubated with Huh7.5 cells in the presence of HCV serum PS-ON or PO-ON at 4°C for 1 hour. The unbound virus
was washed off, and the bound HCVcc was determined by HCV RNA quantification and HCV core Ag assay. (E) HCVcc was incubated with
Cy3-labeled degenerate PS-ON or PO-ON (40mer) and subjected to iodixinol density gradient analysis as described in the online Supporting
Document. Control preparation generated the same way was used for comparison. The fluorescence intensity of the fraction where infectious HCV
sedimented was determined and shown.

monoclonal anti-E2 antibodies (25 ug/mL total concen-  blocked HCV binding to the cells but had no effect on
tration) at 37°C. Hep3B cells were first incubated with ~ HCV entry. On the other hand, both concanamycin A
HCVpp at 4°C to allow binding and then at 37°C with  and the degenerate PS-ON inhibited HCV entry.

various compounds after the inoculating HCVpp was To demonstrate that APs may inhibit HCV internal-
removed. Concanamycin A is known to inhibit HCV  ization at the fusion step, a viral fusion assay was per-
entry by preventing acidification of endosome.!? As  formed with HCVpp or VSVpp as control.?! Degenerate
shown in Figure 4A, AP33+ALP98 anti-E2 antibodies  sequence and poly C PS-ONs and the control PO-ONs
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Table 1. Lack of Binding of PS-ON to HCV-LP

GASTROENTEROLOGY Vol. 137, No. 2

PS-ON (nmol/L)? PO-ON (nmol/L)? AP33b
0 10 100 1000 0 10 100 1000 1 pg/mL
HCV-LP 155+ 14 105+ 9 162 +13 116 +10 137+12 15+10 123+12 157 +13 1475+ 150
Control 147 +13 1147 +10 120+11 117 +9 111 +10 33+14 100+8 103 +9 153 + 16

2Cy3 labeled degenerate PS-ON and PO-ON (40mer).

bAP33 binding to HCV-LP was detected with Cy3-labeled goat anti-mouse IgG antibody.

were tested. Both PS-ON compounds showed significant
inhibition of HCVpp fusion over their control PO-ON,
whereas VSVGpp fusion was largely unaffected by either
PS-ON or PO-ON (Figure 4B and Supplementary Figure
4). The inhibitory effect of PS-ON on fusion was evident
on both the rate and maximum of fusion in the assay.

APs Inhibit HCV Infection In Vivo

To test the efficiency of APs in vivo, sodium salts
of amphipathic polymers (40mers) of poly C and poly AC
and their respective PO-ON controls were prepared. De-
generate oligonucleotides were avoided because they
might potentially contain CpG motifs, which could in-
duce endogenous interferons, although in vitro testing
did not reveal such a possibility. Human hepatocyte-
transplanted uPA/SCID mice were treated with these
compounds as described and inoculated with infectious
HCV genotype 1b patient serum. In this model, the
production of human albumin in serum was monitored
for the engraftment index of human hepatocytes. All
mice showed robust and comparable human albumin
concentrations that did not change significantly during
the experimental period (Figure 5). Only 1 animal in the
poly C PS-ON-treated group (n = 7) and 2 in the poly AC
PS-ON-treated group (n = 5) were HCV positive. The
remaining mice in both groups of mice were persistently
negative. All 7 mice in the poly C PO-ON-treated mice

>
W

m HCVce <
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S €20
£ 40 ©
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. . 07
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(100%) and 14 of 15 untreated mice (normal saline pla-
cebo) were HCV positive (93%). The P value was statisti-
cally significance between the PS-ON- and PO-ON-
treated groups (P < .05). To rule out the possibility that
these protected mice were not intrinsically resistant to
HCV infection despite robust human hepatocytes en-
graftment, some of them were rechallenged with infec-
tious HCV inoculum several weeks later. They all became
infected, supporting the specific inhibitory effect of APs
on de novo HCV infection in this in vivo model.

Discussion

Current therapy for hepatitis C is based on pegin-
terferon and ribavirin. However, the therapy is only ef-
fective in approximately half of the patients, and there is
little option to those who fail current therapy. Recent
advances in the development of small molecule inhibitors
targeting the viral-encoded enzymes showed promise,?”
but viral resistance to these drugs is a major clinical issue
because HCV is highly variable with rapid viral prolifer-
ation and low-fidelity replication. Phosphorothiate mod-
ification of oligonucleotides was initially designed to
reduce enzymatic degradation. This modification also
increases the hydrophobicity of the phosphodiester back-
bone and thus imparts an amphipathic character to the
oligonucleotide polymer.28 Recent studies showed that

Fusion rate Maximum fusion

507 .
401
8 HCVpp
20+ OVSVGpp
*
T
»
*
Degen PolyC Poly Degen Degen PolyC Poly

PS-ON PO-ON PS-ON PO-ON

Figure 4. Effects of PS-ON on HCV viral entry. (A) Hep3B cells were incubated with HCVpp at 4°C for 1 hour to bind the virus and washed to remove
the unbound virus. Cells were then incubated with fresh culture medium containing 25 nmol/L concanamycin A, 100 nmol/L PS-ON, 100 nmol/L
PO-ON, or 25 pg/mL (total concentration) AP33+ALP98 monoclonal antibodies at 37°C for 16 hours. The luciferase activities were determined 24
hours later. Results are shown as percentages of infection + SD. (B) Fusion assay was performed with HCVpp or VSVGpp in the presence of PS-ON
(degenerate or poly C) or the PO-ON controls. The results are expressed as mean percentages (means + SD) of inhibition of either the fusion rate
at the origin of the fusion kinetics (left panel) or the maximum fusion of the curve at 500 S (right panel) relative to incubation in the absence of the
compounds. The fusion curves are shown in Supplementary Figure 4. *P < .05 comparing the PS-ON and the corresponding PO-ON in the HCVp
fusion assay. .
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venously inoculated on day O with § ~ 102 WOV postvarTasin2ss

HCV patient serum containing 3.9 X 10°.

103 copies of HCV genotype 1b (indi- &  1x107

cated by arrow). Serum samples were i = 8X10° 4

obtained on days O (prior to HCV in- & iexwﬁ.

oculation), 7, 14, 21, 28, and 35 for g £ axi08 ] w
HCV BNA and human albumin deter- 2X108

mination. HCV core antigen was also x 1 S—— — —
measured and showed the same re- 0 7 14 21 28 35

sults as the HCV RNA determination. Days

the amphipathic PS-ONs have a sequence-independent
antiviral activity against HIV-1 and other viruses,42°
suggesting that these compounds may exhibit a broad-
spectrum antiviral activity.

Our data showed that PS-ON blocked HCV infection
in the HCVcc and HCVpp systems in a similarly dose-
dependent manner, with 50% inhibitory concentration in
the nanomolar range. PS-ON had no effect on infection
of VSVGpp (an enveloped RNA virus with mechanism of
viral entry distinct from type I and II fusion) or adeno-
virus (a nonenveloped DNA virus). The amphipathic na-
ture of PS-ON is crucial for its anti-HCV property be-
cause PS-ON analogs lacking the amphipathicity are
inactive. Polynucleotides are polyanions, a class of com-
pounds that have been shown to interfere with a variety
of viral infections.3*3! However, our data showed clearly
that the polyanionic nature is not relevant to the PS-ON
inhibitory activity because the control PO-ON is not
active in HCV inhibition. Furthermore, the inhibitory
effect of PS-ON could not be explained by the increased
stability of the phosphorothioation because the control

PO-ON has the 2'-O-methyl modification that also sta-
bilizes the oligonucleotides.!423

The inhibitory activity of APs is sequence independent
but length dependent. The degenerate APs were equally
effective as the homo- and heteropolymeric sequences,
with the exception of poly A and G, which can form
unique polypurine quartet structures in solution.> The
minimal length of PS-ON required for potent inhibitory
activities is 40mer, which appears to be the same for all
active PS-ON compounds. This length-specific require-
ment may indicate a critical structural feature of the HCV
entry process that is susceptible to these compounds.
Although the degenerate PS-ON may contain CpG motif,
the other hetero- and homopolymer PS-ONs tested
herein are devoid of CpG motifs. The comparable anti-
viral activity of these compounds to the degenerate
PS-ON demonstrates that the antiviral activity is not
mediated by the potential CpG-mediated induction of
interferon. Furthermore, Huh7.5 cells express very little
or none of the cell surface toll-like receptors involved in
recognition of nucleic acid-based motifs,3* and we did
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not observe any production of endogenous type I intet-
ferons in cells exposed to either PS-ON or PO-ON.

The inhibitory activity of PS-ON appears to target the
postbinding and prereplication stage and possibly at the
fusion step of HCV infection. The fusion process appears
to be structurally conserved among many enveloped vi-
ruses and can be classified into types I and IL* The type
I membrane fusion is exemplified by the influenza and
HIV-1 via hemagglutinin and gp41, respectively. The type
11 fusion includes the alpha-viruses and flaviviruses.34-36
It has been proposed that HCV uses a type II fusion
process because of its similarity to flaviviruses.?” Our
recent study suggests that HCV and flaviviruses are in-
deed structurally similar.® It is conceivable that the fu-
sion process of HCV may be susceptible to inhibition by
the amphipathic structure of PS-ON, but further confir-
mation is necessary. HCV entry has been shown to occur
via receptor-mediated endocytosis and is sensitive to ly-
sosomotropic agents and inhibitors of vacuolar AT-
Pases.?® The finding that PS-ON acts at the postbinding
step like concanamycin A and bafilomycin A1, which are
potent inhibitors of the vacuolar ATPases, supports this
hypothesis. Furthermore, all HCV genotypes appeared to
be susceptible to the APs equally, suggesting that the
process involved is highly conserved.

HCV entry involves multiple cellular factors, such as
CD81, SR-B1, Claudin-1, heparin sulfate, DC-SIGN, and
L-SIGN, and possibly LDL receptor.5-103! CD81 and
Claudin-1 have been postulated to act on the postbind-
ing step.640 SR-B1 is likely involved in an early viral entry
step to the cells. Its interaction with apolipoproteins and
cholesterol transfer property appear to be important for
viral entry,*! possibly at the level of membrane fusion.*?
The overall mechanism of HCV entry is complex and
involves multiple factors and steps. The APs likely inter-
act with 1 of these essential steps to abort HCV entry.
The unique inhibitory effect of the APs on HCV infection
makes it a valuable reagent to study the molecular path-
way of HCV entry. The APs can also be developed as a
molecular probe to image and dissect biochemically this
complex process.

Our study demonstrates that APs are potent inhibitors
of HCV infection. APs are equally effective against all
HCYV genotypes and can inhibit de novo HCV infection in
the human hepatocyte-transplanted uPA/SCID mouse
model. This approach has the advantage of a novel and
highly conserved target mechanism that is distinct from
the small molecule inhibitors being developed clinically
as well as the well-established pharmacology of antisense-
based nucleic acid molecules in clinical trials. The effec-
tiveness of this class of compounds in blocking de novo
HCV infection supports its value in liver transplantation
to prevent reinfection, which occurs invariably and pre-
sents a major problem for the management of these
patients.*? So far, prophylactic reagents based on neutral-
izing antibodies have been disappointing in clinical trials

GASTROENTEROLOGY Vol. 137, No. 2

of liver transplantation*® Our studies illustrate the
promise of this class of compounds as a potent antiviral
against HCV and support its further development in the
therapy of hepatitis C.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.04.048.
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A genome-wide association study identifies variants in
the HLA-DP locus associated with chronic hepatitis B

1In Asians

Yoichiro Kamatanil, Sukanya Wattanapokayakit?, Hidenori Ochi®5, Takahisa Kawaguchi?, Atsushi Takahashi,
Naoya Hosono?, Michiaki Kubo?, Tatsuhiko Tsunoda?, Naoyuki Kamatani?, Hiromitsu Kumada$,
Aekkachai Puseenam’, Thanyachai Sura’, Yataro Daigo!?, Kazuaki Chayama®>, Wasun Chantratita®,

Yusuke Nakamural** & Koichi Matsudal

Chronic hepatitis B is a serious infectious liver disease that
often progresses to liver cirrhosis and hepatocellular
carcinoma; however, clinical outcomes after viral exposure
vary enormously among individuals'. Through a two-stage
genome-wide association study using 786 Japanese chronic
hepatitis B cases and 2,201 controls, we identified a significant
association of chronic hepatitis B with 11 SNPs in a region
including HLA-DPAT and HLA-DPB1. We validated these
associations by genotyping two SNPs from the region in three
additional Japanese and Thai cohorts consisting of 1,300 cases
and 2,100 controls (combined P = 6.34 x 10~3? and 2.31 x
10738, OR = 0.57 and 0.56, respectively). Subsequent analyses
revealed risk haplotypes (HLA-DPAT*0202-DPB1*0501 and
HLA-DPAT1*0202-DPB1*0301, OR = 1.45 and 2.31,
respectively) and protective haplotypes (HLA-DPAT*0103-
DPB1%0402 and HLA-DPAT*0103-DPB1*0401, OR = 0.52 and
0.57, respectively). Our findings show that genetic variants in
the HLA-DP locus are strongly associated with risk of persistent
infection with hepatitis B virus.

Chronic hepatitis B is one of the most common infectious liver
diseases caused by hepatitis B virus (HBV). HBV infection shows a
marked regional diversity and is very prevalent in the Asia-Pacific
region; HBsAg seropositivity rates are as high as 5-12% in Thai and
China, but as low as 0.2-0.5% in North America and Europe?. It is
estimated that, at present, more than 400 million people worldwide
are chronically infected with HBV, and nearly 60% of liver cancers are
considered to be related to chronic hepatitis B and subsequent liver
cirrhosis®. Most HBV carriers are considered to have been infected

through maternal transmission in the neonatal period or infancy,
particularly in Japan®. Although some HBV carriers spontaneously
eliminate the virus, 2-10% of individuals with chronic hepatitis B are
estimated to develop liver cirrhosis every year, and a subset of these
individuals suffer from liver failure or hepatocellular carcinomal.
Because clinical outcomes after exposure to HBV are highly variable,
identification of genetic and environmental factors that are related to
progression of HBV-induced liver diseases is critical.

Several epidemiological factors such as age at infection, sex, chronic
alcohol abuse® and co-infection with other hepatitis viruses® were
suspected to affect viral persistence. In addition, a twin study in Taiwan
indicated that host genetic background influences infection outcome’.
Although genetic variants in IFNG, TNE, VDR, ESRI and several HLA
loci were shown to associate with chronic hepatitis B3-!2, none of the
associations has been proven to be conclusive. To identify disease-
predisposing variants, we carried out a two-stage association study for
chronic hepatitis B using genome-wide SNPs as genetic markers.

Characteristics of each cohort group are shown in Supplementary
Table 1 online. We carried out a two-stage genome-wide association
approach as described in the Methods. In the first stage, we genotyped
179 Japanese individuals with chronic hepatitis B and 934 control
individuals using Ilumina HumanHap550 BeadChip (Fig. 1a). For the
second stage, we selected the top 12,000 SNPs that had the smallest
P values on the basis of minimum P value considering three genetic
models: allelic, dominant or recessive. Analysis of an independent set of
607 cases and 1,267 controls using these sub-selected SNPs showed 11
SNPs to be significantly associated (P = 3.62 x 1078 ~ 1.16 x 10713)
with chronic hepatitis B after Bonferroni correction (Fig. 1b and
Supplementary Table 2 online). Application of the Cochrane-Armitage
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test to all the tested SNPs indicated that the genetic inflation
factor lambda was 1.02 for the second stage (Supplementary Fig. 1a
online), implying a low possibility of false positive associations
due to population stratification. All 11 SNPs are located within
or around the HLA-DPAI and HLA-DPBI locus (Fig. 2). We also
conducted age- and sex-adjusted analysis using a logistic regression
model, and confirmed similar association after adjustment (data
not shown).

To validate the result of the discovery-phase analysis, we carried out
replication analyses using three independent cohorts. We selected the
most or second-most strongly associated SNPs from each HLA-DP
locus (rs9277535 on HLA-DPBI and rs3077 on HLA-DPAI, respec-
tively), as we failed to design a Tagman or Invader probe for rs2395309
on HLA-DPAI. We first examined two independent sets of Japanese
case—control samples comprising 274 cases and 274 controls (age-,
sex- and alcohol consumption-matched cohort from BioBank Japan)
as well as 718 cases and 1,280 controls. We found significant associa-
tions at two SNP loci in both studies (P = 1.06 x 10716~1.96 x
10~% Table 1). We also genotyped 308 individuals with chronic
hepatitis B and 546 healthy controls in Thailand, and further con-
firmed the association at the two loci, rs3077 (P = 6.53 x 107°) and
159277535 (P = 6.52 x 1078).

To combine these studies, we conducted a meta-analysis with a
fixed-effects model using the Mantel-Haenszel method. As shown in
Table 1 and Supplementary Figure 1b, the odds ratios (OR) were
quite similar across the four studies (the second stage of GWAS
and three replication studies) and no heterogeneity was observed.
Mantel-Haenszel P values for independence were 2.31 x 107 for
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rs3077 (OR = 0.56, 95% confidence interval (CI) = 0.51-0.61), and
6.34 x 10~ for 159277535 (OR = 0.57, 95% CI = 0.52-0.62).

The 11 SNPs showing significant associations are located within a
50-kb region including HLA-DPA1 and HLA-DPBI (Fig. 2). Although
the HLA region is known to show extensive linkage disequilibrium
(LD) spanning over 7 Mb, the LD block including these 11 SNPs
(surrounded by a bold line in Fig. 2a) was not in strong LD with the
other HLA loci. In accordance with the extent of LD, only SNPs
around the HLA-DPAI and HLA-DPBI genes showed very strong
associations with chronic HBV (surrounded by a bold line in Fig. 2b),
and SNPs outside of this particular LD block did not have
significant association.

HLA-DPAI and HLA-DPBI encode the HLA-DP o and B chains,
respectively. HLA-DPs belong to the HLA class II molecules that form
heterodimers on the cell surface and present antigens to CD4-positive
T lymphocytes. HLA-DPs are highly polymorphic, especially in exon 2,
which encodes antigen-binding sites. We thus considered that the
association of these SNPs with chronic HBV might reflect variations
in antigen-binding sites that might affect the immune response to
HBV. We genotyped HLA-DPAI and HLA-DPBI alleles by direct
sequencing of exon 2 (cases at second stage and controls at first
stage) and found significant association of chronic hepatitis B with
HLA-DPA1*0103, DPA1*0202, DPB1*0402 and DPB1*0501 (P = 2.93
x 10711, 445 x 1078, 2.27 x 1077 and 6.98 x 1077, respectively;
Supplementary Table 3 online). Because sequence variants in exon 2 of
HLA-DPA1 and HLA-DPBI could be linked to individual nucleotide
variants, we inferred haplotypes using the 11 SNPs and variants in exon
2, and found very strong LD among them (Supplementary Fig. 2

C=aPNWWHHNNDIDNNDOO©
nwowowonwowonwomwonwowmown

!.‘-_ ot . Jyen 5
e Chrl s Chr2 we Chr3 < Chrd === ChrS mm ChrG mm Chi7 == Chr8

w= Chr17 s Chr18 mm Chr19 s Chr20 wee Chr21 mm Chr22

ChrQ === Chr10

Figure 1 Results from a two-stage genome-wide association study. (a) —logio P value plot at the first stage. Each P value is the minimum of Fisher’s exact
tests for three models: dominant, recessive and allele frequency model. (b) —log;o P value plot at the second stage. P values were calculated by 1-d.f.
Cochrane-Armitage trend test. The large dots circled by red on the chromosome 6 showed significant associations (P < 5.06 x 10-8) with chronic hepatitis B.
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stage within the extended MHC region of chromosome 6. The LD map based on D’ was drawn using the genotype data of the cases and the controls in the
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the first and the second stage, respectively. The LD map based on D’ was drawn using the genotype data of the cases and the controls in the first stage.

online). Case—control analyses revealed four associated haplotypes:
DPAI*0103-DPB1*0402 and DPAI1*0103-DPB1*0401 showed protec-
tive effects (P = 6.00 x 1078, OR = 0.52, 95% CI = 0.35-0.75 and P =
0.002, OR = 0.57, 95% CI = 0.33-0.96, respectively), whereas
DPA1*0202-DPB1*0501 and DPA1*0202-DPBI*0301 were associated
with susceptibility to chronic hepatitis B (P = 5.79 x 10~%, OR = 1.45,
95% CI = 1.16-1.81 and P = 0.002, OR = 2.31, 95% CI = 1.39-3.84,
respectively; Table 2). We also found various sets of SNPs (tagging
SNPs) that could predict HLA-DP alleles (Supplementary Table 4
online). Taken together, our findings strongly implicate an association
of genetic variants in the HLA-DPA1 and HLA-DPBI genes with
chronic hepatitis B.

Table 1 Results of replication studies and meta-analysis

HLA-DR13 was reported to have a protective effect against
persistent HBV infection in different populations®!*!4, Comparison
of genotypes of HLA-DRBI1*1301 and *1302 alleles (both correspond-
ing to HLA-DR13) and Illumina HumanHap550 SNPs in 333 of
the first-stage control samples revealed that the A allele of rs11752643
was in strong LD with HLA-DR13 (r2 = 0.83, D’ = 1). However,
the association between rs11752643 and chronic hepatitis B was
not significant in our second stage GWAS, with an uncorrected
P value of 1.04 x 10~ (Supplementary Table 5 online). In addition,
the association of chronic hepatitis B with rs3077 and rs9277535
remained highly significant (P = 2.11 x 10710 and 1.73 x 1079
respectively) after adjustment for rs11752643 using a logistic

Cases Controls
Allele

SNP Nearest gene  (1/2)  Stage 11 12 22 11 12 22 OR (95%CI)? po Pret®
1s3077 HLA-DPA1 AG GWAS second stage 42 240 324 197 598 472 0.57 (0.49-0.66) 1.26E-13

First replication 25 95 152 50 122 102 0.53 (0.41-0.69) 1.73E-06

Second replication 64 237 410 197 596 485 0.55 (0.47-0.63) 1.06E-16

Third replication 28 109 163 85 250 210 0.61 (0.49-0.75) 6.53E-06

Meta-analysisd 0.56 (0.51-0.61)  2.31E-38  0.84
1s9277535 HLA-DPB1 AG GWAS second stage 58 254 294 230 619 418 0.59 (0.51-0.69) 1.78E-12

First replication 26 102 144 49 132 91 0.54 (0.42-0.69) 1.96E-06

Second replication 68 264 376 227 604 445 0.56 (0.48-0.64) 1.81E-16

Third replication 29 136 139 107 273 155 0.56 (0.46-0.69) 6.52E-08

Meta-analysis? 0.57 (0.52-0.62)  6.34E-39  0.85
0dds ratio and P values for independence test were calculated by the Mantel-Haenszel method.
20dds ratio of minor allele from two-by-two allele frequency table. ®P values of Pearson’s 32 test for allele model. cResult of Breslow-Day test. 9Meta-analysis of all four studies.
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Table 2 Haplotype analysis

Frequency Frequency OR®

No. Haplotype? (cases) (controls) PP (95% CI)

1 GG-DPA1*0202-TCG-DPB1*0501-GAGATT 0.428 0.347 5.79E-06 1.45(1.16-1.81)
2 AA-DPA1*0103-CCA-DPB1*0201-AGTGCC 0.165 0.192 0.052 Reference

3 GG-DPA1*0201-TCG-DPB1*0901-GGGGTC 0.129 0.124 0.642 1.21 (0.91-1.61)
4 AA-DPA1*0103-CTA-DPB1*0402-AGTGCC 0.042 0.096 6.00E-08 0.52 (0.35-0.75)
5 AA-DPA1*0103-CCA-DPB1*0401-AGTGCC 0.018 0.038 0.002 0.57 (0.33-0.96)
6 GG-DPA1*0202-TCG-DPB1*0301-GGGGTC 0.036 0.018 0.002 2.31 (1.39-3.84)
7 GG-DPA1*0202-TCG-DPB1*0202-AGTGCC 0.020 0.027 0.257 0.88 (0.51-1.52)
8 GG-DPA1*0202-TCG-DPB1*0201-AGTGCC 0.022 0.024 0.662 0.97 (0.57-1.65)
9 GG-DPA1*0201-TCG-DPB1*0501-GAGATT 0.029 0.018 0.057 1.81 (1.06-3.08)
10 GG-DPAI1*0201-TCA-DPBI1*1301-GGTGCC 0.022 0.016 0.172 1.69 (0.95-3.03)
11 AA-DPA1*0103-CTG-DPB1*0301-GGGGTC 0.011 0.016 0.246 0.74 (0.36-1.53)
12 GG-DPA1*0201-TCG-DPB1*1401-GGGGTC 0.012 0.012 0.877 1.25(0.61-2.53)

(or no) immune response and persistent HBV
infection. A previous report that implicated
HLA-DPAI*0103 and DPBI*0402 to be
candidate predictive factors for antibody
production after HBV vaccination'® supports
this hypothesis. It should be noted that the
lack of information regarding exposure to
HBV for each control might underestimate
the effect size obtained in this study but does
not inflate the type 1 error rate.

In summary, we have demonstrated that
genetic variants in the HLA-DP genes are
strongly associated with chronic hepatitis B
in the Asian population. Considering the
function of HLA-DP molecules, our findings
suggest that antigen presentation on HLA-DP

Controls of the first stage and cases of the second stage were analyzed.

*Haplotypes consisting of rs2595309, 1s3077, HLA-DPA1, rs2301220, rs9277341, 1s3135021, HLA-DPB1, 1s9277535,
110484569, rs3128917, rs2281388, rs3117222 and rs9380343 are shown. bp yalues, odds ratios and its 95% confidence

intervals of each haplotype were calculated as described in the Methods.

regression model. Thus, our findings clearly indicate that hepatitis B
is associated with variants in the HLA-DP loci.

A number of reports have described association of several HLA and
non-HLA genes with persistent HBV infection'?!>, but their results
were not consistent among the studies, and none of them indicated a
possible involvement of the HLA-DP locus. This study is the first
GWAS to investigate host genetic factors associated with chronic
hepatitis B. One genome-wide linkage analysis using 318 microsatellite
markers in the Gambian population suggested that the chromosome
21q22 region contains a susceptibility locus for persistent HBV
infection!6, However, our GWAS analysis failed to support this result,
possibly owing to ancestry differences or different modes of viral
transmission (the vertical transmission in Japan versus the horizontal
transmission in Gambia).

To investigate the correlation between the incidence of hepatitis B
infection and these polymorphisms, we evaluated the frequencies of
rs3077 and rs9277535 in 11 different HapMap3 populations (Supple-
mentary Table 6 online). Our association analysis indicated that
A alleles at both rs3077 and 159277535 were associated with protective
effects for chronic hepatitis B. Notably, the frequencies of these two
alleles were lower in Asian and African populations, especially in the
Chinese population, compared with European and Central American
populations. Although disease prevalence is not determined solely by
genetic factors, the findings presented in our manuscript suggest that
genetic factors might exert substantial influence on the prevalence of
infectious disease.

Antigen presentations on HLA class Il molecules to CD4-positive
helper T cells and on class-] molecules to CDB8-positive cytotoxic
T cells are considered to be critical for the immune response against
exposure to HBV. Although cytotoxic T cells are suspected to have
major roles in viral clearance, helper T cells are also essential in the
immune response to acute infections!’. HLA-DPs have a structure
similar to other classical HLA class II molecules, but their roles in the
immune response have not been well characterized, except the associa-
tion with berylliosis'®. The 11 SNPs we found showing strong associa-
tion with chronic HBV infection were in very strong LD with HLA-DP
alleles. Because the subsequent haplotype analyses identified significant
association of chronic hepatitis B with haplotypes containing the
HIA-DPA1 and HLA-DPBI genes, we suspected that variations in
HLA-DP molecules would affect the ability for antigen presenta-
tion of HLA class II molecules on immune cells and result in weak

molecules might be critical for virus elimina-
tion and have an important role in the patho-
genesis of chronic hepatitis B. An understand-
ing of the molecular mechanism by which
HLA-DP variants confer risk of chronic hepatitis B should shed light
on its pathogenesis and facilitate development of new therapies for
treatment of the disease and prevention of disease progression.

METHODS

- Samples. Characteristics of each cohort group are shown in Supplementary

Table 1. Case and control samples used in this study for the Japanese
population were obtained from the BioBank Japan at the Institute of Medical
Science, the University of Tokyo®, except case samples of the second
replication and control samples of the first stage of the GWAS. From the
registered samples in BioBank Japan, we selected individuals that were
clinically diagnosed as having chronic hepatitis B. The diagnosis of chronic
hepatitis B was conducted based on HBsAg-seropositivity and elevated

" serum aminotransferase levels for more than six months according to the

guideline for diagnosis and treatment of chronic hepatitis (see URLs section
below). The control groups consisted of 2,821 individuals that were regis-
tered in BioBank Japan as subjects with diseases other than chronic hepatitis
B. Subjects who were positive for HBsAg were excluded from the controls.
We obtained 934 Japanese control DNAs in the first stage from volunteers in
the Osaka-Midosuji Rotary Club, Osaka, Japan. Case samples for the second
replication cohort (n = 718, RIKEN) were collected at Toranomon Hospital
as well as at hospitals participating in the Hiroshima Liver Study Group (for
a list of doctors participating in this study group, see URLs section below).
Cases and controls for the Thai replication study (1 = 308 and 546,
respectively) were collected at Ramathibodi Hospital, Mahidol University,
Thailand. The diagnosis of chronic hepatitis B was based on HBsAg-
seropositivity and elevated serum aminotransferase levels. All participants
provided written informed consent. This research project was approved by

- the ethical committees at the Institute of Medical Science, the University of

Tokyo, the Center for Genomic Medicine (formerly SNP Research Center),
RIKEN and Ramathibodi Hospital, Mahidol University.

SNP genotyping. We applied the two-stage approach as described pre-
viously?l. For the first stage, we genotyped 188 individuals with chronic
hepatitis B and 934 controls using the Illumina HumanHap550v3 Geno-

_typing BeadChip. After excluding nine cases with call rate of <0.98, we

applied SNP quality control (call rate of 20.99 in both cases and controls
and P value of Hardy-Weinberg equilibrium test of >21.0 X 1076 in
controls): 499,544 SNPs on autosomal chromosomes passed the quality
control filters and were further analyzed. Among the SNPs analyzed in the
first stage, we selected the top 12,000 SNPs showing the smallest P values
for the second stage. SNPs with minor allele frequency (MAF) of <0.1 in
both case and control samples were excluded from the further analysis. In
the second stage, we genotyped an additional panel of 616 cases using an
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Affymetrix GeneChip Custom 10K array. After excluding nine cases with
call rate of <0.95, all cluster plots were checked by visual inspection by
trained staff, and SNPs with ambiguous calls were excluded. Ninety-four
randomly selected case samples in the first stage were re-genotyped in the
second stage, and SNPs with concordance rates of <98% between two
assays ([llumina and Affymetrix) were excluded from the further analysis.
We used genome-wide screening data of other diseases (uterine cervical
cancer, esophageal cancer, hematological cancer, pulmonary tuberculosis,
ovarian cancer, uterine body cancer and keroid) as controls for the second
stage. All the samples were genotyped using the Illumina HumanHap550v3
Genotyping BeadChip, and the same quality-control filters as the first
screening were applied. As a result, we analyzed 9,875 SNPs in 607 cases
and 1,267 controls in the second stage and found 11 SNPs (P < 5.06 x
1076) to be significantly associated with chronic hepatitis B after Bonfer-
roni correction. These first and second stages are defined as the discovery
phase of the research, and the following replication studies are defined as
the replication phase. In the replication analyses, we used TagMan geno-
typing system (Applied Biosystems) or the multiplex PCR-based Invader
assay (Third Wave Technologies).

HLA-DPAI and HLA-DPBI genotyping. We analyzed HLA-DP genotypes
using 607 cases (in the second stage of GWAS) and 934 controls (in the first
stage of GWAS). Exon 2 of the HLA-DPAl1 and HLA-DPBI genes were
amplified and directly sequenced according to the protocol of International
Histocompatibility Workshop Group?’. HLA-DPAI and DPBI alleles were
determined based on the alignment database of dbMHC.

Statistical analysis. In the first stage of the GWAS, Fisher’s exact test was
applied to a two-by-two contingency table in three genetic models: an allele
frequency model, a dominant-effect model and a recessive-effect model. At the
second stage of GWAS and replication analyses, statistical significance of the
association with each SNP was assessed using a 1-degree-of-freedom Cochrane-
Armitage trend test. Significance levels after Bonferroni correction for multiple
testing were P = 5.06 x 1076 (0.05/9,875) in the second stage and P = 0.025
(0.05/2) in replication analyses. Age- and sex-adjusted odds ratios were
obtained by logistic regression analysis. Odds ratios and confidence intervals
were calculated using the major allele as a reference. The meta-analysis was
conducted using the Mantel-Haenszel method. Heterogeneity among studies
was examined by using the Breslow-Day test. To assess the association of each
HLA allele, we used Fisher’s exact tests on two-by-two contingency tables with
or without each HLA allele. To analyze the association of haplotypes, we used
R package haplo.stats. P values for each haplotype were given by the results ofa
score test, and odds ratios and 95% confidence intervals were calculated from
coefficients of GLM model. Odds ratios of each haplotype were calculated
relative to the second major haplotype in Table 2, because the most common
haplotype was the disease-associated haplotype. All of these statistical values
were calculated by function haplo.cc. We used Haploview software to analyze
linkage disequilibrium values between HLA-DR13 and SNPs.

Software. For general statistical analysis, we used R statistical environment
version 2.6.1 or PLINK1.03 (ref. 23). To draw the LD map, we used Haploview
software??, Estimation of haplotype frequencies and analysis of haplotype
association were performed by R package haplo.stats®®, Sequence variants in
exon2 of HLA-DPAI and HLA-DPBI were analyzed by Polyphred.

URLs. The Japan Society of Hepatology, http://www.jsh.orjp/medical/
gudelines/index.html; Hiroshima Liver Study Group, http://home hiroshima-u.
ac.jp/maikal/hepatology/english/study.html;  PLINK1.03, http:/pngu.mgh.
harvard.edw/~purcell/plink/; R package haplo.stats, http://mayoresearch.
mayo.edu/mayo/research/schaid_lab/software.cfm; Polyphred, http://droog.gs.
washington.edu/polyphred/.

Note: Supplementary information is available on the Nature Genetics website.
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A Polymorphism in MAPKAPKS3 Affects Response to Interferon Therapy
for Chronic Hepatitis C
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Background & Aims: This study aimed to identify
host single nucleotide polymorphisms (SNPs) that are
associated with the efficacy of interferon (IFN) therapy
in patients with chronic hepatitis C. Methods: We ex-
amined whether 116 tagging-SNPs from 13 genes that
are involved in type I IFN signaling associate with the
outcome of IFN therapy in Japanese case-control
groups; the study included 468 sustained responders
and 587 nonresponders. Results: We identified 2 SNPs
(rs3792323 [A/T] and rs616589 [G/A]), located in intron
2 of mitogen-activated protein kinase-activated protein
kinase 3 (MAPKAPK3) that were associated with the
outcome of IFN therapy in patients infected with hep-
atitis C virus (HCV) genotype 1b (P = 4.6 X 107° and
4.8 X 107, respectively). The 2 SNPs were in strong
linkage disequilibrium and multivariate logistic regres-
sion analysis showed that rs3792323 is an independent
factor associated with the IFN efficacy (genotype 1b;
P = .0011). MAPKAPK3 is a kinase involved in the
mitogen and stress responses, but the biological signif-
icance of MAPKAPK3 in IFN responses is poorly
understood. By using an allele-specific transcript quan-
tification assay in liver biopsy, we showed that allele-
specific expression of MAPKAPK3 messenger RNA, cor-
responding to the risk allele for nonresponse, was
significantly higher than that of the other allele. Lucif-
erase reporter assay data indicated that overexpression
of MAPKAPK3 inhibits IFN-alfa-induced gene tran-
scription via IFN-stimulated response element and IFN-
y-activated site. Conclusions: The SNP rs3792323 in
MAPKAPK3 associates with the outcome of IFN therapy
in patients with HCV genotype 1b. Our functional anal-
yses indicate that MAPKAPK3 inhibits IFN-alfa-in-
duced antiviral activity.

! I Type Linterferon (IFN), including IFN-alfa and IFN-B,
has been used widely as an antiviral agent for
chronic hepatitis C. However, even after the most effec-

tive combination therapy of pegylated-IFN-alfa plus riba-
virin, more than 50% of patients infected with hepatitis C
virus (HCV) genotype 1b and approximately 20% of pa-
tients with HCV genotype non-1b fail to eradicate the
virus,!-3

The mechanisms of modulating the responsiveness to
IFN therapy have been studied extensively. Both viral and
host factors have been implicated in the resistance to IFN
therapy. Viral factors, such as HCV genotype, serum
HCV-RNA level, and the interferon sensitivity determin-
ing region, have been reported to be associated with the
outcome of IFN therapy.>S On the other hand, host
factors including age, sex, race, liver fibrosis, and obesity
have been shown to associate with the outcome of IFN
therapy.5” Furthermore, it has been reported that genetic
polymorphisms of cytokines, chemokines, and IFN-stim-
ulated genes are associated with the difference in re-
sponse to IFN therapy.”-12
- Recently, genetic polymorphism of type I IFN recep-
tor-1 (IFNAR1) promoter region was reported to be as-
sociated with the outcome of IFN therapy in patients
with HCV infection.!? Although the mechanisms of this
polymorphism for the different responsiveness to IFN ther-
apy still are unclear, polymorphism of IFNARI promoter
region may influence the efficacy of IFN therapy, possibly
through modulation of IFNAR1 expression level. Because
type 1 IFN elicits antiviral activity by activation of signal-
ing molecules downstream of type I IFN receptors, ge-
netic polymorphisms in type I IFN signaling molecules

. Abbreviations used In this paper: GAS, Interferon-y-activated site;
IFN, interferon; IFNAR1, type | interferon receptor-1; ISRE, interferon-
stimulated response element; JAK, Janus-activated kinase; MAP, mi-
togen-activated protein; MAPKAPK, mitogen-activated protein kinase—
activated protein kinase; MAPKK, mitogen-activated protein kinase
kinases; NR, nonresponders; SNPs, single nucleotide polymorphisms;
SR, sustained responders; STAT, signal transducer and activator of
transcription.
© 2009 by the AGA Institute
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also potentially could alter the responsiveness to IFN
therapy. However, so far there has been no evidence of
associations between polymorphisms of genes involved in
type I IFN signal transduction and the efficacy of IFN
therapy in patients with chronic hepatitis C.

In the present study, we examined whether single nu-
cleotide polymorphisms (SNPs) in type I IFN signaling
molecules are associated with the difference in response
to IFN therapy in patients with chronic hepatitis C, using
the tagging-SNP approach in a large case-control study.
The tagging-SNP serves as a marker to detect associations
between a particular gene region and the outcome of IFN
therapy. A small set of tagging-SNPs is sufficient to
capture genetic variation because polymorphisms that
are physically close to each other have a tendency to be in
linkage disequilibrium with each other.!#! The HapMap
online database (http://www.hapmap.org) allows the tag-
ging-SNP approach to be applied readily to many genes
or regions.!6

As for type I IFN signaling molecules, we focused on 2
signaling cascades downstream of type I IFN receptors.
First, we examined the Janus-activated kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway,
which is essential for type I IFN-induced antiviral activity.!”
We selected tagging-SNPs for 7 key genes in this pathway,
including IFNARI, IFNAR2, JAK1, tyrosine kinase 2, STATI,
STATZ, and IFN regulatory factor 9. Second, we also exam-
ined the p38 mitogen-activated protein (MAP) kinase path-
way, which has been reported to cooperate with the JAK-
STAT pathway in activation of type I IFN-induced antiviral
activity.!8-23 We also selected tagging-SNPs for 6 key genes
in this pathway, including ras-related C3 botulinum
toxin substrate 1,'8 MAP kinase kinases 3 (MAPKK3),'®
MAPKKG6,'° p38 MAP kinase,22! MAP kinase-activated
protein kinase 2 (MAPKAPK?2),2°-23 and MAPKAPK3.20-22

Here, we provide genetic evidence suggesting that 2
SNPs in MAPKAPK3 are associated with the responsive-
ness to IFN therapy. The 2 SNPs may be useful as mark-
ers to predict the outcome of IFN therapy, which is very
helpful clinically because IFN therapy is expensive and
may cause serious adverse effects.?* In addition, we pro-
vided functional evidence that suggests MAPKAPK3 in-
fluences IFN-alfa-induced antiviral activity.

Patients and Methods
Study Subjects and DNA Preparation

We enrolled 1055 patients with chronic HCV in-
fection who were treated with IFN monotherapy before
2001, at the Department of Hepatology, Toranomon
Hospital, Hiroshima University Hospital, and Hiroshima
University affiliated hospitals. Each patient was treated
with 6 X 10% units of IFN intramuscularly every day for
8 weeks, followed by the same dose twice a week for 16
weeks, with a total dose of 528 million units. The char-
acteristics of participating patients are described in Table

MAPKAPK3 AND [FN THERAPY FOR HCV INFECTION 1797

Table 1. Characteristics of Patients With Chronic Hepatitis C

SRs NRs P value
Patients, n 468 587 —
Mean age * SD, y 54.6 +11.8 559+ 10.3 A2
Sex .002
Male 325 354
Female 143 233
HCV genotype <.00015
1a 3 3
ib 208 434
2a 209 101
2b 48 49
HCV-RNA level¢ <.0001¢
High 177 420
Low 216 69
No data 75 98
Fibrosis stage .19¢
FO 5 5
F1 213 254
F2 130 173
F3 24 43
F4 17 28
No biopsy 79 84

aMann-Whitney U test.

bChi-square test between HCV genotype 1b and non-1b.

% ow HCV-RNA level: <100 KiU/mL by Amplicor-monitor assay and
<1.0 mEqg/mL by branched-chain DNA assay.

dChi-square test between HCV-RNA level high and low.

eChi-square test between FO-1 and F2-4.

1. All patients had abnormal serum alanine transaminase
levels for more than 6 months, and were positive for both
anti-HCV antibody and serum HCV RNA. All patients
were negative for hepatitis B surface antigen, had no
evidence of other liver diseases, and had not received
immunosuppressive or antiviral therapy before enroll-
ment in the study. Patients were classified into the fol-

- lowing 2 groups: sustained responders (SRs) and nonre-

sponders (NRs). SRs had normal alanine transaminase
levels and no evidence of viremia at 6 months after
completion of IFN therapy. Relapsed responders were
excluded. NRs remained viremic at 6 months after com-
pletion of IFN therapy. HCV-RNA levels were determined

~ by Amplicor-monitor assay (Roche Diagnostics, Basel,

Switzerland) or branched-chain DNA assay and stratified
into 2 categories according to cut-off values that have
been reported previously.25:26 It has been reported that
having serum HCV-RNA levels higher than 1.0 mEq/mL
by branched-chain DNA assay or 100 KIU/mL by Ampli-
cor-monitor assay is a predictor of poor responsiveness to

" IFN therapy. Histologic staging was determined accord-

ing to the previously described criteria using biopsy spec-
imens of liver tissue.” All subjects in the present study
were ethnically Japanese and gave written informed con-
sent to patticipate in the study according to the process
approved by the Ethical Committee at the SNP Research

- Center, The Institute of Physical and Chemical Research

(RIKEN), Yokohama. Genomic DNA samples were ob-
tained from peripheral blood of the participating pa-
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tients. DNA extraction was performed according to a
standard phenol-chloroform protocol.?

Selection of Tagging-SNPs and Genotyping

As shown in Supplementary Table 1, we selected
116 tagging-SNPs for a total set of 13 candidate genes
related to the type I IFN pathway, using the HapMap
database (public release 21a; phase II of the January 2007
National Center for Biotechnology Information build 35
assembly; dbSNP build 125) and the Haploview program
(available: http://www.broad.mit.edu/mpg/haploview).
With the selection criteria of r? greater than 0.8 and
minor allele frequency of greater than 0.05 for the Japa-
nese population, tagging-SNPs were selected from all
bins that cover the entire gene region from approximately
2000 bp upstream of the transcription start site to 1500
bp of the 3’ untranslated region in each gene. The num-
ber of tagging-SNPs in each candidate gene were as fol-
lows: IENARI1, 3; IFNAR2, 6; JAK1, 8; tyrosine kinase 2, 3;
STATI, 23; STAT2, 1; IFN regulatory factor 9, S; ras-
related C3 botulinum toxin substrate 1, 7; MAPKK3, S;
MAPKK6, 35; p38 MAP kinase, 10; MAPKAPK2, 6; and
MAPKAPK3, 4 (Supplementary Table 1). SNPs were
genotyped by using the Invader assay?® and the TagMan
assay®® as described previously. The probe sets for the
Invader assay were designed and synthesized by Third
Wave Technologies (Madison, WI) and those for the
TaqMan assay by Applied Biosystems (Foster City, CA).

SNP Discovery

To identify genetic polymorphisms within the
coding region of MAPKAPK3, we amplified appropriate
fragments of genomic DNA from 48 patients by poly-
merase chain reaction and sequenced the products to
identify SNPs using previously described methods.?83!

Cells and Cell Culture

Human hepatoma cell line, Huh7, was purchased
from RIKEN Cell Bank (Tsukuba, Japan). Huh7 cells were
cultured in Dulbecco’s modified minimal essential me-
dium (Sigma-Aldrich, St. Louis, MO) with 10% fetal bo-
vine serum, 100 U/mL penicillin, and 100 pg/mL strep-
tomycin at 37°C under §% CO,.

Allele-Specific Transcript Quantification for

MAPKAPK3

Allele-specific transcript quantification was per-
formed as described previously,233 with some modifica-
tions. Liver biopsy samples were collected from § patients
with informed consent before IFN therapy for chronic hep-
atitis C. Total RNA was isolated using the RNeasy Micro kit
(Qiagen, Hilden, Germany) and treated with 5 IU/mL
RNase-Free DNase I (Qiagen). First-strand complementary
DNA (cDNA) was prepared using the SuperScript III Plat-
inum Two-Step quantitative reverse-transcription polymer-
ase chain reaction kit (Invitrogen, Carlsbad, CA). Genomic
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DNA from peripheral blood of the 5 patients was prepared
as described earlier. Both ¢DNA and genomic DNA were
amplified with specific primers for the 3’ untranslated re-
gion of MAPKAPK3. The primers were as follows: forward,
5'-CCTGTGAATGCTGAGTGAGCGAGTA-3'; reverse, 5'-
AGTCACCCTTTGGGTCGGGAATAGT-3'.

For determination of allele-specific MAPKAPK3 mes-
senger RNA (mRNA) expression, probes for SNP
rs1385025 (A/G) were designed and synthesized by
Third Wave Technologies. The invader assays were per-
formed in a 5-uL reaction volume containing 1 X signal
buffer, 1 X FRET Mix (FRET22/FTRE?), 30 ng cleavase
VIII enzyme, 0.3 L of probe mixture (all reagents from
Third Wave Technologies), and 2 ng polymerase chain
reaction product in a 96-well plate format. The thermal
profile was 95°C for 5 minutes, followed by 40 cycles at
63°C for 1 minute, and a real-time intensity of fluores-
cence (FAM for G allele, and VIC for A of rs1385025) was
measured by use of the Mx3000P Multiplex Quantitative
polymerase chain reaction system (Stratagene, La Jolla,
CA). For the construction of standard curves for each
allele, sequential dilution of an amplified product from
genomic DNA of patients with double heterozygosity for
151385025 and rs3792323 was used. Each experiment was
performed in triplicate assay at least 3 times.

Luciferase Reporter Assay

One day before transfection, 7 X 10° of Huh7 cells
were seeded in a 96-well culture plate. We used 2 types of
firefly luciferase expression vector that contain promoter
element IFN-stimulated response element (ISRE) or
IFN-y-activated site (GAS). Huh7 cells were trans-
fected with both 1 ng renilla luciferase expression
vector pRL-TK (Promega, Madison, WI) and 10 ng
firefly luciferase expression vector pISRE-TA-Luc or
pGAS-TA-Luc (BD Biosciences, San Jose, CA), in con-
junction with 40 ng expression plasmid pDESTS1/mock
(empty vector), pDESTS1/MAPKAPK3, or pDESTS1/suppres-
sor of cytokine signaling 1, by use of the FuGENE 6
transfection reagent (Roche Applied Science, Indianapo-
lis, IN). After 24 hours, cells were stimulated with IFN-
alfa (Dainippon Sumitomo Pharma, Osaka, Japan) for 20
hours followed by Dual-Luciferase Assay (Promega). Fire-
fly luciferase activity was normalized by renilla luciferase
activity. Each experiment was performed at least 3 times.
Data are expressed as mean * SD in triplicate assay.

Statistical Analysis

We calculated allele frequencies and tested fit to
Hardy-Weinberg equilibrium by the chi-square test at
each SNP, using Excel software (Microsoft, Redmond,
WA).3* Then, we compared differences in genotype dis-
tribution of each SNP between cases and controls with
the chi-square test and the Cochran-Armitage trend test
(Excel).3s LD coefficients (r?) were calculated as described
previously (Excel).> The age of the SRs and NRs was
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odds ratios of 0.58 and 0.30 for AT and TT genotypes,
respectively (95% confidence interval, 0.41-0.83 for AT;
0.14-0.63 for TT). Under a dominant model for the T
allele of rs3792323, a significant association also was seen
in patients infected with HCV genotype 1b (P = 1.9 X
1074 odds ratio, 0.53; 95% confidence interval, 0.38-
0.74).

Similarly, an allele dose-dependent association of
1616589 with the responsiveness to IFN therapy was
revealed in Table 2 (P = 4.8 X 10~5), with decreased odds
ratios of 0.59 and 0.33 for GA and AA genotypes, respec-
tively (95% confidence interval, 0.42-0.84 for GA; 0.17-
0.62 for AA). Under a dominant model for the A allele of
1616589, a significant association also was seen in HCV
genotype 1b-infected patients (P = 2.3 X 107% odds
ratio, 0.53; 95% confidence interval, 0.38-0.75).

To adjust the P values for multiple testing, we applied
a Bonferroni correction with each individual SNP as an
independent variable (total, 116 SNPs). Despite this con-
servative adjustment, our results for rs3792323 and
rs616589 about patients with HCV genotype 1b re-
mained highly significant (P < .05). On the other hand,
the other tagging-SNPs did not show significant associ-
ations with the outcome of IFN therapy after Bonferroni
corrections (Supplementary Table 2).

Internal Validation of the Observed

Associations

To evaluate internal consistency of the results
shown by the association study, 2-stage replication de-
sign was simulated by the Monte Carlo method. Half of
the cases and half of the controls were selected randomly
from HCV-1b-infected patients in this study, and used
for the first-stage test with a significance level al (the
probability of making a Type I error) in the allele-fre-
quency model. Only the SNPs that were judged to be
associated significantly with the phenotype then under-
went the second-stage test. In the second stage, the re-
maining independent cases and controls were used to test
the association between the selected SNPs and the phe-
notype with a significance level a2. We set al at 0.01,
0.02, and 0.05, and calculated a2 as (0.05/116)/al be-
cause the global significance level after Bonferroni’s cor-
rection is 0.05/116 (total, 116 SNPs). The number of
iterations was 100,000 for each condition. By this
method, the results of the test in the first stage are
validated by the test in the second stage.

When the level of significance was set at a1 = .01, .02,
and .05, the proportions of significant results of SNP
rs3792323 were 0.563, 0.595, and 0.557, respectively (Ta-
ble 3). Similarly, those of SNP rs616589 were 0.554,
0.579, and 0.540, respectively when the same values of a1
were used. These results suggest that the results of the
first-stage test could be replicated in many cases if 2
halves of the patients, the first-stage set and the second-
stage set, were tested independently for the association.
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Table 3. Internal Validation Analysis of the Observed
Associations Between the Two SNPs in MAPKAPK3
and the IFN Efficacy in Patients With HCV
Genotype 1b

Proportion of

SNP al significant results 95% Cli
rs3792323 0.01 0.563 0.560-0.566
0.02 0.595 0.591-0.598
0.05 0.557 0.554-0.560
rs616589 0.01 0.554 0.551-0.557
0.02 0.579 0.576-0.582
0.05 0.540 0.537-0.543

al, a significance level for the first-stage test; Ci, confidence interval.

Population Stratification Analysis

We assessed population stratification by analyzing
the data from 116 tagging-SNPs in patients with HCV
genotype 1b by using the genomic control method. We
estimated the inflation factor, which effectively can ad-
just for the confounding effect of population stratifica-
tion regardless of its extent (inflation factor, 1.18; 95%
confidence interval, 0.87-1.65). The corrected P values for
153792323 and rs616589 in MAPKAPK3 were .00017 and
.00018, respectively. After a Bonferroni correction, the
results for the 2 SNPs remained highly significant (P <
.05). These results suggest that population stratification
in our patients was negligible.

Haplotype Analysis

We examined whether MAPKAPK3 haplotypes
show more significant associations with the effect of IFN
therapy than single-marker analysis. Because the 2 SNPs
153792323 and 15616589 were in strong linkage disequilib-
rium with an r-squared value of 0.82 in our genotype data
of 1055 patients, we constructed MAPKAPK3 haplotypes
from 3 tagging-SNPs (rs3792323 A>T, rs3804628 G>A,
and rs2040397 C>T), using the Haploview 3.2 software. As
a result, 4 haplotypes with frequencies greater than 5%
were deduced in patients with HCV genotype 1b: AGC
43.9%, TGC 29.8%, AGT 20.6%, and AAC 5.7%. Although
haplotype TGC was associated the most significantly
with the outcome of IFN therapy in 4 haplotypes (P =
.000051), this P value was comparable with that for
single-marker analysis (P = .000046 for rs3792323 in the
Cochran-Armitage trend test).

Results of Multivariate Logistic Regression

Analysis

To determine independent factors on the outcome
of IFN therapy in patients infected with HCV genotype 1b,
we used multivariate logistic regression analysis with
stepwise forward selection. We evaluated the following 6
factors: SNP 153792323 (A allele vs T allele), 5616589 (G
allele vs A allele), age (per year increase), sex (male vs
female), fibrosis stage (FO-F1 vs F2-F4), and HCV-RNA
level before treatment (low vs high).
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Table 4. Predictive Factors Associated independently With
the Response to IFN Therapy in Patients With HCV
Genotype 1b by Multivariate Logistic Regression

Analysis
HCV genotype 1b
Variable P value OR 95% Cl
r$3792323 (T allele/A allele) .0011 0.29 0.14-0.61
Age (per year increase) .0096 0.97 0.95-0.99
Fibrosis stage (FO-F1/F2-F4) .035 1.66 1.04-2.66
HCV-RNA level (low/high)? <.00001 825 5.05-13.50

OR, odds ratio; Cl, confidence interval.

aLow HCV-RNA level: <100 KiU/mL by Amplicor-monitor assay and
<1.0 mEq/mLl. by branched-chain DNA assay. Odds ratios of having a
sustained response to IFN therapy were calculated.

We found that SNP rs3792323 is an independent fac-
tor associated with IFN efficacy (Table 4; P = .0011; odds
ratio, 0.29; 95% confidence interval, 0.14-0.61). On the
other hand, SNP rs616589 was removed from this model,
suggesting that the 2 SNPs are not associated indepen-
dently with the outcome of IFN therapy. This is consis-
tent with the result that the 2 SNPs were in strong
linkage disequilibrium in our genotype data.

Next, to eliminate the effect of confounding factors, we
also tried running models by forcing in the earlier-men-
tioned 4 factors (age, sex, HCV-RNA level, and fibrosis
stage) and SNP rs3792323 into multivariate logistic re-
gression analysis in patients with HCV genotype 1b. We
identified that SNP rs3792323 is associated with the
outcome of IFN therapy (P = .0014; odds ratio, 0.30; 95%
confidence interval, 0.14-0.63).

SNP Discovery Within the Coding Region of
MAPKAPK3

To investigate whether there is any genetic polymor-
phism in MAPKAPK3 that results in amino acid substitu-
tion, we sequenced the coding region of MAPKAPK3 from
genomic DNA isolated from 48 patients. We did not find
any nonsynonymous allelic variants in MAPKAPK3.

Allele-Specific Transcript Quantification of

MAPKAPK3

Next, we examined the possibility that SNP
153792323 associates with MAPKAPK3 expression in liver
biopsy specimens from patients with chronic hepatitis C.
Because rs3792323 in MAPKAPK3 intron 2 was not
present in mRNA, we selected SNP rs1385025 (A/G)
in the 3’ untranslated region as a marker SNP. We
confirmed that rs1385025 showed complete linkage
disequilibrium to rs3792323 (D' values = 1), using
HapMap data and the Haploview program. We selected
5 patients who were doubly heterozygous with geno-
type rs1385025 A/G and rs3792323 A/T for this assay.
Haplotype pairs of these patients theoretically were
specified to be haplotype 1 (rs1385025A rs3792323A)
and haplotype 2 (rs1385025G rs3792323T).
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We measured the relative contribution of each haplo-
type to MAPKAPK3 transcription in these patients, using
probes that detect each allele of rs1385025. As shown in
Figure 1, allele-specific MAPKAPK3 mRNA expression
corresponding to haplotype 2 was 1.15- to 1.76-fold
higher than that of haplotype 1 (P = .009). This result
indicated that SNP rs1385025 and rs3792323 associate
with the expression level of MAPKAPK3.

Effects of MAPKAPK3 on IFN-Alfa-Induced
Gene Transcription Via ISRE and GAS
Elements

We tested whether transient overexpression of
MAPKAPK3 influences IFN-alfa-induced gene tran-
scription via ISRE and GAS elements, which are essen-
tial promoter elements for type I IFN-induced antivi-
ral activity, by use of luciferase reporter assay. When
MAPKAPK3 was overexpressed in Huh7 cells, IFN-alfa-
induced luciferase activities via ISRE and GAS elements
were suppressed significantly by various doses of IFN-
alfa, compared with the negative control (Figure 2). Sim-
ilar results were obtained in suppressor of cytokine
signaling 1, which has been reported to suppress IFN-
alfa-induced gene expressions. In addition, we also
overexpressed B-galactosidase gene as a negative control.
In comparison with this control, MAPKAPK3 also signif-
icantly inhibited IFN-alfa-induced luciferase activities via
ISRE and GAS elements (data not shown). These results
suggest that MAPKAPK3 can inhibit IFN-alfa-induced
gene transcription via ISRE and GAS elements.

Discussion

We identified that SNP rs3792323 (A/T) and
r$616589 (G/A), located in MAPKAPK3, are associated
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Figure 1. Allele-specific transcript quantification of MAPKAPKS3. The
allele-specific MAPKAPK3 mRNA expression ratio for haplotype 2 to
haplotype 1 is shown. Individual data from liver biopsies from 5 patients
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