I Co-expression of TRIM32, cPKA and 14-3-3n ]

Fig. S2. Coexpression of 14-3-3n, but not AGO1 and AbiZ, suppresses the formation of TRIM32 CBs. HEK293 cells were co-
transfected with the indicated constructs (myc-TRIM32, FLAG-14-3-31, FLAG-AGO]1, FLAG-ADi2, cPKA), and after 24 h the cells
were stained with monoclonal mouse anti-myc (green) and polyclonal rabbit anti-FLAG (red). Note that coexpression of 14-3-31), but
not AGOT1 and ABi2, specifically disperses the TRIM32 protein throughout the cytoplasm. Scale bars: 10 pm.
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Fig. S3. Coexpression of 14-3-311 suppresses the association of TRIM32 with microtubules. HEK293 cells were co-transfected
with the indicated constructs (FLAG-TRIM32. FLAG-S651 A, myc-14-3-31, ¢cPKA), and after 12—16 h the cells were stained with
polyclonal anti-FLAG-TRIM32 (green) and monoclonal anti-o~tubulin (red). Scale bars: 10 pum.

524



Co-expression of TRIM32, cPKA and 14-3-3
o= "
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Co-expression of TRIM32, cPKA and 14-3-3¢

1
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Fig. S4. All mammalian 14-3-3 isoforms affect the subcellular distribution of TRIM32. HEK293 cells were co-transfected with
the indicated constructs (FLAG-TRIM32, myc-14-3-3s, ¢cPKA), and after 24 h the cells were stained as in Fig. 3B. Scale bars: 10 pm.
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Fig. S5. 14-3-3 binding does not significantly disrupt the interaction of TRIM32 with AGO1 or Abi2. HEK293 cells transiently
transfected with the indicated plasmids (5 pg cach) were lysed with 1% Triton X-100 and then subjected to immunoprecipitation (IP)
with anti-myc after normalizing levels of expressed proteins in each IP experiment. The amounts of myc- and FLAG-tagged proteins
in the immunoprecipitates (left panels) and in lysates (right panels) were analyzed by western blotting (WB) with the indicated
antibodics. Molecular size markers, in kDa, are indicated to the left.

Table S1. List of 14-3-3-associated proteins consistently identified in at least two LC-MS/MS analyses

Download Table Si
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Polymorphisms of the Core, NS3, and NS5a Proteins
of Hepatitis C Virus Genotype 1b Associate With

Development of Hepatocellular Carcinoma

Ahmed El-Shamy,"* Michiko Shindo,*** Ikuo Shoji,' Lin Deng,' Tadao Okuno,® and Hak Hotta'

Hepatocellular carcinoma (HCC) is one of the common sequelae of hepatitis C virus (HCV)
infection. It remains controversial, however, whether HCV itself plays a direct role in the de-
velopment of HCC. Although HCV core, N§3, and NS5A proteins were reported to display
tumorigenic activities in cell culture and experimental animal systems, their clinical impact
on HCC development in humans is still unclear. In this study we investigated sequence poly-
morphisms in the core protein, NS3, and NS5A of HCV genotype 1b (HCV-1b) in 49
patients who later developed HCC during a follow-up of an average of 6.5 years and in 100
patients who did not develop HCC after a 15-year follow-up. Sequence analysis revealed
that Gln at position 70 of the core protein (core-GIn”®), Tyr at position 1082 plus Gln at
1112 of NS3 (NS3-Tyr'**?/GIn'""?), and six or more mutations in the interferon/ribavirin
resistance-determining region of NS5A (NS5A-IRRDR>>6) were significantly associated with
development of HCC. Multivariate analysis identified core-Gln”®, NSS~Tyr1°82/Gln”l2, and
a-fetoprotein (AFP) levels (>20 ng/L) as independent factors associated with HCC. Kaplan-
Meier analysis revealed a higher cumulative incidence of HCC for patients infected with
HCYV isolates with core-Gln”", NSS—Tyrmszl GIn'"'2 or both than for those with non-(Gln”®
plus NS3-Tyr' ®%/GIn'"?). In most cases, neither the residues at position 70 of the core pro-
tein nor positions 1082 and 1112 of the NS3 protein changed during the observation pe-
riod. Conclusion: HCV isolates with core-Gln”® and/or NS3-Tyr'®*/Gln"""? are more
closely associated with HCC development compared to those with non-(GIn”® plus NS3-

Tyr1 982/ Gln"112). (HeraToLOGY 2013358:555-563)

See Editorial on Page 491

epatitis C virus (HCV) is a major etiologic agent
of chronic hepatitis worldwide, with the esti-
mated number of infected individuals being
more than 180 million. Approximately 15% to 20% of
chronically infected individuals undergo liver cirrhosis in a
decade or so after infection, with hepatocellular carcinoma
(HCC) arising from cirrhosis at an estimated rate of 1%
to 4% per yeal:l"% Several host factors such as male gender,
older age, elevated o-fetoprotein (AFP) level, advanced

liver fibrosis as well as nonresponsiveness to interferon
(IFN) therapy have been reported as important predictors
of HCC development.™® Recently, a host genetic factor,
i.e., the DEPDCS locus polymorphism, was reported to
be associated with progression to HCC in HCV-infected
individuals.® On the other hand, it remains controversial
as to whether HCV itself plays a direct role in the develop-
ment of HCC. Experimental data suggest that HCV con-
wibutes to HCC by modulating pathways that promote
malignant transformation of hepatocytes. HCV  core,
NS3, and NS5A proteins were shown to be involved in a

Abbreviations: HCC, hepatocellilar carcinoma; HCV, hepatitis C virus, IEN, interferon; IRRDR, interferonlvibavivin resistance-determining region; 1SDR,

interferon sensitivity-deternining region.
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number of potentially oncogenic pathways in cell culture
and experimental animal systems.” HCV core protein
rendered cultured cells more resistant to apoptosis™ and
promoted s  oncogene-mediated transformation.'*"!
Moreover, transgenic mice expressing the HCV core pro-
tein in the liver developed HCC.'* However, the clinical
impact of HCV proteins on HCC development in
humans and whether all HCV isolates are equally associ-
ated with HCC is yet to be determined. In a dlinical set-
ting, HCV core protein mutations at positions 70 (Gln”")
and/or 91 (Met’") were closely associated with HCC de-
velopment.'*'¢ GIn” and/or Met”' were also linked to
resistance to PEG-IFN/ribavirin (RBV) treatment.'”*° In
addition, we and other investigators reported that an N-
terminal part of the NS3 protein has the capacity to trans-
form NIH3T3 and rat fibroblast cells”** and to render
NIH3T3 cells more resistant to DNA damage-induced
apoptosis, which is thought to be a prerequisite for malig-
nant transformation of the cell. Also, the NSSA protein
is a pleiotropic protein with key roles in both viral RNA
replication and modulation of the host cell functions.** In
particular, the links between NS5A and the IFN responses

have been widely discussed. It was proposed initially that

sequence variations within a region in NS5A spanning
from amino acids (aa) 2209 to 2248, called the IFN sensi-
tivity-determining region (ISDR), were correlated with
IFN responsiveness.”> Subsequently, in the era of PEG-
IFN/RBV  combination therapy, we identified a new
region near the C-terminus of NS5A spanning from aa
2334 to 2379, which we referred to as the IFN/RBV re-
sistance-determining region (IRRDR).?**” The degree of
sequence variations within the IRRDR was significantly
associated with the clinical outcome of PEG-IFN/RBV
therapy. In the context of HCC, several retrospective stud-
ies suggested that ITFN-based therapy might reduce the risk
of HCC devclopment.["zg”30

In an atempt to clarify whether viral factors, in par-
ticular those within the core, NS3, and NS5A proteins,
are involved in HCC development, we carried our a
comparative analysis of the aa sequences obtained from
HCV patients who developed HCC and those who did
not. In addition, we studied the sequence evolution of
these genes in the interval between chronic hepatitis C
and HCC development over a period of 15 years.

HEPATOLOGY, August 2013

Patients and Methods

Ethics Statement. The study protocol, which con-
forms to the provisions of the 1975 Declaration of
Helsinki, was approved beforehand by the Ethic Com-
mittees in Akashi City Hospital and Kobe University
Graduate School of Medicine, and written informed
consent was obtained from each patient enrolled in
this study.

Patients. A total of 49 HCV-infected patients who
developed HCC (HCC group) were retrospectively
examined. They were followed up (from 1988 to
2003) with an average period until HCC development
being 6.5 * 2,9 years. Paired serum samples at the
time of chronic hepatitis C (pre-HCC sample) and
HCC development (post-HCC sample) were collected.
As a control group, 100 HCV-infected patients who
were followed up over a period of 15 years (from
1988 to 2003) without HCC development were retro-
spectively examined. Serum samples of the control
group were available at the time of first visit to the
clinic. All patients enrolled in this study were chroni-
cally infected with HCV genotype 1b (HCV-1b).
HCV subtype was determined as reported previously.”'
Serum HCV RNA titers were quantitated by reverse-
transcription  polymerase chain reaction (RT-PCRO
with an internal RNA standard derived from the 5’
noncoding region of HCV (Amplicor HCV Monitor
test, v. 2.0, Roche Diagnostics, Tokyo, Japan). All
patients underwent liver biopsy and were diagnosed as
chronic hepatitis. All HCC and 68% (68/100) of non-
HCC patients received IFN-monotherapy, either natu-
ral JFN alpha (Sumiferon, Dainipponsumitomo Phar-
maceutical, Osaka, Japan) at a dose of 6 million units
(MU) or recombinant IFN alpha 2b (Intron A; Sche-
ring-Plough, Osaka, Japan) at a dose of 10 MU, 3
times a week for 6 months. All HCC patients were
nonresponders (NR), who had detectable viremia dur-
ing the entire course of IFN treatment. On the other
hand, 18 (26%) of the 68 non-HCC patients treated
with IFN achieved HCV RNA negativity at the end of
treatment  followed by rebound viremia within 6
months after the treatment and, therefore, they were
referred to as relapsers. The other 50 IFN-treated,
non-HCC patients were NR. The remaining 32 non-
HCC patients did not receive IFN. All patients were

Address reprint requests to: Hak Hotta, M.D., Ph.D., Division of Microbiolagy, Kobe University Graduate School of Medicine, 7-5-1 Kusunoki-cho, Chua-kn,

Kobe 650-0017, Japan. E-mail: hotta@kobe-n.ac.jp; fax: +81-78-382-5519.
Copyright © 2012 by the American Association for the Study of Liver Diseases,
View this article online ar wileyonlinelibrary.com.
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Potential conflict of interest: Nothing 1o report.
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seen every 2 months and tested for liver function
markers during the follow-up period.

Sequence Analysis of HCV Core, NS3, and NS5A
Proteins. HCV RNA was extracted from 140 puL of
serum using a commercially available kit (QIAmp viral
RNA kit; Qiagen, Tokyo, Japan). The core, NS3, and
NS5A regions of the HCV genome were amplified as
described  elsewhere.”®?*3 The sequences of the
amplified fragments were determined by direct
sequencing. The aa sequences were deduced and
aligned using GENETYX Win software version 7.0
(GENETYX, Tokyo, Japan). The numbering of aa was
according to the polyprotein of the prototype of
HCV-1b; HCV-].»*

Statistical Analysis. Statistical differences in the
baseline parameters of HCC and control groups were
determined by Student’s ¢ test for numerical variables
and Fisher’s exact probability or chi-square tests for
categorical variables. Likewise, statistical differences in
viral mutations between HCC and control groups
were determined by Fisher’s exact probability rest.
Kaplan-Meier analysis was performed to estimate the
cumulative incidence of HCC. The data obtained were
evaluate log-rank test. Univariate and multi-
variate logistic analyses were performed to identify var-
iables that independently associated with HCC devel-
opment. Variables with P < 0.1 in univariate analysis
were included in a backward stepwise multivariate
logistic regression analysis. The odds ratios and 95%
confidence intervals (95% CI) were calculated. All sta-
tistical analyses were performed using SPSS v. 16 soft-
ware (Chicago, IL). Unless otherwise stated, P < 0.05
was considered statistically significant.

Nucleotide Sequence Accession Numbers. The
sequence data reported in this article have been depos-
ited in the DDBJ/EMBL/GenBank nucleotide
sequence databases with the accession numbers

AB719460 through AB719842.

Resuits

Demographic Characteristics of HCC and Control
Groups. The clinical characteristics of HCC and con-
trol groups are shown in Table 1. The HCC group
had significantly higher titers of ALT, AST, and AFD,
and higher fibrosis staging score than that of the con-
trol group. There was no significant difference in vire-
mia titers between the two groups.

Correlation Between Core Protein Sequence Poly-
morphism and HCC Development. HCV core pro-
tein sequences were obtained from all (49/49) and
94% (94/100) of pre-HCC and control patients’ sera,
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Table 1. Demographic Characteristics of HCC

and Control Groups

Factor HCC Control P Value
Age 57.3 * 7.0% 56.4 * 83 0.54
Sex (male/female) 31/18 54/46 0.29
ALT (IU/L) 159.4 * 79.8 129.7 = 515  0.007
AST (1U/L) 113.0 = 62.2 916 * 44.1 0.017
AFP (ng/L) 29.1 % 33,7 18.4 * 4.4 0.002
Platelets (x 10"/mm?) 162 = 2.8 - 16.2 = 24 0.88
Inflammation grading score 8.7 £ 0.9 84 1+ 1.2 0.05
Fibrosis staging score 24 £ 05 22 1205 0.02
HCV-RNA (KIU/mL) 593.4 - 1123 6181 *+ 959 0.17

*Mean = SD. HCC, hepatoceliular carcinoma; ALT, alanine aminotransferase;
AST, aspartate transaminase; AFP; z-fetoprotein.

respectively. Comparative sequence analysis revealed
that 22 (45%) of 49 HCV isolates in the pre-HCC
sera (pre-HCC isolates) and 59 (63%) of 94 HCV iso-
lates from the control group (control isolates) had
wild-core (Argm/Lcum) (Table 2). The difference
between HCC and control groups was hovering at a
statistically significant level (P = 0.05). When the
sequence pattern at position 70 alone was examined, a
stronger association with HCC was observed. We
found that 21 (43%) of 49 pre-HCC isolates had
GIn”® while only 13 (14%) of 94 control isolates did
(P = 0.0002). On the other hand, there was no signif-
icant correlation between sequence pattern at position
91 and HCC. Thus, a single mutation at position 70
(GIn”% was the only polymorphic factor within core
protein that was significantly associated with HCC de-
velopment. It should be noted that there was no signif-
icant correlation between Gln”’ and the degree of fi-
brosis progression (data not shown).

Correlation Between NS3 Protein Sequence Poly-
morphism and HCC Development. Sequences of NS3
serine protease domain (aa 1027 to 1146) were
obtained from 94% (46/49) and 93% (93/100) of
pre-HCC and control isolates, respectively. We found
that 29 (63%) of 46 pre-HCC isolates had Tyr and
Gln at positions 1082 and 1112, respectively (Tyr'%®%/
GIn'""?), while 39 (42%) of 93 control isolates did
(Table 2). The difference in the proportion between
pre-HCC and control isolates was statistically signifi-
cant (P = 0.029). On the other hand, there was no
significant correlation between Tyr'®%/GIn'""? and the
degree of fibrosis progression (data not shown).

Corvelation Between NSS5A Protein Sequence
Polymorphism and HCC Development. NS5A pro-
tein sequences were obtained from 92% (45/49) and
74% (74/100) of pre-HCC and control isolates,
respectively. Twenty-four (53%) of 45 pre-HCC iso-
lates had IRRDR of 6 or more mutations (IRRDR>6)
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Table 2. Correlation Between HCC and Sequence
Polymorphic Factors of Core, NS3 and NS5A

No. of Subjects / No. of Total*
HCV Protein Factor Hce Control P Value
Core Wild-core (Arg”%/  22/49 (45%)  59/94 (63%)  0.05
Leu®)
Non-wild-core 27/49 (55%)  35/94 (37%)
Gin™ 21/49 (43%)  13/94 (14%)  0.0002
Non-Gin™® 28/49 (57%)  81/94 (86%)
Leu™ 37/49 (76%)  70/94 (74%) 1.0
Non- Leu™ 12/49 (24%)  24/94 (26%)
NS3 08 s GIn'11? 29/46 (63%)  39/93 (42%)  0.029
Non-(Tyr'%2 / 17/46 (37%)  54/93 (58%)
Gmmz)
NSBA IRRDR>6 24/45 (53%)  15/74 (20%)  0.0003
IRRDR<5 21/45 (A7%)  59/74 (80%)
ISDR>>3 11/45 (24%)  8/74 (11%) 0.07
ISDR<2 34/45 (76%)  66/74 (89%)
Asn??18 11745 (24%)  3/74 {4%) 0.002
Non-Asn??18 34/45 (76%)  71/74 (96%)

*Number of subjects with a given factor / total number of HCC or control,
HCC, hepatocellular carcinoma; Argm, arginine at position 70 of the core pro-
tein; Leu®!, leucine at position 91 of the core protein; GIn"®, glutamine at posi-
tion 70 of the core protein; Tyr'®?, tyrosine at position 1082 of NS3; Gin'"*?,
glutamine at position 1112 of NS3; IRRDR, interferon/ribavirin resistance-deter-
mining region; ISDR, interferon sensitivity-determining region; Asn®*'®, aspara-
gine at position 2218 of NS5A-ISDR.

while only 15 (20%) of 74 control isolates did (Table
2; P = 0.0003). We also found that pre-HCC isolates
tended to have a higher degree of sequence heterogene-
ity in ISDR than control isolates, although not statisti-
cally significant due probably to the small number of
cases examined; 11 (24%) of 45 pre-HCC isolates and
8 (11%) of 74 of control isolates had ISDR with three
or more mutations (P = 0.07). Moreover, Asn at posi-
tion 2218 (Asn®*'®) within the ISDR was found in
24% (11/45) of pre-HCC isolates and‘only in 4% (3/
74) of the control isolates (P = 0.002), suggesting that
Asn®'® is significantly associated with development of
HCC.

Cumulative HCC Incidence on the Basis of Core-
Gl”’, NS3-Tyr'°%/GIn"""?, NS54-IRRDR>G, and
NS54-Asn™"®, Follow-up study revealed that the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates with core protein of Gln”® and those
of non-GIn’", respectively, was 29% and 5% at the
end of 5 years, 56% and 23% at the end of 10 years,
and 63% and 26% at the end of 15 years (Fig. 1A),
with the differences between the two groups being
statistically significant (” < 0.0001; Log-rank test).
Likewise, the cumulative HCC incidence in patients
infected with HCV-1b isolates with NS3 of Tyr'®%%/
GIn'"" and those of non-(Tyr'®%/GIn'""?), respec-
tively, was 15% and 7% at the end of 5 years, 37%
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and 24% at the end of 10 years, and 45% and 24% at
the end of 15 years (P = 0.02) (Fig. 1B). Also, the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates of IRRDR>6 and those of
IRRDR<S5, respectively, was 18% and 10% at the end
of 5 years, 59% and 22% at the end of 10 years, and
63% and 27% at the end of 15 years (P = 0.0002)
(Fig. 1C). Similarly, the cumulative HCC incidence in
patients infected with HCV-1b isolates of Asn®*'® and
those of non-Asn®*'®, respectively, was 31% and 9%
at the end of 5 years, 77% and 28% at the end of 10
years, and 77% and 33% at the end of 15 years (P =
0.0003) (Fig, 1D).

Identification of Independent Factors Correlated
With HCC Development by Univarviate and Multi-
variate Logistic Regression Analyses. In order to
identify significant independent factors associated with
HCC development, all available data of baseline
patients’ parameters and core, NS3, and NS5A poly-
morphic factors were first analyzed by univariate logis-
tic analysis. This analysis yielded eight factors that
were significantly associated with HCC development:
core-GIn”®, NS3-(Tyr'®®/GIn'"'?), NSSA-IRRDR>6,
NS5A-Asn**'®, increased levels of ALT' (>165 1U/L),
AST (>65 IU/L), and AFP (>20 ng/L), and fibrosis
staging score (>3). Subsequently, those eight factors
were entered in multivariate logistic regression analysis.
This analysis identified two viral factors, core-Gln”®
and NSS~(”1')11"082/(31111”2), and a host factor, AFP
levels (>20 ng/L), as independent factors associated
with HCC development (Table 3).

The vast majority of pre-HCC isolates (85%; 39/
46) had core-GIn™ and/or NS3-Tyr'"?/GIn'""* and
only 15% (7/46) had non-(GIn”’ plus NS3—T}A‘1082/
GIn'""*). By contrast, about a half of control isolates
(52%; 46/89) had non-(GIn”® plus NS?)-Tyrng/
GIn'""?) (Fig. 2A). The difference in the proportion
between HCC and control groups was statistically sig-
nificant (P < 0.0001). Furthermore, the cumulative
HCC incidence after 15-year follow-up was highest
(63%) among patients with core-Gln”® plus NS3-
(TyrmBZ/Gln”]z), whereas it was lowest (11%) among
patients with non-(GIn”® plus NS3-Tyr'**%/GIn''"?)
(Fig. 2B), with the difference being statistically signifi-
cant (” < 0.0001; Log-rank test).

Evolution of the Sequences of the Core, NS3, and
NS5A Proteins During the Follow-up Period From
Chronic Hepatitis to HCC Development. Finally, we
investigated sequence evolution of the core protein,
NS3 and NS5A (IRRDR and ISDR) during the follow-
up period from chronic hepatitis to HCC development
by comparing the sequences between pre-HCC and
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Fig. 1. Cumulative HCC incidence on the basis of HCV-1b sequence patterns. (A) Position 70 of the core protein. The numbers of core-Gin™®
and non-Gin™ analyzed were 34 and 109, respectively. (B) Positions 1082 and 1112 of NS3. The numbers of NS3-(Tyr**®%/GIn***2) and non-
(Tyr'%82/GIn***?) analyzed were 68 and 71, respectively. (C) NS5A-IRRDR. The numbers of NS5A-IRRDR>6 and IRRDR<5 analyzed were 39 and
80, respectively. (D) NS5A-Asn?2'8, The numbers of NSBA-Asn®?!8 and non-Asn®*'® analyzed were 14 and 105, respectively.

post-HCC isolates. The residue at position 70 of the
core protein was conserved in 91% (41/45) of sequence
pairs analyzed. The substitutions observed at this posi-
tion were from Argm and His™® each to GIn”’

cases and from Gln”” to Argm in the other two cases.
The residues at positions 1082 and 1112 of NS3 were
conserved in 95% (41/43) and 100% (43/43), respec-

in two tively, of the sequence pairs analyzed.

Table 3. Univariate and Multivariate Regression Analyses to Identify Independent Factors Associated With HCC

Univariate Multivariate

Variable Odds Ratio (95% Cl) P Value Odds Ratio {85% CI) P Value
Core-GIn™® 0.23 (0.10 - 0.52) 0.0004 6.8 (2.1 - 23.0) 0,001
NS3-Tyr'%82 / Gin'!1? 2.4 (1.1 - 4.9) 0.029 3.4 (1.1 - 10.0) 0.03
NS5A-{RRDR>6 45 (2.0 - 10.0) 0.0003
NS5A-Asn??18 7.7 (2.0 - 29.0) 0.002
AFP (>20 ng/L) 12 (5.1 - 30.0) 0.0001 19.5 (4.7 - 80.0) 0.0001
ALT (165 IU/L) 4.0 (1.8 - 8.6) 0.0006
AST (>65 1U/L) 3.9 (1.5 - 10.0) 0.003
Fibrosis staging score (>3) 2.4 (1.1-49) 0.02

GIn™®, glutamine at position 70 of the core protein; Tyr'®®2, tyrosine at position 1082 of NS3; GIn'''2, glutamine at position 1112 of NS3; IRRDR, interferon/rib-

avirin resistance-determining region; Asn

protein; IFN; interferon.

2218

531

, asparagine at position 2218 of NS5A-ISDR, ALT, alanine aminotransferase; AST, aspartate transaminase; AFP; «-feto-
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Fig. 2. (A) Proportions of HCV-1b isolates of the HCC high-risk
group (core-GIn"® and/or NS3-[Tyr'®%2/GIn"**?]) and the low-risk
group (non-GIn™® and non-[Tyr'®®2/GIn'*2]) among HCC and control
groups. (B) Cumulative HCC incidence on the basis of different com-
bined sequence patterns of position 70 of the core protein and posi-
tions 1082 and 1112 of NS3. Core-GIn"® and NS3-(Tyr'%%/GInt11?),
n = 18; core-GIn™® and non-(Tyr'%2/GIn***?), n = 16; non-GIn’®
and NS3-(Tyr'%2/GIn**2), n = 48; non-GIn™"/non-(Tyr'*%%/GIn'11?),
n = 53.

IRRDR and ISDR showed a high degree of
sequence evolution. IRRDR sequences were different
between pre-HCC and post-HCC isolates in 66%
(25/38) of cases analyzed (Fig. 3). IRRDR sequences
tended to be more polymorphic at the time of HCC
Frequency of HCV  isolates with
IRRDR>6 was significantly higher in post-HCC iso-
lates than in pre-HCC isolates; IRRDR>6 was found
in 47% (18/38) of post-HCC isolates compared to
24% (9/38) of pre-HCC isolates (P = 0.03). On the
other hand, ISDR>3 was found in 21% (8/38) of
post-HCC isolates compared to 11% (4/38) of pre-
HCC isolates, with the difference between the two
groups being not stadistically significant (P = 0.3).

occurrence.

Discussion

HCC is one of the common long-term complica-
tions of HCV infection. However, whether HCV itself

HEPATOLOGY, August 2013

plays a direct role in the development of HCC and
whether all HCV isolates are equally associated with
HCC development remain to be determined. HCV
core, NS§3, and NS5A proteins have been reported to
affect a wide variety of potentially oncogenic pathways
in cell culture and experimental animal systems.7 In
the present study, we demonstrated that HCV isolates
with core-GIn”", NS3-Tyr'”®%/GIn'""?  or NSS5A-
IRRDRZ>6 were closely associated with HCC develop-
ment. In addidon, a follow-up study revealed that
sequence patterns at position 70 of the core protein
and positions 1082 and 1112 of NS3 did nor signifi-
cantly alter during the progression from chronic hepa-
titis to HCC while NSSA-IRRDR showed a signifi-
cantly higher degree of sequence heterogeneity in post-
HCC than in pre-HCC isolates.

Correlation between polymorphisms at positions 70
and 91 of HCV-1b core protein and IFN-based treat-
ment outcome was extensively studied, especially in a
Japanese population.'” Interestingly, the same mura-
tions were also associated with progression to HCC in
the Japanese population with HCV-1b infection.'?
Results obtained in the present study confirmed and
emphasized the significant association between the
mutation at position 70 (corewGlnm), but not at posi-
tion 91, and HCC development (Tables 2, 3; Fig.
1A). Despite the clinical evidence that strongly sup-
ports the correlation between core-Gln”® and HCC
development, the molecular mechanism underlying
this correlation is still obscure. Delhem et al.*® found
that tumor-derived HCV core proteins, but not nontu-
mor-derived ones, interact with and activate double-
stranded RNA-dependent protein kinase (protein ki-
nase R or PKR), which might modulate viral persise-
ence and carcinogenesis. GIn”® was found in two of
the three tumor-derived sequences, whereas Arg”® was
found in two of the three nontumor-derived ones.

As for the NS3 protein of HCV, the possible link
between an N-terminal portion of NS3 encoding viral
serine protease (aa 1027 to 1146) and hepatocarcino-
genesis was rcportcd.m‘22 However, information about
the relationship between NS3 sequence diversity and
HCC development is still limited. We previously
reported a significant correlation between predicted
secondary structure of an N-terminal portion of NS§3
and HCC dﬁve]opment.””/l In the present study, we
demonstrated that HCV patients infected with HCV
isolates with NS3-(Tyr'®**/GIn'"'?) were at a higher
risk to develop HCC than those infected with HCV
isolates with non—TyrmSZ/Gln'I12 (Tables 2, 3; Fig.
2B). Computer-assisted secondary structure analysis of
NS3 revealed that Tyr]082 was associated with the
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Fig. 3. Pairwise comparison of IRRDR sequences of HCV-1b during the follow-up period between chronic hepatitis and HCC development.
Sequence pairs that differ between pre-HCC (numbered with -1) and post-HCC isolates (numbered with -2) are shown. The consensus sequence
(Cons.) is shown at the top. The numbers along the sequence indicate the aa positions. Dots indicate residues identical to those of the Cons.

sequence. The numbers of IRRDR mutations are shown on the right.

presence of a turn structure at around position 1083
while Phe'"®? was associated with the absence of the
turn structure.> Notably, the catalytic triad of NS3
serine protease consists of His'"%?, Asp”w, and
Ser' %% %7 Since positions 1082 and 1112 are in close
vicinity of the catalytic triad, sequences diversity at
these positions might influence the serine protease ac-
tivity and also pathogenicity of HCV. Large-scale,
multicenter clinical studies as well as more detailed ex-
perimental studies at the molecular and cellular levels
are needed to clarify the importance of sequence diver-
sity at positions 1082 and 1112 of NS3 in HCV-
mediated hepatocarcinogenesis.

HCV  heterogeneity in NS5A-ISDR and NS5A-
IRRDR  are  correlated  with  IFN-responsive-
ness.' 82326 As IFN-based therapy reduces the risk
of HCC development,’i’zg'm we were interested to
investigate whether there is a correlation between
sequence heterogeneity in NS5A and development of
HCC. Our present results revealed that a high degree
of sequence heterogeneity in IRRDR (IRRDR>6) was

closely associated with HCC development (Table 2).
We previously reported that IRRDR>6 was signifi-
cantly associated with good responses to PEG-IFN/
RBV combination therapy.Z(”27 These results collec-
tively suggest that oncogenic properties and PEG-IFN/
RBV responsiveness are independent viral characteris-
tics and that PEG-IFN/RBV therapy helps eliminate
oncogenic HCV isolates, thus reducing the risk of
HCC development.

Position 2218 of NS5A, located within ISDR,
appears to tolerate a wide range of aa substitutions as
observed in different HCV-1b isolates.””*®*° Interest-
ingly, Asn at position 2218 (Asn*?'®) was detected sig-
nificantly more frequently in pre-HCC isolates than in
the control isolates. Further studies are needed to
determine the possible importance of this residue in
hepatocarcinogenesis.

Another focus of attention is how the sequences of
the core protein, NS3, and NS5A-IRRDR evolve dur-
ing the interval between chronic hepatits and HCC
development. One of the significant advantages of the
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present study was that we could conduct a longitudinal
investigation by analyzing the target sequences of pre-
and post-HCC isolates. We found that core-GIn”® and
NS3-(TyrmSZ/G|n”'2) were well conserved in each
paired sample. This indicates that core-Gln’ and
NS3-(Tyr'®%/GIn'"'?) were already present before the
development of HCC. Non-GIn”® of the core pro-
tein and non-Tyr'*®* and non-Gln''"? of NS3 were
also well conserved in each paired sample. These
results imply the possibility that these sequence pat-
terns were not a result of HCC but, rather, they
were a possible causative factor for the development
of HCC. We hypothesize, therefore, that HCV iso-
lates with core-Gln”® and/or NS3—('“yrmsz/Glnl”2)
are highly oncogenic, whereas those with non-(GIn”°
plus NS3-Tyr'®*/GIn'""*) are less oncogenic. It is
not clear yet as to whether these oncogenic muta-
tions were present from the very beginning of HCV
infection or if they emerged at a certain timepoint
(before the initiation of follow-up) during the long-
term persistence through an adaptive viral evolution
in the host. More comprehensive follow-up study is
needed to address this issue. In any case, the core-
GIn”® and NS3-(Tyx"082/Gln]”2) would be consid-
ered an index for prediction of HCC development.
On the other hand, IRRDR in NS5A is more toler-
ant for sequence evolution. IRRDR in post-HCC
isolates showed a significantly higher degree of
sequence heterogeneity compared with that in pre-
HCC isolates. This observation suggests that IRRDR
is under strong selective pressure during the course
of HCV infection and that the high degree of
IRRDR heterogeneity (IRRDR>6) in HCV isolates
from patients with HCC may not be a causative fac-
tor for development of HCC.

In conclusion, the present results suggest the possi-
bility that patients infected with HCV isolates with
core-GIn”® and/or NS3-(Tyr'™®*/GIn'""%) are at a

higher risk to develop HCC compared to those with
non-(GlIn”® plus NSS-’I}/!'”)SZ/Glnmz).
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The interferon-inducible protein with tetratricopeptide (IFIT) family proteins inhibit replication of some viruses by recognizing sev-
eral types of RNAs, including 5'-triphosphate RNA and 5’ capped 2'-O unmethylated mRNA. However, it remains unclear how IFITs
inhibit replication of some viruses through recognition of RNA. Here, we analyzed the mechanisms by which Ifit1 exerts antiviral re-

sponses, Replication of a Japanese encephalitis virus (JEV) 2’

-O methyltransferase (MTase) mutant was markedly enhanced in mouse

embryonic fibroblasts and macrophages lacking Ifit1. Ifit1 bound 5'-triphosphate RNA but more preferentially associated with 5’
capped 2'-O unmethylated mRNA. Ifit] inhibited the translation of mRNA and thereby restricted the replication of JEV mutated in
2'-0 MTase. Thus, Ifit] inhibits replication of MTase-defective JEV by inhibiting mRNA translation through direct binding to mRNA

5' structures.

RNA hasa 5’ cap structure, in which the N-7 position of the
g’%ﬂé guanosine residue is methylated. The 5’ cap structure is
known to be responsible for the stability and efficient translation
of mRNA (1, 2). In higher eukaryotes, the first one or two 5’
nucleotides are additionally methylated at the ribose 2’-O posi-
tion by distinct host nuclear 2'-O methyltransferases (MTases) (3,
4). However, the functional role of 2'-O methylation (2'-O Me)
remains poorly understood. Several viruses that replicate in the
cytoplasm possess their own mRNA capping machineries (5-10).
For positive-stranded flaviviruses, nonstructural protein 3 (NS3)
acts as an RNA 5’-triphosphatase and NS5 possesses both N-7 and
2'-O MTase activities (8, 11, 12). Recent studies have revealed that
2'-0O methylation of the mRNA 5’ cap in these viruses is important
for evasion from the host innate immune responses (13-15).
However, the 2'-O MTase activity has been shown to be absent
from several paramyxoviruses, such as Newcastle disease virus
(NDV) and respiratory syncytial virus (RSV) (16, 17).

Typelinterferons (IFNs) induce the expression ofa large num-
ber of antiviral genes through a Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway (18, 19). Among
the IFN-inducible genes, the IFN-inducible protein with tetratri-
copeptide (IFIT) genes comprise a large family with three (Ifi11,
Ifit2, and Ifit3) and four (IFIT1, IFIT2, IFIT3, and IFIT5) members
in mice and humans, respectively. The murine and human genes
are clustered in loci on chromosomes 19C1 and 10q23, respec-
tively (20). IFIT family proteins reportedly associate with several
host proteins to exert various cellular functions (21, 22). For ex-
ample, human IFIT1/IFIT2 and murine Ifit1/1fit2 bind to eukary-
otic translational initiation factor 3 (elF3) subunits to inhibit
translation (23-26). IFIT1 has been suggested to interact with
STING/MITA to negatively regulate IRF3 activation (27), whereas
IFIT3 may bind TBK1 to enhance type I IFN production and with
JAB1 to inhibit leukemia cell growth (28, 29).

In addition to binding host factors, IFIT proteins have func-
tional effects by interacting directly with products of viruses. Hu-
man IFIT1 interacts with the human papillomavirus E1 protein
and human IFIT2 interacts with the AU-rich RNA of NDV to exert
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antiviral effects (30, 31). Direct binding of IFIT proteins to virus
RNA has also been demonstrated in several recent studies. IFIT1
and IFIT5 bind to the 5'-triphosphate (5'-PPP) RNA that is pres-
ent in the genomes of viruses (32, 33). Structural studies of human
IFIT2 and human IFIT5 identified an RNA-binding site and de-
fined the structural basis of a complex with 5'-PPP RNA (31, 33).
However, these structural studies did not explain how IFIT binds
to or restricts virus RNA that has a 5" cap but lacks methylation at
the 2'-O position (13-15). Thus, it remains unclear how IFITs
mediate antiviral activitics against viruses that have a 5" cap but
lack 2'-O MTase activity.

In this study, we analyzed the mechanisms by which murine
Ifitl exerts the host defense against a flavivirus lacking 2'-O
MTase activity. Ifit] was found to preferentially interact with 5’
capped mRNA without 2'-O methylation and inhibit its transla-
tion. Thus, Ifitl participates in antiviral responses targeting 5’
capped mRNA without 2'-O methylation.

MATERIALS AND METHODS

Mice. All animal experiments were conducted in accordance with the
guidelines of the Animal Care and Use Committee of the Graduate School
of Medicine, Osaka University. The gene-targeting strategies for generat-
ing Ifitl-knockout (Ifit] /™) mice were described previously (34). The
Ifit I-targeting vector was designed to replace a 1.8-kb fragment encoding
the exon of Ifit] with a neomycin resistance gene cassette (Neo). A short
arm and a long arm of the homology region from the v6.5 embryonic stem
(ES) cell genome were amplified by PCR. A herpes simplex virus (HSV)
thymidine kinase (tk) gene was inserted into the 3’ end of the vector. After
the IfitI-targeting vector was electroporated into ES cells, G418 and gan-
ciclovir doubly resistant clones were selected and screened by PCR and
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Southern blot analysis. An ES cell clone correctly targeting Ifit was mi-
croinjected into C57BL/6 mouse blastocysts. Chimeric mice were mated
with female C57BL/6 mice, and heterozygous Fl progenies were inter-
crossed to obtain Ifit] =/~ mice.

Cells. HEK293T cells, Vero cells, and mouse embryonic fibroblasts
(MEFs) were maintained in Dulbecco’s modified Eagle’s medium (Nak-
alai Tesque) supplemented with 10% fetal bovine serum (JRH Biosci-
ence), 100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco). MEFs
were prepared from wild-type (WT) and Ifit] */~ day 14.5 embryos and
immortalized by introduction of a plasmid encoding the simian virus 40
large T antigen. MEFs stably expressing Ifit] were established by the pre-
viously described method with some modifications (34). In short, full-
length cDNA of Ifit] was cloned into pMRX-puro (pMRX/Ifit1). Retrovi-
rus was produced by introduction of pMRX/Ifit] into Plat-E packaging
cells (35). MEFs were infected with the retrovirus, cultured in the presence
of I pg/ml of puromycin (Sigma) for 5 days, and harvested for subsequent
studies. To isolate peritoneal macrophages, mice were intraperitoneally
injected with 5 ml of 4% thioglycolate medium (Sigma), and peritoneal
exudative cells were isolated from the peritoneal cavity at 3 days postin-
jection. The cells were incubated for 2 h and then washed three times with
Hanks’ balanced salt solution. The remaining adherent cells were used as
peritoneal macrophages in the experiments.

Viruses. Japanese encephalitis virus (JEV) strain AT31 (36) was used
for the experiments. An NS5 K61A mutation of JEV was introduced into
pMWATGI (37) by PCR-based mutagenesis with the primers 5'-GCGA
GGCTCAGCAGCTCTCCGTTGGCTCG-3" and 5'-CGAGCCAACGGA
GAGCTGCTGAGCCTCGC-3' (the mutagenesis site is underlined) and
verified by DNA sequencing. A recombinant virus, the JEV K61 A mutant,
was generated from pMWJEATGI/JEV K61A as previously described
(36). MEFs or macrophages were infected with JEV at specified multiplic-
ities of infection (MOIs). The virus yields in the culture supernatants were
titrated by focus-forming assays on Vero cells and expressed as the num-
ber of focus-forming units (FFU), as previously described (38). The virus
RNA accumulations in the JEV-infected cells were determined by real-
time reverse transcription-PCR (RT-PCR) with primers targeting JEV
NS5, normalized to the level of host GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), and expressed as the fold change in Ifit1 ™'~ cells
versus wild-type cells (value for wild type = 1).

Preparation of RNA. The 5'-terminal 200 nucleotides of the JEV ge-
nome were amplified by PCR using pMWATGI (37) with the primers
5'-TAATACGACTCACTATTAGAAGTTTATCT-3’ (the T7 class 11 pro-
moter sequence is underlined) and 5’-CATTACTACCCTCTTCACTCC
CACTAGTGG-3', and the luciferase reporter gene (luc2) was amplified
using pGL4.14 (Promega) with the primers 5'-TAATACGACTCACTAT
AGGCCACCATGGAAGATGCCAAAAA-3" (the T7 class Il promoter
sequence is underlined) and 5'-TACCACATTTGTAGAGGTTTTACTT
GCTTT-3'. Subsequently, the PCR products were in vitro transcribed
under the control of the T7 promoter with MEGAScript (Ambion). Bio-
tin-labeled RNA was prepared by in vitro transcription in the presence of
biotin-labeled UTP (PerkinElmer). Capped RNA substrates were pro-
duced with a ScriptCap 7-methylguanosine (m7G) capping system (Epi-
centre) in the presence (5’ cap positive [5' cap™]/2’-O Me positive [2'-O
Me™"]) orabsence (5' cap™/2'-O Me negative [2'-O Me™]) of a ScriptCap
vaccinia virus 2'-O MTase (Epicentre). **P-labeled m7GpppA-RNA sub-
strate was prepared with a ScriptCap m7G capping system in the presence
of **P-labeled GTP. A 5" OH-RNA substrate was produced by incubating
in vitro-transcribed RNA with calf intestinal alkaline phosphatase (CIAP)
for 3 h at 37°C. All RNA substrates were purified with an RNeasy minikit
(Qiagen) and stored at —80°C until use.

Real-time RT-PCR. Total RNA was isolated with the TRIzol reagent
(Invitrogen), and I to 2 g of RNA was reverse transcribed using Moloney
murine leukemia virus reverse transcriptase (Promega) and random
primers (Toyobo) after treatment with RQ1 DNase I (Promega). Real-
time RT-PCR was performed in an ABI 7300 apparatus (Applied Biosys-
tems) using a GoTaq real-time PCR system (Promega). All values were
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normalized by the expression of the GAPDH gene. The following primer
sets were used: for the JEV NS5 gene, 5'-AACGCACATTACGCGTCCTA
GAGATGA-3' and 5'-CTAACCCAATACATCTCGTGATTGGAGTT-
3'; for Ifub, 5'-GGAGATGACGGAGAAGATGC-3' and 5'-CCCAGTGC
TGGAGAAATTGT-3"; for luc2, 5'-CCATTCTACCCACTCGAAGAC
G-3" and 5'-CGTAGGTAATGTCCACCTCGA-3'; and for the GAPDH
gene, 5'-CCTCGTCCCGTAGACAAAATG-3" and 5'-TCTCCACTTTG
CCACTGCAA-3'.

Recombinant proteins. Wild-type and K61A mutant JEV N-terminal
NS5 (MTase domain) cDNAs were obtained by PCR using pMWATG1
with the primers 5'-GGATCCGGAAGGCCTGGGGGCAGGACGCT
A-3" and 5'-CTCGAGATGCTCAGGGTCTTTGTGCCACGT-3'. Full-
length murine Ifit] ¢cDNA and JEV MTase cDNA were inserted into pET-
15b and pGEX-6P, respectively. pET/Ifit] and pGEX/JEV MTases were
transformed into the Escherichia coli BL21(DE3) strain. Expression of the
Ifit] and JEV NS5 proteins was induced by addition of 0.5 mM isopropyl-
1-thio-B-p-galactopyranoside (IPTG), and the expressed Ifit] and JEV
MTase proteins were purified using Ni** -affinity chromatography (No-
vagen) and glutathione-Sepharose 4B (Amersham Biosciences), respec-
tively, according to each manufacturer’s instructions. The purified pro-
tein was desalted and concentrated using an Amicon Ultra centrifugal
filter unit (Millipore) and stored at —80°C until use.

Invitro MTasc activity assay. The M Tase reaction was performed in a
20-pl reaction mixture of 50 mM Tris-HCI (pH 8.0), 6 mM KCI, 1.25 mM
MgCl,, and 0.5 mM S-adenosylmethionine (AdoMet) containing 10
nmol of *P-labeled m7GpppA-RNA substrate (JEV 5'-terminal 200 nu-
cleotides) and 30 pmol of JEV MTase or 80 units of vaccinia virus 2'-O
MTase (Epicentre) for 3 h at 37°C. The RNA was purified by passage
through a postreaction cleanup column (Sigma) and digested with 10 U of
nuclease P1 (Wako) in 50 mM sodium acetate overnight at 37°C. The
samples were analyzed on thin-layer chromatography polyethyleneimine
(PED)-cellulose plates developed with 0.3 M ammonium sulfate.

RNA EMSAs. RNA clectrophoretic mobility shift assays (EMSAs)
were performed using a LightShift chemiluminescent RNA EMSA kit
(Thermo Scientific) according to the manufacturer’s instructions. Briefly,
0 to 20 pmol of recombinant murine Ifitl and 2.5 pmol of in vitro-tran-
scribed and biotin-labeled RNA were coincubated for 30 min at room
temperature in RNA EMSA binding buffer (10 mM HEPES, pH 7.3, 20
mM KCl, 1 mM MgCl,, | mM dithiothreitol, 0.1 g/l of yeast tRNA, 2%
glycerol). The resulting Ifit]/RNA complexes were electrophoresed in a
7.5% native polyacrylamide gel. The separated RNAs were transferred to a
positively charged nylon membrane and cross-linked at 120 mJ/cm? and
an absorbance of 254 nm. The membrane was incubated with stabilized
streptavidin-horseradish peroxidase conjugate (1:300 dilution; a compo-
nent of the EMSA kit), and the bound stable peroxide was detected with
luminol/enhancer solution (another component of the EMSA kit). The
gel-shift band intensities were quantified using Image] software (National
Institutes of Health).

RNA pulldown assay. For RNA pulldown assays, an expression vector
for hemagglutinin (HA)-tagged murine full-length Ifitl was transfected
into HEK293T cells using Lipofectamine 2000 (Invitrogen). The Ifit]-
transfected cells were lysed in RNA-binding buffer (10 mM HEPES, pH
7.3, 500 mM KCl, 1 mM EDTA, 2 mM MgCl,, 0.1% NP-40, 0.1 pg/pl of
yeast tRNA (Ambion), 1 U/ml of RNase inhibitor [Toyobo]), and the
lysate (200 pg) was coincubated with 25 pmol of biotin-labeled RNA and
streptavidin-agarose (Invitrogen) in RNA-binding buffer for 30 min at
room temperature. The binding complexes were washed five times with
RNA-binding buffer, followed by SDS-PAGE and immunoblotting with
an anti-HA probe (F-7) antibody (Santa Cruz Biotechnology). The inten-
sity of the detected Ifit] band was quantified using Image] software (Na-
tional Institutes of Health).

RNA immunoprecipitation. RNA immunoprecipitation was per-
formed as described previously (38) with slight modifications. MEFs (2 X
10°) stably expressing Flag-tagged Ifit] were infected with JEV at an MOI
of 1.0 and cultured for 24 h. The cells were then lysed in 500 pl of RNA
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A v K61
JEV NS5 59:SAKLRWLVEKGFVSPIGKVIDLGCGRGGWSYYARTLKKVQEVRGYTKGGAGHEEPMLMQS 118
WNV NS5 59:TAKLRWLVERRFLEPVGKVIDLGCGRGGWCYYMATOKRVQEVRGYTKGGPGHEEPQLVOS 118
hkhbhhAhd * % chkkkkAhkAhhkhkk Ak kh X kAR AENKARALE KhArhk & A%
v D146

JEV NS5 119:YGWNLVSLKSGVDVFYKPSEPSDTLFCDICESSPSPEVEEQRTLRVLEMTSDWLHRGPRE 178
WNV NS5 119:YGWNIVIMKSGVDVFYRPSECCDTLLCDIGESSSSAEVEEHRTIRVLEMVEDWLHRGPRE 178

LR L dhhk ko hkk kA h dhhk Akwokdkkd ok kkkk Ak hkEA A Ak ok ok kok kok

v K182 v E218

JEV NS5 179:FCIKVLCPYMPKVIEKMEVLORRFGGGLVRLPLSRNSNHEMYWVSGAAGNVVHAVNMTSQ 238
WHV NS5 179:FCVKVLCPYMPRKVIEKMELLORRYGGGLVRHPLSRNSTHEMYWVSRASGNVVHSVNMTS) 238

hhk AARAKAR I KA R AR AR AR AE ARTAAN RAETRAK Fkkkxrhhk ok hhkdk Ahhhhd
B

m7GpppAm
m7GpppA

- origin

FIG 1 Generation of an MTase-defective JEV mutant. (A) Sequence homology between NS5 proteins of JEV (AT31 strain, GenBank accession number
AB196926) and WNV (00-3356 strain, GenBank accession number EF530047). Arrowheads, MTase catalytic K-D-K-E tetrad; *, consensus sequences between
the two proteins. (B) 2'-0 MTase activity of JEV WT and JEV K61A mutant recombinant NS5 proteins by thin-layer chromatography assays. The substrate
m7GpppA-RNA (PP-labeled JEV 5'-terminal 200 nucleotides) was methylated in vitro with the respective recombinant NS5 proteins or vaccinia virus 2'-O
MTase, digested with P1 nuclease, and developed on PEL-cellulose plates. The positions of 2-O methylated (m7GpppAm) and unmethylated (m7GpppA) RNA

are indicated. Data are representative of four independent experiments.

buffer (10 mM HEPES, pH 7.3, 500 mM KCl, I mM EDTA, 2 mM MgCl,,
0.1% NP-40, 0.1 pg/pl of yeast tRNA (Ambion), 1 U/ml of RNase inhib-
itor [Toyoba], I tablet/10 ml of Complete mini-protease inhibitor cock-
tail [Roche]). After centrifugation at 15,000 rpm for 20 min at 4°C, 50-pl
aliquots of the supernatants were recovered as input samples and the
remaining supernatants were precleared with 30 pl of 50% protein G-
conjugated Sepharose and I pg of mouse normal IgG for 1 h. After cen-
trifugation of the beads, the supernatants were immunoprecipitated with
1 g of mouse normal IgG or anti-Flag M2 antibody (Santa Cruz Biotech-
nology) and 30 wl of 50% protein G-conjugated Sepharose. The beads
were washed five times with RNA buffer without yeast tRNA, and RNA
was isolated from the precipitants and input samples with the TRIzol
reagent. The RNA was reverse transcribed as described above and sub-
jected to the first round of PCR with JEV NSt-specific primers 5'-TCTG
TCACTAGACTGGAGCA-3' and 5'-CCAGAAACATCACCAGAAGG-
3'. The PCR products were then analyzed by quantitative PCR with nested
primers 5 -GAGCACTGACGAGTGTGATG-3" and 5'-AGCGACTCTC
AATCCAGTAC-3'. All values were normalized by the values for the input
samples (indicated as percent input).

Cellular translational reporter assay. MEFs (2 X 10%) were pre-
treated with 1,000 U/ml of universal type I interferon (PBL Biomedical
Laboratories) for 6 h. Three types of 5 modified luciferase mRNAs (2 pg
of 5'-PPP, 5 cap™/2'-O Me ™, and 5’ cap™/2’-O Me™) were transiently
transfected into MEFs using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. At 6 h after the transfection,
RNA was isolated and analyzed for the quantity of the luciferase mRNAs
(Iue2). The luciferase activities of whole-cell lysates were measured using a
dual-luciferase reporter assay system (Promega). The numbers of relative
light units (RLU) were normalized by the concentrations of proteins deter-
mined by use of a bicinchoninic acid protein assay kit (Thermo Scientific).

Statistical analysis. Statistical analyses were conducted on each inde-
pendent data set. An unpaired Student’s f test was used to determine the
statistical significance of differences in the experimental data. P values of
<0.05 were considered to indicate statistical significance.
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RESULTS

Ifit] ™'~ cells fail to restrict the replication of a mutant JEV lack-
ing 2'-0 MTase activity. Previous analysis of the flavivirus West
Nile virus (WNV) 2’-O MTase revealed residues in NS5 (K61,
D146, K182, and E218) that were essential for its biochemical
activity (8). A WNV mutant (E218A) lacking 2'-O MTase activity
was attenuated in mouse MEFs and macrophages but showed en-
hanced replication in Ifit] =/~ cells (13, 15). As NS5 is a highly
conserved protein in flaviviruses, the four residues integral to the
2'-O MTase activity are identical in WNV and JEV (Fig. 1A).
Replacement of lysine 61 by alanine in the JEV NS5 MTase do-
main (JEV K61A) abolished the JEV 2'-O MTase activity in vitro
(Fig. 113). We generated Ifit] ™'~ mice (Fig. 2A to C) and infected
MEFs with JEV WT and JEV K61A strains (Fig. 3A). The JEVWT
replicated equivalently in wild-type and Ifit1 ™'~ MEFs. In com-
parison, the production of the JEV K61A mutant was decreased in
wild-type MEFs, suggesting that 2’'-O MTase activity is required
for JEV replication. Consistent with this and analogous studies
with an WNV E218A strain (13), replication of the JEV K61A
strain was enhanced (approximately 173-fold increased at 4 days
postinfection; P < 0.05) in Ifit] ™'~ MEFs compared with wild-
type MEFs. We also infected peritoneal macrophages with JEV
WTand JEV K61A strains (Fig. 3B). Similar to the results obtained
with MEFs, replication of the JEV WT was similarly observed in
wild-type and Ifit] 7/~ macrophages. However, replication of the
JEV K61A mutant was severely decreased in wild-type but not
Ifit1 ™'~ macrophages, and the virus was not detected at 4 days
postinfection in wild-type cells. For further confirmation, we an-
alyzed virus RNA accumulation at 4 days postinfection (Fig. 3C
and D). Whereas RNA levels of JEV WT were similar in wild-type
and Ifit] '~ MEFs, those of the JEV K61A mutant were markedly
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FIG 2 Generation of Ifit] ™~ mice. (A) Schematic representation of the Ifit] gene-targeting strategies. Solid boxes, coding regions of the Ifit] gene; open boxes,
untranslated regions; Neo and HSV tk, a neomycin-resistance gene cassette and a herpes simplex virus thymidine kinase gene, respectively. The positions of the
probe and restriction enzyme site for Southern blotting are shown, (B) Genomic DNA was isolated from the tails of wild-type (+/+), heterozygous (+/-), and
homozygous (—/-) Ifit] mutant mice. A Southern blot analysis performed after digestion of the genomic DNA with BamHI shows the correct targeting of the
locus. (C) Peritoneal exudative macrophages were harvested from wild-type (+/+) or Ifitl-deficient (—/—) mice. Total RNA (10 pg) was blotted onto a nylon
membrane, and Hit] and B-actin mRNA expression was detected by Northern blot analysis with the respective cDNA probes. LPS lanes, cells stimulated with 100
ng/ml of lipapolysaccharide for 4 h to induce endogenous Ifitl expression; Med lanes, cells treated with medium alone.

higher (approximately 13-fold; P < 0.05) in Ifit1 ~/~ MEFs than in
wild-type MEFs. To further corroborate these findings, we rein-
troduced the Ifit] gene into Ifit] '~ MEFs using a retrovirus vec-
tor. Replication of the JEV K61A mutant was considerably sup-
pressed (approximately 4-fold; P < 0.05) by ectopic Ifitl

mutant, excluding the possibility that defective type I IFN produc-
tion is responsible for the high sensitivity to infection with the JEV
K61A mutant in Ifir] 1 cells (Fig. 3F). Thus, consistent with the
findings of previous studies (13, 15), Ifitl inhibits replication and
infection of flavivirus mutants that lack 2'-O MTase activity.

expression in Ifit1 '~ MEFs (Fig. 3E). Ifnb was similarly induced

Ifit] preferentially binds to virus RNA lacking 2’-O methyl-
in wild-type and Ifit1 ~'~ MEFs after infection with the JEV K61A

ation. Next, we analyzed how Ifitl recognizes 2'-O MTase mutant
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EIG 3 Ifit1 '~ MEFs and macrophages fail to restrict the replication of the 2'-O MTase mutant JEV. (A, B) Culture supernatants of wild-type and Ifir] =/~ MEFs
(A) and macrophages (B) infected with JEV WT and the JEV K61A mutant (MOls, 0.1 for MEFs and 0.5 for macrophages) were harvested at the indicated days
postinfection. The virus titers in I-ml supernatant aliquots were determined by focus-forming assays on Vero cells and expressed as the log,q number of FFU/ml.
Data are shown as means & SDs of quadruplicate samples generated from four independent experiments with statistical significance. ND, not detected. *, P <
0.05. (C, D) Accumulation of JEV WT (C) and the JEV K61A mutant (D) RNA in wild-type and Ifit] =/~ MEFs at 4 days postinfection determined by quantitative
real-time RT-PCR. JEV NS5 RNA levels were normalized to the level of host GAPDH and are expressed as the fold change in Ifit] ™'~ cells versus wild-type cells
(value for wild type = 1). Data are representative of three independent experiments with statistical significance. *, P < 0.05. (E) Culture supernatants of
vector-transduced (+ vector) and Flag-tagged Ifit] gene-transduced (+1fit1) Ifit] =/~ MEFs infected with the JEV K61A mutant (MOI, 0.1) were harvested at 3
days postinfection. The virus titers in I-ml supernatant aliquots were determined by focus-forming assays on Vero cells and expressed as the log,, number of
FFU/ml. Expression of 1fit] and B-actin determined by immunoblotting with anti-Flag or anti-B-actin antibodies is shown at the bottom. Data are representative
of three independent experiments. *, P < 0.05. (F) Wild-type and lﬁ!l"“ MEFs were infected with the JEV K61A mutant (MOI, 0.1). At 4 days postinfection,
cells were harvested and analyzed for Ifinb expression by quantitative RT-PCR. Ifuh RNA levels were expressed relative to those of GAPDH. ND, not detected. Data
are shown as means & SDs and are representative of data from three independent experiments.
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FIG 4 Ifitl preferentially binds to virus RNA lacking 2'-O methylation. (A) Electrophoretic mobility shift of biotin-labeled RNA (JEV 5'-terminal 200
nucleotides) with recombinant Hitl. The presence orabsence ofa 5' cap and 2'-O Me of the JBV 5'-terminal 200 nucleotides is indicated, Unlabeled 5'-PPP RNA
was used as a competitor. The loss of the band indicates binding of RNA and Ifit! (top). The band intensities (in percent) calculated by Image] are shown at the
bottom. Data are representative (top) and means = SDs (bottom) of five independent experiments. *, P < 0.05. (B) Lysates from HEK2937T cells transfected with
HA-tagged Ifit] were incubated with 2.5 pmol of biotin-labeled RNA. The presence or absence of a 5’ cap and 2'-0 Me of the JEV 5'-terminal 200 nucleotides
is indicated. 5 OH RNA was produced by incubating ist vitro-transcribed RNA with CIAP. RNA was incubated with streptavidin beads, and the precipitates were
separated by SDS-PAGE and immunoblotted with an anti-HA antibody (top). Med and Input, samples from whole-cell lysates of empty vector- and Ifit]-
transfected 293T cells, respectively. The percent band intensities calculated by Image] are shown at the bottom. Data are representative (lop) and means = SDs
(bottom) of three independent experiments. *, P < 0.05. (C) MEFs stably expressing IRt1 (Ifit1 ™1 - Wit1) or Ifit1 =/~ MEFs were infected with JEV WT or the
JEV K61 A mutant at an MOI of 1.0. The cells were harvested after 24 by, and JEV RNA/Iit1-binding complexes were immunoprecipitated with a mouse anti-Flag
antibody or mouse 1gG. The immunoprecipitated RNA was analyzed by nested RT-PCR using primers that detect the JEV NS1 gene. Each value was normalized

by the value for the input (indicated in percent). Data are means = SDs of three independent experiments, *, P < 0.05.

viruses. While recombinant IFIT1 reportedly binds to 5'-PPP
RNA (32), the mRNA of the JEV K61A mutant has a 5 m7G cap
but lacks 2'-O methylation (5 cap*/2'-O Me™). We examined
whether Ifit] can also interact directly with 5’ cap™/2’-O Me™
RNA using electrophoretic mobility shift assays. Consistent with a
previous report (32), bands of 5'-PPP RNA but not RNA lacking
phosphate at the 5" end (5" OH) were diminished after addition of
recombinant Ifitl (Fig. 4A). Furthermore, Ifit] blocked the elec-
trophoretic mobility of the 5' cap™/2'-O Me™ RNA. However,
this effect was rescued by exogenous addition in vitro of 2'-O
methylation (5" cap™/2'-O Me™). The efficient binding of Ifit1 to
5' cap™/2'-O Me™ RNA was corroborated by RNA pulldown as-
says (Fig. 48). HA-tagged Ifitl was expressed in HEK293T cells,
and cell lysates were incubated with biotin-labeled in vitro-tran-
scribed RNA and streptavidin-agarose. Then, binding complexes
of Ifit1/RNA were analyzed by Western blotting. While Ifit] was
not pulled down with 5° OH RNA, modest binding of Ifitl to
5'-PPP RNA and 5’ cap™/2'-O Me" RNA was observed. In com-
parison, the strongest Ifitl protein signal was observed with 5’
cap™/2'-O Me™ RNA. These findings suggest that Ifitl preferen-
tially binds to 5" capped RNA lacking 2'-O methylation.

To confirm independently that Ifitl interacts with 5’ capped
RNA lacking 2'-O methylation, we performed RNA immunopre-
cipitation assays using cell lysates from JEV-infected MEFs that
ectopically expressed a Flag-tagged Ifitl. After immunoprecipita-
tion with an anti-Flag antibody, the JEV mRNA was measured by
nested RT-PCR analysis (Fig. 4C). JEV RNA was only marginally
detected in lysates precipitated with control IgG and lysates of
Ifit ~/~ MEFs infected with the JEV K61A mutant, indicating the
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specificity of Ifitl binding in the assay. Virus RNA in JEV K61A
mutant-infected MEFs was detected at a level over 37-fold higher
than that in JEV WT-infected MEFs. Taken together, these find-
ings suggest that Ifit1 directly interacts with virus mRNA lacking
2'-0O methylation.

Ifit1 selectively inhibits translation of 5’ capped 2'-O un-
methylated mRNA. To examine the mechanism by which Ifitl
exerts an antiviral effect by associating with mRNA lacking
2'-O methylation, we used a luciferase translational reporter
assay. Luciferase RNAs with different 5" structures were trans-
fected into type I IFN-primed MEFs, and total RNA and cell
lysates were harvested 6 h later. Importantly, the levels of lu-
ciferase RNAs in wild-typeand Ifit1 ™/~ cells were unaffected by
any of the 5' modifications (Fig. 5A). We then analyzed the
translational efficiency of the transfected RNAs by measuring
the luciferase activity (Fig. 5B). As expected (1), uncapped 5’'-
PPP luciferase mRNA was not translated in either wild-type or
Ifit1 7/~ MEFs. Capping of the mRNA (5’ cap™/2'-0O Me™)
increased translation in wild-type cells, although the levels
were profoundly lower (P < 0.05) than those in Ifit1 7'~ cells.
In comparison, addition of 2'-O methylation to the 5" cap (5
cap™’/2'-0O Me™) in vitro resulted in similar levels of translation
in wild-type and Ifit1 ™/~ MEFs. Even in MEFs that were not
treated with type I IFN, similar patterns of luciferase activity
were observed (Fig. 5C), indicating that slightly expressed Ifit1
might contribute to the inhibition. Taken together, our data
establish that Ifitl preferentially binds to 5’ capped mRNA
lacking 2’-O methylation and inhibits its translation.
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FIG 5 Ifit] selectively inhibits the translation of mRNA lacking 2'-O methylation. (A) The luciferase RNA amounts at 6 h after RNA transfection were
determined by quantitative real-time RT-PCR. The relative luciferase mRNA amounts, calculated as the amount of each transfected mRNA (l11¢2) divided by the
level of GAPDH mRNA expression, are shown. The presence or absence of a 5" cap and 2’'-O Me of the introduced luciferase RNA is indicated. Data are shown
as means = SDs and are representative of three independent experiments. (B, C) Wild-type and Ifit1 =/~ MEFs pretreated with type I IEN (B) or untreated (C)
were transiently transfected with luciferase mRNA. Luciferase activities were measured at 6 h after the transfection and are shown as relative light units (RLU).
The presence or absence of a 5 cap and 2'-0 Me of the introduced luciferase RNA is indicated. Data are shown as means = SDs of triplicate samples of the
representative results. Similar results were obtained in three independent experiments. *, P < 0.05.

DISCUSSION

In this study, we investigated the mechanisms by which Ifitl recog-
nizes RNA of JEV lacking 2'-O MTase activity. Ifit] inhibited the
translation of mRNA through association with mRNA lacking 2'-O
methylation.

To analyze the role of Ifit1 in 5 cap structure-dependent antiviral
responses, we generated a JEV MTase mutant. The K61, D146, K182,
and E218 residues have all been shown to be essential for the MTase
activity of the NS5 protein and replication of WNV (8, 11). While a
WNV E218A mutant was previously used for analysis of Ifitl-medi-
ated antiviral responses (13), in our assays, the corresponding JEV
E218A mutant was severely impaired in replication in Vero cells and
rapidly reverted to the wild type during cell culture, preventing its use
(data not shown). A similar phenotype was observed with the WNV
D146A 2'-O methylation mutant (11). However, unlike our results, it
has recently been reported that a JEV E218A mutant is stable in Vero
cells (39). This would be due to the different strains used in the two
studies. Thus, mutation of residues that are essential for the 2'-O
MTase activity of a flavivirus NS5 protein can differentially impact
replication of JEV and WNV even in cells lacking type I IFN responses
and IFIT1 expression.

Previous in vitro studies indicated that IFIT family proteins bind
to several types of RNA, including 5'-PPP RNA and AU-rich double-
stranded RNA (31, 32). Indeed, an analysis of the IFIT2 crystal struc-
ture indicated the presence of a positively charged RNA-binding
channel (31), findings which were supported by the X-ray crystallo-
graphic structure of complexes of 5'-PPP RNA with human IFIT5
(33,40). Wealso observed that Ifit] could bind to 5'-PPP RNA. How-
ever, our biochemical analysis showed that Ifitl bound strongly to 5
capped RNA lacking 2'-O methylation and addition of 2'-O methyl-
ation weakened the binding of Ifitl to the RNA. Since mRNAs of
virtually all higher eukaryotes are believed to be methylated at the
ribose 2'-O position (41), this modification likely serves as a molec-
ular pattern for discriminating self from nonself.

Although it remains unclear how 2'-O methylation reduces Ifitl
binding to RNA, structural changes to the RNA at the 5’ terminus
after 2’-O methylation could sterically hamper Ifit] binding. The
crystal structure of the 5'-PPP RNA/IFITS5 complex has indicated that
the RNA-binding site on human IFIT5 is located in a narrow pocket,
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thus raising the possibility that 5' capped and 2’-O methylated RNA
cannot fit within an analogous pocket of Ifit1 due to a size limitation
(33). Future structural analyses of the binding complex of 5’ capped
RNA with Ifit] will be required to reveal the precise mechanisms by
which Ifit] recognizes 5' capped RNA lacking 2’-O methylation. Ad-
ditional studies must also test whether other IFITs preferentially as-
sociate with 5" capped RNA lacking 2'-O methylation.

Ifit] also has an antiviral activity against several negative-
stranded viruses, such as vesicular stomatitis virus (VSV) and
parainfluenza virus type 5 (PIV5) (32, 42), whose mRNAs are
2'-0 methylated (6, 42). In this regard, Ifit] is supposed to have an
antiviral effect independent of 2'-O methylation. Indeed, IFIT1 is
able to bind 5'-PPP genomic RNA (32).

Given the previous and present findings that Ifitl inhibits
mRNA translation (23-26), our data are most consistent with a
model in which Ifit] restricts replication of viruses with 5’ capped
RNA lacking 2’-O methylation through direct RNA binding and
subsequent inhibition of translation. Human IFIT1 and murine
Ifitl were previously reported to interact with elF3 to interfere
with translation (23-26), and replication of hepatitis C virus,
whose RNA lacks a 5' cap, was also impaired by IFIT1 through
binding to elF3 (43). Thus, Ifit] may associate with both elF3 and
virus mRNA to inhibit translation and infection.

The Ifit family proteins consist of several conserved members.
However, Ifit] and 1fit2 appear to have distinct antiviral activities
(44). Thus, the nonredundant and redundant roles of the Ifit fam-
ily proteins remain to be elucidated. Generation of mice lacking
the other members or all of the Ifit family proteins will be useful to
reveal the physiological functions.
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