Table 3. List of genes that had significantly different
expression levels in NR'and NL (fold change <1/3, 3<, and
p<0.05).
NR/NL NR/SVR
{fold NR/NL (fold NR/SVR
symbol change) (t-test) change) (t-test)
GADD458B 0.20 1.14E-02 1.01 NS
HES1 0.26 1.26E-03 0.97 NS
|Bai3 0.26 1.84E-02 1.02 NS
STAT3 0.26 5.81E-04 0.97 NS
SOCS3 0.27 7.96E-03 0.68 2.15E-02
DDX11 0.28 4.33E-05 0.59 9.52E-03
TRIM22 3.06 291603 . 137 7.97E-03
ASC 3.19 1.35E-03 1.33 4.07E-03
UBE2L6 3.32 1.06E-02 141 1.01E-03
STAT1 338 6.04E-04 1.33 1.86E-02
15G20 ’ 3.64 2.42E-04 142 2.37E-03
TRAIL 3.81 2.08E-02 078 NS
oas2 402 291€-03 189 1.076-04
IFIT2 4.60 1.48E-03 1.56 8.34E-05
BST2(Tetherin) 5.4 8.17E-03 1.49 5.67E-04
IFI35 5.29 13503 163 2.37E-05
HERC5 5.32 1.16E-03 1.68 4.07E-05
MX1 6.21 1.33€-03 294 8.46E-07
HLA-C 6.49 6.34E-04 121 NS -
CCL5(RANTES) 673 5.48E-04 1.25 3.77E-02
HLA-B 6.84 4.91E-04 122 NS
0AS1 7.80 5.52E-04 275 1.92E-04
HLA-A 8.49 592E05 .« 14) 9.08E-04
B2m 9.09 7.78E-04 1.25 1.89E-02
IFIT1 9.42 1.86E-03 21 1.41E-05
OASL 1038 3.97E-06 148 1.24E-02
IFIT3 10.45 433E-05 211 5.63E-06
CXCL10(IP10) 15.67 8.89E-07 1286 Ns
IFI44 17.00 9.40E-05 2.22 4.83E-06 -
15G15 212 1.05E-04 2.85 3.99E-05
IFI127 4374 1.80E-05 256 562605
doi:10.1371/journal.pone.0019799.t003

Genes which participate in IFN production (TLR7, MyD88,
IRAK1, and IRF7) did not show any significant difference in their
expression level prior to CH combination therapy, and their level
at the clinical outcome (Figure 4A and 4B). However, the gene
expression pattern of down-stream IFN pathway genes (IFI27,
1FI144, ISG15, MX1, and OAS1) was significantly different among
SVR, R, and NR (Table 2). IFN is usually up-regulated in HCV
infected cells; however in some cases, the mechanism that controls
IFN becomes abnormal, and the expression levels of IFN and ISG
remain high without any curative effect [23]. The ISG family was
generally up-regulated in NR compared to SVR [24-27] and this
high expression of ISG related genes was associated with poor
response to IFN therapy in previous, as well as in this present
study. ISG15 has been linked to innate immune response to viruses
and to cellular response to IFN. Although over-expression of
ISG15 enhances the antiviral activity of IFN in vitro in acute
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infection [28], in chronic infection, extended pre-activation of IFN
induced genes leads to dysregulation of the IFN system.

CH therapy is still imperfect at present and therefore suitable
prediction methods are necessary to avoid adverse effects.
Treatment failure using CH combination therapy is associated
with up-regulation of a specific set of IFN-responsive genes thereby
making it possible to predict non-response to exogenous therapy
[29]. Early gene expression during anti-HCV therapy may
clucidate important molecular pathways that might be influencing
the probability of achieving a virological response [30]. Our study
supports this fact by demonstrating that CH and NL differ
fundamentally in their innate response to CH combination
therapy. ’

IFN related gene expression suggests novel aspects of HCV
pathogenesis, and form the basis for a subset of genes that can
predict treatment response before initiation of combination
therapy. After proper external validation, these gene sets may
provide the basis for a diagnostic biomarker that can determine
early on whether a patient treated with combination therapy is
likely to be NR or not. In this respect, what sets our analysis apart
is the effect of using DLDA to predict final response with high
accuracy in NR and non-NR groups. This prediction showed that
the expectation in NR (proportion of actual non-NR versus the
predicted number of non-NR) was 93.3% and overall accuracy
was 86.1%. In prior report, Dill et al. successfully predicted SVR,
but were unable to predict R and NR. with high accuracy [31]. In
our experiments on the other hand, we predicted NR with high
accuracy but were unable to do so for SVR and R. Possible causes
for differences between our results and those received by Dill et al.
may be (1) the differences in the races of subjects; European
patients vs. Japanese patients in our study, (2) the composition of
genotype; genotype 1 and 4 vs. genotype 1b in our study, and (3)
the difference of the ISG genes extracted.

Genome-wide association studies have described alleic variants
near the IL28B gene that are associated with treatment response
and with spontaneous clearance of HCV [11-13]. In order to
clarify the relationship between IL28B polymorphism and drug
response, we compared the expression level of IFN-lambda related
gene at the clinical outcome with any genetic variation in IL28B.
The expression of hepatic ISG and related genes was strongly
associated with treatment response and genetic variation of IL28B
[32]. Classification of the patients into SVR and NR revealed that
ISG' expression was conditionally independent of the IL28B
genotype. In CH patients in Europe, the expression pattern of
genes induced by IFN more accurately predicts CH combination
treatment clinical outcome than polymorphism of IL28B [31]. We
observed that curative effect prediction using IFN gene expression
pattern resulted in high level of accuracy, however, IFN with
IL28B or IFN alone resulted in approximately similar levels of
accuracy, therefore, the polymorphism of IL28B did not
contribute significantly to our prediction. These findings are
accordance with Dill et al. results (Table 7). There was an
increased expression in NR compared to SVR irrespective of the
1L28B genotype. However, there was no significant difference in
their expression at the clinical outcome or in the genetic variation
of I1L28B (Figure 3A and 3B). Genetic variation of IL28B
polymorphism is effective in predicting curative effect; however,
the reason for this is not fully understood.

In conclusion, comprehensive analysis of IFN related gene
showed that dysregulation of the IFN system might be related to
treatment failure and that IFN related gene expression before
treatment can enable accurate prediction of CH combination
therapy clinical outcome. By focusing the full course of treatment
on only those patients who have the highest likelihood of achieving
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SVR, clinicians could potentially reduce the side effects and costs
associated with these regimens and provide a more personalized
approach to treating CH patients.

Materials and Methods

Patients and sample preparation

Eighty seven CH patients with HCV genotype 1b In the
Department of Gastroenterology at the Ogaki Municipal Hospital
were enrolled between 2004 and 2006 (Table 1). Patients with
autoimmune hepatitis, alcohol-induced liver injury, and patients
positive for hepatitis B virus associated antigen/antibody or anti-
human immunodeficiency virus antibody were excluded. None of
the patients had received IFN therapy or immunomodulatory
therapy prior to enrollment. Five normal liver specimens were
obtained by surgical resection. Three of these were obtained from
Osaka City University Hospital and were taken from gall bladder
cancer, cholangiocarcinoma, and hemangioma patients whose
liver tissue were normal based on histological, virological and
blood examination of their liver function. The remaining two
normal liver samples were obtained from the Liver Transplanta-
tion Unit of Kyoto University Hospital.

Patients’ serum HCV RNA was quantified before IFN
treatment using Amplicor-HCV Monitor Assay (Roche Molecular
Diagnostics Co., Tokyo, Japan). Histological grading and staging
of liver biopsy specimens from the CH patients were performed

Table 5. Quality of NR-prediction by DLDA.

Table 4. Characteristics of the training and validation set.

non NR (SVR+R) non NR (SVR+R)

group group NR group NR group

average average . avgrage average

(training set) {validation set) p-value (training set) (validation set) p-value’
No. 32 32 12 11
Age 593 57.1 038 60.6 61.7 0.74
HCVRNA (x10° IU/ml)  1.77 2.08 0.48 1.51 1.52 0.97
AST(UMA) 246 653 0.06 55.3 56.9 0.89
ALT (IU/L) 50 87.3 005 67.7 66.8 " 096
WBC(x10%/mm?) 5220 ' 5440 e 0.57 4610 - 4860 0.6
Platelet (x10%/mm?) 158 176 o5 15 15.2 0.95
Total bilirubin (mg/dl) 071 S 069 078 0.68 0.68 0.92
weight ' 58.1 5oz 0.67 57 538 028
ALP (IU/L) C2s1 289 0.92 298 326 0.64
gGTP (UL} 48 ’ 574 V 054 733 73.8 0.98
Hemoglobin (g/d) 139 141 053 137 135 078
Albumin (g/dl) 415 421 041 41 3.98 0.52
doi:10.1371/journal.pone.0019799.t004

according to the Metavir classification system. Pretreatment blood

samples were analyzed to determine the level of aspartate

aminotransferase, alanine aminotransferase (ALT), total bilirubin, '
alkaline phosphatase (ALP), gamma-glutamyl transpeptidase

(YGTP), white blood cell (WBC), platelets, and hemoglobin.

Written informed consent was obtained from all patients or their

guardians and provided to the Ethics Committee of the Graduate

School of Kyoto University, Osaka City University and Ogaki

Municipal Hospital, who approved this study in accordance with

the Helsinki Declaration.

Treatment protocol

For all enrolled patients, treatment with PegIlFN- a-2b
(Schering-Plough Corporation, Kenilworth, NJ, USA) and ribavi-
rin (Schering-Plough) was initiated at the beginning of the st week
and lasted for 48 weeks: PeglFIN was administrated at a dose of
1.5 pg kg/week and ribavirin was administrated at the dose
recommended by the manufacturer.

Definition of drug response to therapy

The patients were classified into the following three groups at
the completion of follow-up period (24 weeks): (1) sustained
virological responder (SVR): a patient who was negative for serum
HCV RNA during the 24 weeks following the completion of the

Table 6. Result of the 1L28B polymorphism (rs8099917).

Predicted
: NR nonNR(SVR+R) Total
Diagnosed  NR 9 2 1
NONNR(SVR+R) -~ 4 28 T )
Total 13 30 43

rs8099917
ST TG 66
outcome NR 7 12 1
: Relapse 18 3 0
SVR 30 1 0

Total 55 16 1

doi:10.1371/journal.pone.0019799.4005
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Figure 2. The relationship among the expression of IFN-related genes, IL28B polymorphism and clinical outcome. (A) The relationship
between expression of ISG and five related genes (MX1, OAS1, ISG15, IFI27, and IF144) in the liver of CH patients and IL28B with the major (TT) or
minor (TG or GG) genotype (rs8099917) is shown. The p-value of the relationship between gene expression level and IL28B genotype is also depicted.
(B) The relationship among the expression level of the above five genes, clinical outcome, and 1L28 genotype in individual cases. Red square, green
circle, and blue rectangle represent TT, TG, and GG in IL28B genotype, respectively. The p value was calculated from a linear regression employing
outcome as an explanatory variable (in which SVR, R and NR are encoded to 0, 1 and 2 respectively) and expression level as the response variable. We
tested the null hypothesis that the coefficient of the outcome is 0. Summary table of the p-value is also shown. NS shows no significant difference.
doi:10.1371/journal.pone.0019799.g002
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Figure 3. The relationship among the expression of IFN lambda-related genes, IL28B polymorphism and clinical outcome. (A) The
relationship between the expression level of IFN lambda related genes (TYK2, STAT5A, STAT1, IL10RB, 1L29, IL28A, IL28B, JAK1, and IRF9) in the liver of
CH patients and 1L28B with genotype. The p-value of the relationship between gene expression level and IL28B genotype is also presented. (B) The
relationship among IFN lambda related genes, clinical outcome, and 1L28 genotype in individual cases. Summary table of the p-value is also shown.
NS was not significantly different. ’

doi:10.1371/journal.pone.0019799.g003
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Figure 4. The relationship between the expression level of genes which participate in IFN production (TLR7, MyD88, IRAK1, and
IRF7) in the liver of CH patients and IL28B genotype. (A) The relationship between IFN early response genes and clinical outcome is shown. A
summary table of the p-value is also presented. NS shows no significant difference. (B) The relationship between IFN early response genes and 1L28

genotype is shown. The p-value is also presented.
doi:10.1371/journal.pone.0019799.g004

combination therapy; (2) relapse (R): a patient whose serum HCV
RNA was negative by the end of the combination therapy but
reappeared during the 24 week observation period; and (3) non
responder (NR): a patient who was positive for serum HCV RNA
during the entire course of the combination therapy (Figure 5). No
patients were withdrawn from the study due to side effects or any
other reason.

RNA preparation and real-time gPCR

Total RNA from tissue samples was prepared using a
mirVana miRNA extraction Kit (Ambion, Austin, TX, USA)
according to the manufacturer’s instruction. cDNA was
synthesized by Transcriptor High Fidelity cDNA synthesis Kit
(Roche, Basel, Switzerland). Total RNA (2 pg) in 11 pl of
nuclease freec water was added to 1pul of 50 uM random
hexamer and denatured for 10 min at 65°C. The denatured
RNA mixture was added to 4 ul of 5x reverse transcri-
ptase buffer, 2 pl of 10 mM dNTP, 0.5 pl of 40 U/ml RNase

Table 7. Quality of NR-prediction by DLDA with IFN related
gene and IL28B polymorphism A.IFN+IL28B.

inhibitor, and 0.5 ul of reverse transcriptase (FastStart Universal
SYBR Green Master (Roche) in a total volume of 20 ul. cDNA
synthesis was performed for 30 min at 50°C, and enzyme
denaturation for 5 min at 85°C. Chromo 4 detector (Bio-Rad,
Hercules, CA, USA) was used to detect mRNA expression.
Assays were performed in triplicate, and the expression levels of
target genes were normalized to that of the B-actin gene, as

- quantified using real-time qPCR as internal controls. Nucleotide

sequences of primers were as follows: IFI27 (sense) 5'-
ctaggceacggaattaacce-3', IFI27 (anti-sense) 5'-gactgcagagtage-
cacaag-3', IF144 (sense) 5'-gcatgtaacgcatcaggett-3', IFI44 (ant-
sense) 5'-ccacaccagcegtttaccaac-3', ISG15 (sense) 5'-ctttgecagta-
caggagett-3', ISG15 (anti-sense) 5’'-gccctigttattcetcacca-3”,
MXI1 (sense) 5'-aatcagcctgetgacattgg-3', MX1 (anti-sense) 5'-
gtgatgagctegetggtaag-3', OAS1 (sense) 5'-gtgegetcagettegtactg-
3', OAS! (anti-sense) 5'-actaggcggatgaggetett-3', and f-actin
(sense) 5'-ccactggcatcgtgatggac-3', P-actin (anti-sense) 5'-
tcattgccaatggtgatgacct-3 "

Table 8. Quality of NR-prediction by DLDA with IFN related
gene only.

Predicted Predicted
NR nonNR - Total , NR . nonNR  Total
Diagnosed NR 7 2 9 Diagnosed NR 8 1 9
. nonNR -~ 4 23 T S nonNR B B Y/
Total 1 25 36 Total 13 23 36

doi:10.1371/journal.pone.0019799.t007
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cDNA microarray

RINA was amplified and biotinylated using the MessageAmp-
Biotin Enhanced Kit (Ambion). DNA oligonucleotide probes were
synthesized onto a DNA microarray chip called Genopal
(Mitsubishi Rayon) in order to detect the 237 genes (200 genes
on Chipl and 37 genes on Chip2) related to the innate immune
response. Hybridization was carried out overnight at 65°C using
Genopal in an hybridization buffer[0.12 M Tris-HCI1/0.12 M
NaCl/0.05% Tween-20]. After hybridization, Genopal was
washed with hybridization buffer twice at 65°C for 20 min
followed by washing in 0.12 M Tris-HC1/0.12 M NaCl at 65°C
for 10 min. Genopal was then labeled with streptavidin-Cy5 (GE
Healthcare Bioscience, Tokyo, Japan). The fluorescent labeled-
Genopal was washed for 5 min four times with hybridization
buffer at RT and scanned at multiple exposure times ranging from
0 to 40s by DNA microarray reader (Yokogawa Electric Co,
Tokyo, Japan). Intensity values with the best exposure condition
for each spot were selected. The data presented here have been
deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE20119: http://www.
ncbinlm.nih.gov/geo/ query/acc.cgi’token=xImbxyyumcwkeba
&acc=GSE20119. All data are MIAME compliant, and are also
registered with GEO.

Statistical analysis

To identify the genes that varied significantly among NR, R,
SVR and NL groups, one-way ANOVA and Turkey’s post hoc
tests were used to assess each of the 237 IFN related-genes on the
arrays. Benjamini-Hochberg correction for multiple hypotheses
testing was applied to all tests. P values <0.05 were considered
statistically significant.

Method of predicting prognosis

The patients were randomly divided into two groups: one was
used as a TS and the other VS to calculate the prediction
discriminant. A prognosis signature (PS) was defined in terms of
the expression levels of the six genes that differed significantly
between NR and non-NR groups using post hoc analysis (IFI27,
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Retinoic Acid-Inducible Gene-I-Like Receptors

Kazuhide Onoguchi, Mitsutoshi Yoneyama, and Takashi Fujita

Retinoic acid-inducible gene-I (RIG-I), melanoma differentiation-associated 5 (MDAS), and laboratory of ge-
netics and physiology 2 (LGP2) form a family of DExD/H box RNA helicases. RIG-I-like receptors (RLRs) are
expressed ubiquitously at low levels, and their expression is induced by treatment with type I interferon (IFN) or
a viral infection. RLRs function as sensors for the detection of viral RNA (such as double-stranded RNA) in the
cytoplasm to initiate antiviral responses by producing type I and type Il IFNs. Unlike Toll-like receptors, which
sense exogenous pathogen-associated molecular patterns, RLRs detect cytoplasmic viral RNA. Because RLRs are
IFN-inducible viral sensors, they are critical in amplifying antiviral responses. :

Retinoic Acid-Inducible Gene-l-Like Receptor
as Interferon Stimulated Genes
ALTHOUGH RETINOIC ACID-INDUCIBLE GENE-I (RIG)-like
receptor (RLRs) are detectable in all tissues, treatment
with type I interferon (IFN) induces their expression at the
mRNA and protein level (Kang and others 2004; Yoneyama
and others 2004, 2005). Viral infections induce RLR expres-
sion in type I IFN receptor-deficient cells, suggesting the
existence of a direct mechanism. This is consistent with
the observation that such cells efficiently produce IFN in
response to a viral infection (Yoneyama and others 1998).
Similar to protein kinase RNA-dependent (PKR) and oli-
goadenylate synthetase (OAS), whose enzymatic activities
require dsRNA, RLR also requires agonist RNA for signaling
to initiate IFN production (see below). However, unlike PKR
and OAS, no direct role of RLR in inhibiting viral replication
has been reported.

Structure of RLRs

The function of RIG-I was discovered by screening an
expression cDNA library (Yoneyama and others 2004). The
c¢DNA clone initjally obtained encoded the N-terminal por-
tion of RIG-I. This partial clone encompassed the signaling
domain with 2 repeats of the Caspase activation and re-
cruitment domain (CARD, Fig. 1). Forced expression of the
N-termina] portion resulted in the activation of type I IFN
genes without any viral infection. However, the full-length
protein exhibits little activity, suggesting autorepression. The
largest portion of RIG-I is the helicase domain containing
helicase motifs conserved in other DExH/D helicases. The
C-terminal region consists of a single structural domain
termed the RINA recognition domain because this portion
is responsible for binding dsRNA (Cui and others 2008;

Takahasi and others 2008). The repression function was
mapped to a region partially overlapping the RNA-binding
domain (Saito and others 2007). MDAS5 contains these 3 do-
mains; however, its RNA recognition domain exhibits sig-
nificantly low affinity for dsRNA as well as little repression
(Saito and others 2007; Takahasi and others 2009). Laboratory
of genetics and physiology 2 (LGP2) lacks the N-terminal
tandem CARD but retains the RNA-binding and repressive
functions (Yoneyama and others 2005; Komuro and Horvath
2006; Takahasi and others 2009).

RLR as the Cytoplasmic Sensor
for Viral Infections

An antiviral function of RLR was identified by the gen-

"eration of knockout mice. RIG-I-deficient mice and cells ex-

hibited impaired IFN production in response to different
viruses (Table 1) (Kato and others 2005, 2006). However,
RIG-I deficiency had little influence on infections of Pi-
cornaviridae (Kato and others 2006). MDAS5 appeared to be
critical for sensing this family to produce IFN, suggesting
that retention of these nonredundant has physiological sig-
nificance (Gitlin and others 2006; Kato and others 2006). As
expected, infections of some viruses are sensed by both RIG-I
and MDAS5 (Fredericksen and others 2008; Kato and others
2008; Loo and others 2008). Further, DNA viruses activate
IEN genes through the activation of RIG-I or MDADS, pre-
sumably sensing RNA species produced during viral repli-
cation (Ablasser and others 2009; Chiu and others 2009; Choi
and others 2009). Legionella pneumophila, a bacterium that
replicates intracellularly, induces IFN production through
the activation of RIG-I (Monroe and others 2009).

LGP2, which lacks a signaling domain, blocks the IFN
production induced by viral infections when overexpressed
(Rothenfusser and others 2005; Yoneyama and others
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Helicase Domain
Signaling Domain RNA RMWH&M
CARD Conserved halicase motifs Repression Domain
> I lal @ W V ¥ s
RIG-: e
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LGP2:
FIG. 1. Structure of RLRs. Schematic representation of RLR domains. The Caspase activation and recruitment domain

(CARD), Helicase domain, and RNA recognition domain are indicated. Conserved helicase motifs (I to VI) are shown. The
repression domain (hRIG-I: aa. 735-925; hLGP2: aa. 476-678) and RNA recognition domain (hRIG-I: aa. 799-925; hMDADS: aa.
896-1,025; hLGP2: aa. 546-678) are shown. Conservation of the amino acid sequence in the indicated region among human
RLRs is indicated in percentage terms. RIG-I, retinoic acid inducible gene-I; MDAS5, melanoma differentiation-associated 5;
LGP, laboratory of genetics and physiology; RLR, RIG-I-like receptor.

2005). However, LGP2-knockout mice or cells exhibited di-
minished IEN production upon EMCV infection, suggesting
functional cooperation between LGP2 and MDAS5 (Venka-
taraman and others 2007; Satoh and others 2010). Upon in-
fection by VSV, LGP2-deficient dendritic cells exhibited

reduced IFN production (Satoh and others 2010); however, a
different knockout line exhibited the opposite effect (Ven-
kataraman and others 2007). This could be due to a different
virus strain (Indiana strain wild-type VS M protein mutant)
or cell type (fibroblast VS cDC). LGP2 deficiency did not

TaBLE 1. VIRUS-SPECIFIC RECOGNITION BY RETINOIC ACID-INDUCIBLE GENE-I-LIKE RECEPTORS
Family Genome Type species RLR Reference
Picornaviridae Encephalomyocarditis virus
: : Kato and others (2006),
Theiler's virus Gitlin and others (2006)
Mengo virus
o - ; MDAS5
Caliciviridae Murine norovirus-1 McCartney and others (2008)
Coronaviridae (4)ssRNA Murine hepatitis virus Roth-Cross and others (2008)
Flaviviridae ' West Nile virus Fredericksen and others (2008)
Dengue virus Loo and others (2008)
— MDA5/RIG-1
Japanese encephalitis virus Kato and others (2006)
Hepeatitis C virus Saito and others (2008)
Orthomyxoviridae Influenza A virus Kato and others (2006)
Paramyxoviridae Newcastle disease virus Kato and others (2006)
(=)ssRNA T RIG-T
Sendai virus Kato and others (2006)
Rhabdoviridae Vesicular stomatitis virus Kato and others (2006)
Reoviridae Reovirus Kato and others (2008),
dsRNA MDAS5/RIG-1 Loo and others (2008)
Poxviridae Vaccinia virus MDA5 Pichlmair and others (2009)
dsDNA Myxoma virus. RIG-I Wang and others (2008)
Herpesviridae Epstein-Barr virus RIG-I Samanta and others (2006)

Summary of the specificity with which RLRs recognize a variety of viruses. Family and type of genomic nucleic acids are indicated.
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RNA structure RLR reference
Short poly I:C Pl’mpp RIG-I Kato and others 2008

(~300 bp)
Long poly I:C op
(>4kbp) CIITTTITTITITTITITININ T op MDAS Kato and others 2008
in vitro T7 transcript
(with copyback) PPP————TTTD) RIG-I Schlee and others
2009
Schmidt and others
2009
HCV RNA PPR——(polyU, UCI— RIG-I Saito and others 2008
RNaseL cleavage product v
(RNA of host/virus) L RIG-I Malathi and others
(MDAS) 2007
Viral genomic RNA PP RIG-I Rehwinkel and others
(with panhandle structure) 2010
RNA of DI particle .
(copyback) g nnssssunsis] Unidentified Strahle and others
2006
High molecular weight RNA, Pichlmair and others
(RNA web) T MDAS 2009

FIG. 2. Viral RNA patterns and RLR recognition. Synthetic and viral RNA patterns and the RLRs recognizing them are
summarized. The schematic structure of each RNA pattern is indicated. The precise structure of RNA web is unknown.

influence the IFN production triggered by an influenza A
virus infection (Satoh and others 2010), suggesting that LGP2
also functions in a virus-specific manner.

The viral specificity described above is determined by RINA
species produced by different viruses and/or inhibitory mol-
ecules encoded by different viruses (below). Figure 2 sum-
marizes the relationship between the structure of RNA and
the sensors. Commercial poly L.C activates MDA5 but not
RIG-I (Kato and others 2006). Double-stranded RNA pro-
duced by annealing complementary T7 transcripts preferen-
tially activates RIG-I (Kato and others 2006). The length of
dsRNA is one of the determinants for this specificity: short
(~300bp) and long (>4kbp) poly I.C activate RIG-I and
MDADS, respectively (Kato and others 2008). Although it was
reported that 5-ppp-containing single-stranded RNA is the
ligand for RIG-I (Hormung and others 2006; Pichlmair and
others 2006), later it was discovered that RNA produced by
in vitro transcription contains a partial double-stranded
structure due to copyback activity of the phage polymerase
(Schlee and others 2009; Schmidt and others 2009). Im-
portantly, chemically synthesized single-stranded RNA with
5-ppp is inactive toward RIG-L It is proposed that RIG-I

recognizes most efficiently 5'-ppp-containing RNA with a
partial double-stranded structure (Schlee and others 2009).
Natural RNA of this category includes viral genomic pan-
handle RNA such as of influenza A virus (Rehwinkel and
others 2010) and copyback RNA contained in defective in-
terfering (DI) particles of Sendai virus (Strahle and others
2006). Mapping of HCV RNA revealed that a poly (rU) tract is
responsible for activating RIG-I (Saito and others 2008). In this
case, 5'-ppp is indispensable. It is implied that host RNaseL
activated by the antiviral response participates in producing
the RLR ligand (dsRNA with 3’ monophosphate) by digesting
host or viral RNA (Malathi and others 2007). EMCV and
Vaccinia virus produce high molecular RNA (RNA web) with
a single- and double-stranded structure, and this RNA com-
plex is responsible for the activation of MDAS5 (Pichlmair and
others 2009); however, the molecular mechanism by which
MDADS but not RIG-I recognizes this complex is unknown.

Viral Countermeasures for RLR-Mediated Signaling

Viruses have acquired inhibitory molecules to block anti-
viral responses and secure their survival. Often nonstructural,
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FIG. 3. RLR-mediated signaling and its regulation. Viral
replication and viral RNA-induced innate immune signaling
are summarized (see text). IPS-1, interferon promoter stim-
ulator 1; ISG, interferon stimulated gene.

accessory proteins confer such activities. NS-1 of the influenza
A virus inhibits production of IEN by blocking RIG-I's func-

tion (Guo and others 2007; Opitz and others 2007). The NS3/

4A complex of the hepatitis C virus inactivates interferon
promoter stimulator 1 (IPS-1), an immediate downstream
signaling adaptor of RIG-I, through serine protease activity
(Li and others 2005). The V protein of Paramyxoviridae selec-
tively blocks MDAS (Andrejeva and others 2004). In addition,
replication-competent viruses have acquired means to coun-
teract the host immune system, and the specificity of the
inhibitors also contributes to the virus specificity of RLR.

Targets of RLR Signaling and Signal
Amplification Mediated by RLR

As mentioned, RLR requires agonist RNA to trigger sig-
nals, which result in the activation of several classes of genes.
The first category is the genes activated by viral infection or
dsRNA transfection, but not by‘ IFN treatment. Genes of this
group include those of type I and type III IFN (Onoguchi and
others 2007). The second category is the genes secondarily
activated by secreted IFN. Genes of this category are acti-
vated with delayed kinetics and dependent on functional
IEN receptors (Sadler and Williams 2008). The third category
is the genes activated by both virus and RNA as well as by
the secreted IFN (Mossman and others 2001).

Figure 3 summarizes viral replication and signal amplifi-
cation mediated by RLRs. The infection initiates transcription
of the viral genome within the cells. Eventually, viral struc-
tural and nonstructural proteins are translated and accumu-
late. The viral genome and structural proteins assemble to
form new virions to expand the infection. Viral RNA with
unusual structures such as those described in Fig. 2 are rec-
ognized by RLR, resulting in the signal to produce type I and
type III IEN. The signal directly activates sorne of the inter-
feron stimulated genes (ISGs) and the secreted IFN second-
arily activates other ISGs' to establish an antiviral state.
Because RLRs are ISGs, the signaling is amplified. However,
viruses encode inhibitory proteins to counteract the compo-

ONOGUCHI, YONEYAMA, AND FUJITA

nents of the IEN signaling system, and the initial balance be-
tween viral replication and host antiviral response determines
the outcome of the infection.
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RIG-I-like receptors: Cytoplasmic* :
sensors for non-self RNA

Summary: Viral infection results in the generation of rion-self
RNA species in the cells, which is recognized by retinoic acid
inducible gene-I-like receptors (RLRs), and initiates innate an-
tiviral responses, including the production of proinflarnmato-
ry cytokines and type I interferon. In this review, we
summarize reports on virus-specificity of RLRs, structures of
non-self RNA patterns, structural biology of RLRs, and the
signaling adaptér molecules involved in antiviral innate
immunity.

Keywords: antiviral innate immunity, type I interferon, RIG-I-like receptors, non-self
RNA

RIG-I-like receptors (RLRs)

Pattern recognition receptors (PRRs) are essential in innate
immunity. Major PRRs are Toll-like receptors (TLRs), retinoic
acid inducible gene-I (RIG-I)-like receptors (RLRs), and
nucleotide oligomerization domain (Nod)-like receptors
(NLRs) (1-3). TLR3, TLR7, TLRS, and TLRY detect viral
nucleic acids in endosome (4—8). These receptors essentially
sense extracellular molecules incorporated into endosome by
endocytosis. These sensors detect viral nucleic acids, released
from virus-infected cells, and activate subsequent immune
reactions. RLRs detect replicating viruses in cytoplasm, partic-
ularly at early phase of viral infection. Some of the NLRs sense
viral infection to initiate inflammatory responses. Activation
of innate immune responses lead to the induction of type I
and III interferon (IFN) and inflammatory cytokines, whose
antiviral activity blocks viral replication and facilitate the acti-
vation of antigen-presenting cells to activate antigen-specific
immunity to eradicate the viral pathogens.

RIRs include RIG-I, MDAS, and LGP2, all of which contain a
DExD/H box helicase domain (9, 10). The helicase domain
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manner (11); however, unwinding per se may not be induc-
ing antiviral activity. RIG-I and MDAS5 contain tandem cas-
pase recruitment and activation domain (CARD) at their
amino-termini. Forced overexpression of the CARD alone is
sufficient to drive antiviral signaling resulting in IFN produc-
tion, showing that this domain is responsible for signaling.
Indeed, the CARD of RIG-I interacts with another CARD-
containing molecule, interferon-p promoter stimulator
1(IPS-1) (also termed as MAVS, VISA, and Cardif) (12-15).
Overexpression of full-length RIG-I exhibits low basal activ-
ity. Furthermore, although IFN treatment strongly induces
RIG-I protein, IFN treatment alone does not activate IFN
genes. Thus, an autorepression model has been proposed. It
was demonstrated that a region of RIG-I acts as repression
domain, which functions in cis as well as trans. LGP2 also
retains repression domain; however, the corresponding
region of MDAS does not exhibit repression function. The
C-terminus of RLRs consists of a domain [C-terminal domain
(CTD)] and is responsible for binding with dsRNA. It has
been hypothesized that binding of viral RNA with RIG-I
induces conformational change in the presencé of ATP to
unmask CARD, but no report has experimentally demon-
strated the conformational change so far.

Recognition of RNA viruses by RLRs

Based on the gene-targeting studies, it has been revealed that
RLRs are essential for the production of type I IFNs and proin-
flammatory cytokines, such as interleukin-6 (IL-6), in
response to viral infection. Double knockout cells for RIG-I
and MDAS produce no significant IEN upon viral infection,
showing that these receptors are essential for sensing cytoplas-
mic viral RNA (16).

Cells lacking RIG-I are defective in producing type I IFNs
and inflammatory cytokines in response to various RNA
viruses including Newcastle disease virus (NDV) (Paramyxoviri-
dae), Sendai virus (SeV) (Paramyxoviridae), vesicular stomatitis
virus (VSV) (Rhabdoviridae), influenza A virus (Orthomyxoviridae),
or Japanese encephalitis virus (JEV) (Flaviviridae), while MDA5-
deficient cells respond normally to these viruses (16, 17). In
contrast, the production of IFN in response to several picor-
naviruses, including encephalomyocarditis virus (EMCV),
Mengo virus, and Theiler’s virus, is abrogated in MDAS5-defi-
cient cells but not in cells lacking RIG-I (17, 18). Murine
norovirus-1 (Caliciviridae) and murine hepatitis virus (Coronaviri-
dae) are recognized by MDAS (19, 20). In addition to JEV,
another flavivirus, hepatitis C virus (HCV) is also recognized
by RIG-1, while both RIG-I and MDAS5 likely recognize Den-
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gue virus and West Nile virus (Flavivims), redundantly (21—
23). A vaccine strain of measles virus (Paramyxoviridee) activates
IEN through the activation of both RIG-I and MDAS, whereas
the wildtype measles virus fails to induce type I IFN produc-
tion (24). Reovirus, whose genome consists of segmented
dsRNA, induces IFN production mainly through MDAS with
minor contribution from RIG-I (25).

Overexpression of LGP2, which lacks CARD, resulted in
diminished IFN production by virus (10). However, LGP2
knockout cells exhibited attenuated IFN production upon
infection of VSV or EMCV (26), suggesting that LGP2 cooper-
ates with either RIG-I or MDAS to sense viral RNA under
physiological conditions. Influenza A virus-induced IFN pro-
duction was normal in LGP2-deficient cells, suggesting that
LGP2 specifically senses particular RNA patterns.

A DNA virus, Epstein—Barr virus (EBV), is reported to pro-
duce small RNAs that induce RIG-I-mediated IFN responses
(27). Another DNA virus, herpes simplex virus (HSV), is also
reported to activate both RIG-I- and MDAS-dependent IFN
responses via dsRNA produced during its replication (28).

RNA ligands of RLRs

Polyriboinosinic:polyribocytidylic acid
Polyriboinosinic:polyribocytidylic acid (polyl:C), a synthetic
dsRNA, which was selected as a potent non-viral IFN inducer,
acts as a ligand for TLR3 and RILRs (4, 25). Although the
mechanism underlying is not known, poly I:C exhibits highest
activity among the possible combinations of RNA homopoly-
mer duplexes. Poly I:C is generated by annealing poly I and
poly C, which are synthesized by polynucleotide phosphory-

lase. This enzyme catalyzes the polymerization of nucleotide

diphosphate, thus poly I:C harbors a 5’-diphosphate (29).

Two groups demonstrated that MDAS is essential for poly
I:.C-mediated IFN production by gene targeting (16, 18). The
specificity originates from the length of dsRNA rather than
base composition (25). Commercial poly I:C runs as dsRNA
of 48 kbp in gel electrophoresis. Partial digestion of the poly
I:C with a dsRNA specific endonuclease, RNaselll, led to the
generation of trimmed poly I:C of about 300 bp. This short
poly I.C activates RIG-I. Interestingly, short poly I:C fails to
activate MDAS, and long poly I:C is incapable of activating
RIG-I, although both of these bind to long and short poly I:C.
Therefore, both RIG-I and MDAS are necessary to sense vari-
ous length of dsRNA. The precise mechanism of size discrimi-
nation by RIG-I and MDAS is not known.
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5’ tri-phosphate RNAs

RNA transcribed from DNA template by T7 RNA polymerase
is a strong inducer of type I TFN (30). Further studies revealed
that 5'-triphosphate containing RNA, such as genomes of
most RNA viruses, and in vitro transcripts are selectively recog-
nized by RIG-I (31, 32). Since the 5’-triphosphate moieties of
most host transcripts are removed by adding 7-methyl-guano-
sine cap (in the case of mRNA) or by processing (t(RNA and
TRNA), these self-RNAs are refractory to detection by RIG-L
However more recently, it was revealed that 5'-triphosphate
per se is not sufficient for RIG-I activation. This is consistent
with observations that dsRNA without 5'-triphosphate can be
recognized by RIG-I particularly for long dsRNA. Therefore,
dsRNA structure is prerequisite for RIG-I activation and
5’-triphosphate facilitates the recognition of short dsRNA. In
addition, removal of 5'-triphosphate is a viral strategy to
avoid recognition by RIG-I. A viral peptide, VPg, is cova-
lently attached to the 5" end of Picornaviridae RNA, thus
lacking 5’-triphosphate (33). Hantaan virus (HTNV), Cri-
mean-Congo hemorrhagic fever virus (CCHFV) (Bunyaviridae),
and Borna disease virus (BDV) (Bomaviridee) do not trigger
RIG-I-mediated IFN responses, because the 5'-triphosphate
structure of these viral genomic RNA is removed by process-
ing (34).

Transfection of AT-rich dsDNA (typically a synthetic poly-
dAdT:polydAdT) results in the type I IFN induction(35). It
was revealed that polydAdT:polydAdT is transcribed by host
DNA-dependent RNA polymerase III and that the resultant
§’-triphosphate dsRNA is detected by RIG-I (36, 37). The
polymerase IIl-mediated mechanism may explain IEN induc-
tion by some DNA viruses or intracellular bacteria.

Nallagatla et al. (38) suggested that the 5’ tri-phosphate sig-
nature is sensed by protein kinase R (PKR) in addition to
dsRNA. Further studies are required to elucidate the mecha-
nism by which the 5 tri-phosphate signature activates both
RIG-I and PKR and to understand its biological significance.

Viral RNA ligand for RLR

Garcin's group (39) nicely showed this dsRNA-dependent
activation of RIG-I, using a SeV infection. They generated SeV
expressing GFP mRNA or antisense GFP mRNA and performed
co-infection of two types of SeV. They found that the resulting
capped dsRNA of GFP sequences induced an IFN response that
was dependent on RIG-1. In addition to engineered SeV, natu-
ral VSV, a ssRNA virus recognized by RIG-I, was shown to
produce dsRNA in infected cells (25). Induction of IFNs by
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RNAs from VSV-infected cells was impaired by disrupting
dsRNA, suggesting the presence of dsRNA in VSV-infected
cells is important for RIG-I mediated IFN responses. The frag-
ments produced by VSV were about 2-2.5 kbp much shorter
than the length of the 11 kb VSV genomic RNA, suggesting
that these dsRNA were not derived from replication interme-
diates of VSV. Rather, the dsRNA maybe be derived from
defective interfering (DI) particles, whose snap-back dsRNAs
are reported to be about 2.2 kbp, generated in VSV-infected
cells, although the viral dsRNA signiture recognized by RIG-I
remains to be further characterized. Recently, panhandle
structure of the influenza virus genome is also reported as
RIG-I ligand (40). It is of interest to clarify which ligand is the
major source of RIG-I-dependent IFN production in individ-
ual viral infection.

IFN production induced by long segments purified from
the reovirus genome (about 3.9 kbp) is impaired in MDAS-
deficient cells (25). Purther, the very large RNA species
(stuck at the top of the gel during electrophoresis) gener-
ated by EMCV or vaccinia virus infection is a specific ligand
for MDAS (41). Although the precise structure of the RNA
(termed RNA web), is not known, a highly ordered struc-
ture is critical for this activity, as heat treatment inactivated
the complex.

RNasel -cleaved RNA

RNaseL is an endonuclease thought to cleave viral RNA. Silver-
man’s group (42) showed that RNaseL-deficient cells showed
attenuated induction of IEN in response to poly I:C or Sendai
virus. In addition, in the infection with EMCV and Sendai
virus, RNaseL-deficient mice showed impaired IEN produc-
tion in sera. The RNasel cleavage products activate RIG-I and
MDAS, leading to production of type I IENs. This mechanism
potentially generates RLR ligands from self-RNA as well as
viral RNA.

Poly-U/UC rich RNA

Infection with HCV is known to be regulated by hepatic
immune defense triggered by RIG-I. Mapping of the HCV
genome for RIG-I activation revealed that 5’-triphosphate sig-
nature was necessary but not sufficient for the activation of
RIG-I and that a polyuridine motif (poly-U/UC-rich region)
at the 3’-non-translated region is critical for efficient activa-
tion of RIG-I (43). They extended their finding and found that
5’-triphosphate genomic poly-U/A-rich RNA motifs within
the rabies virus leader sequence, Ebola virus 3’ region, and

measles virus leader sequence were also important for RIG-I
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activation (43). However, GC-rich RNA motifs failed to
induce the signaling (43). Thus, A/U composition and poly-
U motifs are possible determinants of viral RNA recognition

by antiviral innate immunity. Representative RNA patterns

and recognizing RLRs are summarized in Fig. 1.

- Structure of RLRs

Two groups independently identified the RNA recognition
domain that is located to the C-terminus to the helicase
domain CTD. Takahasi et a. (11) showed that RIG-I CTD spe-
cifically binds dsRNA and 5’-triphosphate RNA and solved its
solution structure. Furthermore, these studies revealed that
large positive charged surface that locates the center of the
structure is the RNA binding site by NMR titration (11). Cui
et al. also identified the domain and solved the crystal structure
(44). The structures of MDAS and LGP2 CTDs were also
solved and their structural features are very similar to RIG-I
CTD (45). Recent studies have solved the crystal structures of
RIG-I CTD bound to both blunt ended double-strand RNA and
dsRNA with 5’-triphosphate (46—48). Both CTD structures
showed that the same basic surface revealed in previous stud-
ies was essential for the RNA recognition. However, two dif-
ferent ended RNAs bound RIG-I CTD in different orientations
- (46—48). The complex structure of LGP2 bound to the blunt
end of dsRNA was also solved by x-ray crystallography, but
the orientation of the RNA in the complex was also different
from the RNAs bound to the RIG-I CTD (49). The biological

significance of these co-crystals requires further investigation
because the biological activity of the RNA used for crystal is
not well investigated, particularly the presence or absence of
5’-triphosphate. These observations imply that RIG-I specifi-
cally recognizes the end structure of viral RNA, especially
blunt end dsRNA or 5'-triphosphate structure. However, it has
been controversial if end structure affects recognition by RIG-
I (11, 45, 46). In addition, AFM analysis suggests that RIG-I
aggregates around the short poly I:C, excluding the possibility
of end-specific binding (25). For certain, better understanding
of the activation of the RIG-I/RNA complex awaits further
structural elucidation of inactive (free RIG-I in closed struc-
ture) and activated (RIG-I/RNA complex in the presence of
ATP) complexes.

RLR signaling and its regulation

Upon binding to viral RNA in the presence of ATP, RIG-I
changes its conformation to expose the CARD. The activated
RIG-1 forms oligomer, which allows the CARDs of RIG-I to
interact with a CARD-containing adépter, IPS-1, which is
localized on the outer membrane of the mitochondrion.
MDAS also transduces signaling via IPS-1. IPS-1 subsequently
activates two IkB kinase (IKK)-related kinases, IKK-i, and
TANK-binding kinase 1 (TBK1) via tumor necrosis factor
(TNF) receptor-associated factor 3 (TRAF3) (50-52). These
kinases phosphorylate IRF3 and IRF7, resulting in their

A Long polyl:C MDAS 1648
B Short polyl:C
(shortdsRNAwithout RIG-I 25
5' triphosphates)
C 5 triphosphateRNAs
(generated by T7 _
polymerase) RIG-1 31,32
D poly U/UC rich RNA
(HCV) RIG- | 43
E  Panhandle region of
Influenzavirus genome RIG-1 40
RIG-|
F RNasel-cleaved self RNAs Hone 42
G RNA web
(higher order structure) MDAS5 41

Fig. 1. RNA patterns and their recognition by RLRs. Summary of synthetic and viral RNA patterns and the RLRs recognizing them.
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translocation from the cytoplasm into the nucleus, which acti-
vates transcription of genes encoding type I IFNs and IFN-
inducible genes (53, 54). In addition, IPS-1 activates NF-xB
via a FADD and caspase-8/10 pathway to regulate the expres-
sion of proinflammatory cytokine genes (55).

Many molecules have been reported to modulate the RLR-
mediated signaling pathway (described above) through direct
interaction with RLRs or with signaling molecules. For
instance, Src homology 2 (SH2) domain-containing phospha-
tase-1 (SHP-1) is reported to activate RIG-I-mediated signal-
ing by binding directly to RIG-I (56). Dihydroacetone kinase
(DAK) was identified as a MDAS-interacting protein and was
shown to negatively regulate MDAS (57). NLRX1 (also
known as NOD9) is localized to the mitochondrial outer
membranes and is suggested to function as a negative regula-
tor of IPS-1 via a direct interaction (58). Suppressor of IKKe
(SIKE) forms a complex with TBK1/IKKe and inhibits the
interaction of RIG-I or IRFs with TBK1/IKKe in the basal con-
dition, while viral infection leads to dissociation of SIKE from
TBK/IKKe (59). Molecules involved in the autophagic
machinery, Atg5-atgl2, are reported to inhibit the interaction

Kato et al - RIG-I-like receptors

between RIG-I and IPS-1 by association with the CARD of
RIG-I and with IPS-1 (60). Recent studies from two indepen-
dent groups (61, 62) identified the same signal-modulator
molecule, designated as stimulator of IFN genes (STING), also
called mediator of IRF-3 activation (MITA). STING is reported
to localize to the endoplasmic reticulum (ER) membrane, and
STING interacts with RIG-I (but not MDA5), and SSR2/TRP[3
complex, required for protein translocation across the ER
membrane. The other group reported that STING is expressed
on the outer membrane of mitochondrion, where it interacts
directly with IPS-1 and IRF-3 and positively regulates the
virus-dependent recruitment of TBK1 to the IPS-1 complex on
mitochondrion.

Ubiquitination of RLRs is reported to control their signals
both positively and negatively. The CARDs of RIG-I undergo
Lys63-linked ubiquitination by tripartite motif 25 (TRIM 25),
and this ubiquitination is necessary for efficient activation of
RIG-I mediated signaling (63). Interestingly, MDAS does not
undergo ubiquitination by TRIM2S5, suggesting that CARDs of
RIG-I and MDAS are differentially regulated. A tumor suppres-
sor, CYLD (cylindomatosis), is reported to negatively regulate

NF-xB

Fig. 2. RLR-mediated signaling and adapter molecules. Positive and negative regulation is indicated by red and blue lines, respectively.
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the RIG-I-mediated signaling by deubiquitinating the
TRIM25-mediated ubiquitination of RIG-I (64). Another E3
ubiquitin ligase RNF135/Riplet is shown to promote Lys63-
linked ubiquitination of the C-terminal region of RIG-I, which
results in activation of IEN promoter (65). RIG-I also
undergoes Lys48-linked polyubiquitination by the E3 ubiqu-
itin ligase RNF125, leading to its proteasomal degradation,
which inhibits aberrant activation of RIG-I mediated signaling.
Further, RNF125 conjugates ubiquitin to MDAS as well as IPS-
1, which results in suppressing the functions of these proteins
(66). It was also recently shown that REUL is an E3 ubiquitin
ligase of RIG-I and specifically stimulates RIG-I-mediated IFN
signaling (67). The Lys 154, 164, and 172 residues of the
RIG-I CARD domain are critical for efficient REUL-mediated
ubiquitination, as well as the ability of RIG-I to induce activa-
tion of the IFN-B promoter. ISGylation also modulates RLR-
signaling. RIG-I is ISGylated by the ubiquitin-like protein,
ISG1S, which regulates the activity of RNF125 together with
UbcH8, an E2 ubiquitin-conjugating enzyme (68). UbcHS8
" suppresses ubiquitination of RIG-I by RNF125, and the sup-
pression by UbcHS is relieved by ISG15.

Artificial aggregation of IPS-1 in the cytoplasm is sufficient
for activation of antiviral signaling (69), suggesting that the
activity of IPS-1 is regulated by its oligomerization induced
by physical interaction of CARD of RIG-I or MDAS. Interest-
ingly, IPS-1 aggregation is observed in cells stably expressing
Flag-tagged IPS-1 upon infection by various viruses or 5’-tri-
phosphate RNA. Normally IPS-1 is localized on the outer
membrane of the mitochondrion, which may restrict its
movement. The IPS-1 aggregation requires mitofusin 1, a
mitochondrial regulator for its fusion (70). Mitofusin 1 is
also reported to be critical for mitochondrial elongation
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The microRNA miR-122 and DDX6/Rck/p54, a microRNA effector, have been implicated in hepatitis C virus
(HCV) replication. In this study, we demonstrated for the first time that HCV-JFH1 infection disrupted
processing (P)-body formation of the microRNA effectors DDX6, Lsm1, Xrnl, PATL1, and Ago2, but not the
decapping enzyme DCP2, and dynamically redistributed these microRNA effectors to the HCV production
factory around lipid droplets in HuH-7-derived RSc cells. Notably, HCV-JFH1 infection also redistributed the
stress granule components GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1), ataxin-2
(ATX2), and poly(A)-binding protein 1 (PABP1) to the HCV production factory. In this regard, we found that
the P-body formation of DDX6 began to be disrupted at 36 h postinfection. Consistently, G3BP1 transiently
formed stress granules at 36 h postinfection. We then observed the ringlike formation of DDX6 or G3BP1 and
colocalization with HHCV core after 48 h postinfection, suggesting that the disruption of P-body formation and
the hijacking of P-body and stress granule components occur at a late step of HCV infection. Furthermore,
HCYV infection could suppress stress granule formation in response to heat shock or treatment with arsenite.
Importantly, we demonstrate that the accumulation of HCV RNA was significantly suppressed in DDX6, Lsm1,
ATX2, and PABP1 knockdown cells after the inoculation of HCV-JFH1, suggesting that the P-body and the

stress granule components are required for the HCV life cycle. Altogether, HCV seems to hijack the P-body and

the stress granule components for HCV replication.

Hepatitis C virus (HCV) is the causative agent of chronic

hepatitis, which progresses to liver cirrhosis and hepatocellular -

carcinoma. HCV is an enveloped virus with a positive single-
stranded 9.6-kb RNA genome, which encodes a large polypro-
tein precursor of approximately 3,000 amino acid (aa) residues.
This polyprotein is cleaved by a combination of the host and
viral proteases into at least 10 proteins in the following order:
core, envelope 1 (E1), E2, p7, nonstructural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B (12, 13, 21). The HCV core
protein, a nucleocapsid, is targeted to lipid droplets (LDs), and
the dimerization of the core protein by a disulfide bond is
essential for the production of infectious virus (24). Recently,
LDs have been found to be involved in an important cytoplas-
mic organelle for HCV production (26). Budding is an essen-
tial step in the life cycle of enveloped viruses. The endosomal
sorting complex required for transport (ESCRT) system has
been involved in such enveloped virus budding machineries,
including that of HCV (5).

DEAD-box RNA helicases with ATP-dependent RNA-un-
winding activities have been implicated in various RNA met-
abolic processes, including transcription, translation, RNA
splicing, RNA transport, and RNA degradation (32). Previ-
ously, DDX3 was identified as an HCV core-interacting pro-
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tein by yeast two-hybrid screening (25, 29, 43). Indeed, DDX3
is required for HCV RNA replication (3, 31). DDX6 (Rck/
p54) is also required for HCV replication (16, 33). DDX6
interacts with an initiation factor, eukaryotic initiation factor
4E (elF-4E), to repress the translational activity of mRNP
(38). Furthermore, DDX6 regulates the activity of the decap-
ping enzymes DCP1 and DCP2 and interacts directly with
Argonaute-1 (Agol) and Ago2 in the microRNA (miRNA)-
induced silencing complex (miRISC) and is involved in RNA
silencing. DDXG6 localizes predominantly in the discrete cyto-
plasmic foci termed the processing (P) body. Thus, the P body
seems to be an aggregate of translationally repressed mRNPs
associated with the translation repression and mRNA decay
machinery.

In addition to the P body, eukaryotic cells contain another
type of RNA granule termed the stress granule (SG) (1, 6, 22,
30). SGs are aggregates of untranslating mRNAs in conjunc-
tion with a subset of translation initiation factors (eIF4E, eIF3,
elF4A, eIFG, and poly(A)-binding protein [PABP]), the 40S
ribosomal subunits, and several RNA-binding proteins, includ-
ing PABP, T cell intracellular antigen 1 (TTIA-1), TIA-1-related
protein (TIAR), and GTPase-activating protein (SH3 do-
main)-binding protein 1 (G3BP1). SGs regulate mRNA trans-
lation and decay as well as proteins involved in various aspects
of mRNA metabolisms. SGs are cytoplasmic phase-dense
structures that occur in eukaryotic cells exposed to various
environmental stress, including heat, arsenite, viral infection,
oxidative conditions, UV irradiation, and hypoxia. Impor-
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