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The rabies virus Ni-CE strain causes nonlethal infection in adult mice after intracerebral inoculation,
whereas the parental Nishigahara (Ni) strain kills mice. We previously reported that the chimeric CE(NiN)
strain with the N gene from the Ni strain in the genetic background of the Ni-CE strain kills adult mice,
indicating that the N gene is related to the different pathogenicities of Ni and Ni-CE strains. In the present
study, to obtain an insight into the mechanism by which the N gene determines viral pathogenicity, we
compared the effects of Ni, Ni-CE, and CE(NiN) infections on host gene expressions using a human neuro-
blastoma cell line. Microarray analysis of these infected cells revealed that the expression levels of particular
genes in Ni- and CE(NiN)-infected cells, including beta interferon (IFN-3) and chemokine genes (i.e., CXCL10
and CCLS5) were lower than those in Ni-CE-infected cells. We also demonstrated that Ni-CE infection activated
the interferon regulatory factor 3 (IRF-3)-dependent IFN-3 promoter and induced IRF-3 nuclear translocation
more efficiently than did Ni or CE(NiN) infection. Furthermore, we showed that Ni-CE infection, but not Ni or
CE(NiN) infection, strongly activates the IRF-3 pathway through activation of RIG-I, which is known as a
cellular sensor of virus infection. These findings indicate that the N protein of rabies virus (Ni strain) has a
function to evade the activation of RIG-1. To our knowledge, this is the first report that the Mononegavirales N

protein functions to evade induction of host IFN and chemokines.

Rabies virus, which belongs to Lyssavirus of the family Rhab-
doviridae, which belongs to the order Mononegavirales, is
known as a highly neurotropic virus and causes fatal enceph-
alitis accompanied by severe neurological symptoms in almost
all mammals, including humans. The genome is an unseg-
mented negative sense RNA and contains five genes (N, P, M,
G, and L genes) encoding nucleoprotein (N protein), phos-
phoprotein (P protein), matrix (M) protein, glycoprotein (G
protein), and large (L) protein, respectively (12). The N, P, and
L proteins form helical ribonucleoprotein (RNP), together
with the viral genomic RNA. The N protein participates in
encapsidation of the genomic RNA. Only the encapsidated
genomic RNA can be a template for replication of the viral
genome and transcription of the viral mRNAs by the RNA-
dependent RNA polymerase, L protein. The P protein binds to
both N and L proteins and functions as a cofactor of the viral
RNA polymerase. During virus assembly, the RNP is wrapped
into an envelope containing an inner layer of the M protein
and the transmembrane spike protein, G protein.

In response to viral infection (e.g., picornavirus, bunyavirus,
and flavivirus infections), neurons in the brain produce type I
interferon (IFN) comprised of the IFN-a family and IFN-(,
which induces an antiviral status of a cell and functions as a
main player for the host innate immunity (8, 9). The brain
neurons are also capable of responding to the produced type I

* Corresponding author. Mailing address: Laboratory of Zoonotic
Diseases, Faculty of Applied Biological Sciences, Gifu University, 1-1
Yanagido, Gifu 501-1193, Japan. Phone and fax: 81 58 293 2948.
E-mail: sugiyama@gifu-u.ac.jp.

¥ Published ahead of print on 3 February 2010.

4002

IFN. The fact that rabies virus can efficiently replicate in brain
neurons strongly suggests that the virus has a certain mech-
anism to circumvent the host innate immunity. Interestingly,
it has recently been reported that the P protein counteracts
the innate immunity by inhibiting the cellular IFN system (6,
7, 38, 39).

Recently, it has been reported that rabies virus infection is
recognized by a cellular sensor protein, retinoic acid-inducible
gene I (RIG-I), and then induces type I IFN (16). RIG-I contains
two N-terminal caspase recruitment domains (CARDs) and a
DExD/H-box helicase domain (43). The helicase domain of
RIG-I recognizes viral RNAs, and their CARDs are responsible
for signaling through interaction with IFN-B promoter stimulator
1 (IPS-1) (also known as MAVS, VISA, or CARDIF) (21). It has
been proposed that RIG-I adopts a “closed (inactivated)” con-
formation in the absence of viral RNAs but changes to an
“opened (activated)” structure upon binding to viral RNAs, ex-
posing the CARDs (37). Interaction of RIG-I and IPS-1 results in
activation of TANK-binding kinase 1 (TBK-1). Activated TBK-1
catalyzes phosphorylation and dimerization of interferon regula-
tory factor 3 (IRF-3). Dimerized IRF-3 is translocated into the
nucleus, where, together with nuclear factor (NF)-«B, it activates
the transcription of type I IFN (1, 14, 20). Brzozka et al. (6)
reported that rabies virus P protein interferes with the phosphor-
ylation of IRF-3 by TBK-1 and consequently inhibits type I IFN
induction.

Type I IFN that is produced and secreted by infected cells
interacts with its receptor on the cell surface and then activates
JAK/STAT-medicated signal pathways that result in expres-
sion of antiviral proteins (1, 33). It has been reported that
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rabies virus P protein binds to STAT1 and STAT2, which are
components of the transcription factor ISGF-3 for the type I
IFN signaling pathway, and that the P protein inhibits the
translocation of STAT1 and STAT?2 to the nucleus and conse-
quently suppresses cellular antiviral responses (7, 38, 39). As
mentioned above, rabies virus P protein counteracts host in-
nate immunity by inhibiting both type I IFN induction and
cellular antiviral responses induced by IFN. On the other hand,
the other protein of rabies virus that is responsible for circum-
vention of host innate immunity has not been reported yet.

The fixed rabies virus Nishigahara (Ni) strain kills adult mice
after intracerebral (i.c.) inoculation, whereas the chicken em-
bryo fibroblast cell-adapted strain Ni-CE causes nonlethal in-
fection in adult mice (35). We have also reported that a chi-
meric virus, CE(NiN) strain, which has the N gene from Ni
strain in the genetic background of Ni-CE strain, kills adult
mice after i.c. inoculation. This indicated that the N gene is
related to the different pathogenicities of Ni and Ni-CE strains.
However, the mechanism by which the N gene from Ni strain
determines the pathogenicity has not been clarified yet. In the
present study, in order to obtain an insight into the mechanism,
we comprehensively examined and compared the effects of Ni,
Ni-CE, and CE(NiN) infections on host gene expressions of a
human neuroblastoma cell line. DNA microarray analysis of
these infected cells revealed that expression levels of particular
genes in Ni and CE(NiN)-infected cells such as the IFN-f and
chemokine genes, which are known to be regulated by IRF-3,
were lower than the levels in Ni-CE-infected cells. Further
analyses demonstrated that N protein of rabies virus (Ni strain)
has a function to evade activation of the RIG-I-mediated an-
tiviral response. To our knowledge, this is the first report that
the Mononegavirales N protein functions to evade induction of
host IFN and chemokines.

MATERIALS AND METHODS

Cells and viruses. Human neuroblastoma SYM-I cells (kindly provided by A.
Kawai) (15) and mouse neuroblastoma NA cells were maintained in Eagle
minimal essential medium supplemented with 10% fetal calf serum. 293T cells
were maintained in Dulbecco minimal essential medium (high glucose) supple-
mented with 10% fetal calf serum. Recombinant Ni and Ni-CE strains were
recovered from the cloned cDNA of the respective strains, as reported previously
(35, 42). The chimeric CE(NiN) strain was previously generated by using the
reverse genetic system of Ni-CE strain (35). The genomic organizations of Ni,
Ni-CE, and CE(NiN) strains and their pathogenicities for adult mice are shown
in Fig. 1A. Stocks of all rabies virus strains were prepared in NA cells. The B-1
vaccine strain of Newcastle disease virus (NDV) was kindly provided by H.
Fukushi. NDV was grown in 10-day-old embryonated chicken eggs.

Propagation of Ni, Ni-CE, and CE(NiN) strains in SYM-I cells. SYM-I cells
grown in a 24-well tissue culture plate (Greiner Bio-One Co., Ltd) were inocu-
lated with Ni, Ni-CE, and CE(NiN) strains at a multiplicity of infection (MOI)
of 2. At 24 h postinfection (hpi), viruses in the culture supernatants were har-
vested and titrated in NA cells by indirect focus assay using monoclonal antibody
13-27 specific for N protein (27).

Total RNA preparation. A monolayer culture of SYM-I cells was infected with
each rabies virus at an MOI of 2. Total cellular RNA was extracted at 6, 12, and
24 hpi using an RNeasy Mini Total RNA extraction kit (Qiagen). The extracted
RNA was treated with an RNase-free DNase kit (Qiagen) and suspended in
nuclease-free water. RNA preparations used for DNA microarray analysis were
analyzed with a lab-on-a-chip Agilent Bioanalyzer (RNA 6000 LabChip Kkit;
Agilent) to confirm the concentration, integrity, and purity.

DNA microarray hybridization and analysis. cRNA used for DNA microarray
hybridization was prepared according to the One-Color microarray-based gene
expression analysis protocol (Agilent). Probes were synthesized from 600 ng of
total RNA isolated from two independent biological replicates in two steps
according to the manufacturer’s instructions. In the first step, double-stranded
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FIG. 1. Schematic diagrams of genome organizations and repli-
cation efficiency of Ni, Ni-CE, and CE(NiN) strains. (A) Schematic
diagrams of genome organizations of Ni, Ni-CE, and chimeric
CE(NiN) strains. Shaded and open boxes represent open reading
frames derived from Ni and Ni-CE strains, respectively. The pathoge-
nicity of each strain for adult mice determined by our previous study
(35) is also indicated. The pathogenicity was previously evaluated by
i.c. inoculation with 1,000 FFU of each virus. + +, Lethal (all mice died
within 7 days); +, lethal (all mice died within 10 days); —, nonlethal.
(B) SYM-I cells were infected with Ni, Ni-CE, and CE(NiN) strains at
an MOI of 2. Total cellular RNA was extracted at 6, 12, and 24 hpi and
analyzed for viral genomic and antigenomic RNA levels by real-time
PCR. Expression levels of genes were normalized to mRNA levels of
GAPDH. Each point represents the mean (+ the SD) of three inde-
pendent replicates. ns, no significant difference.

c¢DNA was synthesized with mouse Moloney murine leukemia virus reverse
transcriptase (Agilent) and an oligo(dT)-T7 RNA polymerase promoter (Agi-
lent). In the second step, we synthesized antisense cCRNAs that were labeled by
the incorporation of Cy3-CTP during in vitro transcription. All reagents were
from Agilent’s fluorescent linear amplification kit adapted for use with small
amounts of total RNA. Labeled cRNAs were fragmented to an average size of 50
to 100 nucleotides by heating the samples at 60°C in a fragmentation buffer
provided by Agilent. Hybridization was performed on whole-human-genome 4 X
44K oligonucleotide microarrays (G4112F; Agilent) with reagents and protocols
provided by the manufacturer. After hybridization, the arrays were washed and
scanned using a DNA microarray scanner (Agilent). Feature extraction software
provided by Agilent (version 9.1) was used to quantify the intensity of fluorescent
images and to normalize results by subtracting local background fluorescence,
according to the manufacturer’s instructions. The expression level of each gene
was analyzed by GeneSpring GX software (version 7.3.1; Agilent). Briefly, after
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TABLE 1. Sequences of the primers and TagMan probe

Analysis Primer or probe

Sequence (5'—3")

RT Rabies RT for genome
Rabies RT for anti-genome

Human GAPDH F
Human GAPDH R

SYBR green assay

TagMan assay Rabies TagMan probe
Rabies genome F

Rabies genome R

CTGCTTGTAAACCAGGCATTCCCGGATGTCTG
AAACAATCAAACAGCCAGAGGTCCAGATTC

CCTCCTGTTCGACAGTCAGC
CGCCCAATACGACCAAATC

TGATGTGTCTCGAAAA
GTCTGCACATGCTGAGACTCTTG
ACAGCCAGAGGTCCAGATTCA

importing the processed data into the software, they were normalized based on
the default normalizing settings for one-color experiments (GeneSpring 7.3 us-
er’s guide; Agilent). Cluster analysis was performed by using Cluster 3.0 and Java
TreeView.

Real-time reverse transcription-PCR (RT-PCR). To measure levels of virus
genomic and antigenomic RNAs in infected cells, total RNA was reverse transcribed
into cDNAs by using SuperScript IIT reverse transcriptase (Invitrogen) with reverse
transcriptase primers specific to rabies virus genomic and antigenomic RNAs (Table
1) or oligo(dT),,, [for detection of human housekeeping glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA, Invitrogen]. Real-time PCR was performed by
using an ABI 7300 real-time PCR system (Applied Biosystems) and TaqMan
2XPCR Universal Master Mix (for detection of virus genomic and antigenomic
RNA; Applied Biosystems) or SYBR Premix Ex Taq II (for detection of human
GAPDH mRNA; TaKaRa Bio). PCR conditions were as follows: 50°C for 2 min,
95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min (TaqMan assay)
or 95°C for 10 s and 40 cycles of 95°C for 5 s and 60°C for 31 s (SYBR green assay).
To detect virus genomic and antigenomic RNAs, we used primers and a TagMan
probe set that corresponded to the trailer sequence of rabies virus genomic RNA,
which is conserved between Ni and Ni-CE strains. Sequences of the primers and a
TaqMan probe are shown in Table 1.

For validation of microarray data, total RNA was reverse transcribed into
cDNAs using SuperScript III reverse transcriptase and random hexamer
(TaKaRa Bio). Primer and probe sets for relative quantification of human genes
were selected from the product list of TagMan gene expression assays (Applied
Biosystems). A TaqMan assay was performed as described above.

Data are expressed as number of copies of specific mRNA per copy of human
GAPDH mRNA. All assays were carried out in triplicate and the results are
expressed as means * the standard deviation (SD).

Plasmids. Using conventional cloning techniques, we subcloned a PCR-amplified
cDNA fragment of the full-length N gene from Ni or Ni-CE strain into a polymerase
II-based expression plasmid, pPCAGGS/MCS (kindly provided by Y. Kawaoka) and
named the respective resulting plasmids pCAGGS-NiN and -CEN. Similarly, we
constructed pCAGGS-NiP and -CEP plasmids expressing Ni and Ni-CE P protein,
respectively. Details of the construction of these plasmids and sequences of primers
are available from the authors on request. 4XIRF-3-Luc (kindly provided by S.
Ludwig) (11) contains four copies of the IRF-3-binding positive regulatory domain
(PRD) I/III motif of the IFN-B promoter upstream of the luciferase reporter gene.
pNF-kB-Luc (Stratagene) contains five copies of the NF-«kB-binding motif of the
IFN-B promoter upstream of the luciferase reporter gene. pRL-TK (Promega), used
as an internal control for the reporter assay, contains the Renilla luciferase gene
downstream of the herpes simplex virus thymidine kinase promoter that is activated
in mammalian cells. pPEGFP-C1-hIRF-3 (kindly provided by C. F. Basler) (5) express
the human IRF-3 protein fused to green fluorescent protein (GFP-IRF-3). Expres-
sion plasmids for wild-type RIG-I (pEF-Flag-RIG-I), constitutively active mutant
(pEF-Flag-RIG-IN), dominant-negative mutant (pEF-Flag-RIG-IC), wild-type
IPS-1 (pEF-Flag-IPS-1), and empty plasmid [pEF-BOS(+)] were kindly provided by
T. Fujita (24, 43).

Transfection and reporter assay. Transfection was performed by using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instructions. SYM-I
cells were transfected with 1 pg of viral N or P protein-expressing plasmids or
pEF-Flag-RIG-I, 0.25 pg of 4XIRF-3-Luc or pNF-«kB-Luc, and 0.04 pg of
pRL-TK. At 24 hpi, cells were infected with Ni, Ni-CE, or CE(NiN) strains (MOI
of 2) or NDV (MOI of 1). In another series of experiments, SYM-I cells were
inoculated, in suspension, with Ni, Ni-CE, or CE(NiN) strain at an MOI of 2 and
seeded in a 24-well tissue culture plate at 2 X 10° cells per well. At 24 hpi, cells
were transfected with 0.5, 1, or 2 ug of pEF-Flag-RIG-IC or 1 g of pEF-Flag-
RIG-IN in addition to 0.25 pg of 4XIRF-3-Luc and 0.04 pg of pRL-TK.

At the completion of the experiments, cells were lysed, and the activities of
firefly and Renilla luciferases were determined by a dual-luciferase reporter assay
system (Promega) according to the manufacturer’s instructions. The data repre-
sent firefly luciferase activity normalized to Renilla luciferase activity. All assays
were carried out in triplicate, and the results expressed as means * the SD.

IRF-3 nuclear translocation assay. SYM-I cells were inoculated, in suspen-
sion, with Ni, Ni-CE, or CE(NiN) strain at an MOI of 2 and seeded in a 24-well
tissue culture plate at 2 X 10° cells per well. At 24 hpi, cells were transfected with
1 pg of pEGFP-CI1-hIRF-3 using Lipofectamine 2000. At 24 h posttransfection,
cells were fixed in 4% paraformaldehyde for 60 min and 100% methanol for 1
min. Then, infected cells were stained with anti-N protein mouse monoclonal
antibody 13-27 and then TRITC-goat anti-mouse IgG (H+L) conjugate
(Zymed). The localization of GFP-IRF-3 was examined with a Biozero fluores-
cence microscope (BZ-8000 series; Keyence). The percentage of virus-infected
cells with nuclear GFP-IRF-3 localization was then determined by counting 100
infected cells. The results are expressed as means * the SD of three independent
wells.

Immunofluorescence staining. Confluent SYM-I cells were grown in a 24-well
plate and inoculated with Ni, Ni-CE, or CE(NiN) strain at an MOI of 2. At 24
hpi, cells were fixed with 4% paraformaldehyde for 60 min and 100% methanol
for 1 min. The fixed cells were double stained by using anti-N protein mouse
monoclonal antibody 13-27 and anti-human IRF-3 rabbit polyclonal antibody
FL-425 (Santa Cruz) as primary antibodies and using TRITC (tetramethyl rho-
damine isothiocyanate)-goat anti-mouse IgG (H+L) Conjugate and fluorescein
isothiocyanate (FITC)-goat anti-rabbit IgG (Cappel) as secondary antibodies.
Fluorescence was visualized by using a Biozero fluorescence microscope.

Western blotting. Cells were lysed in lysis buffer (50 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1 mM EDTA, 1% NP-40) supplemented with 0.02 mM p-
amidinophenylmethanesulfonyl fluoride at 24 hpi, and the samples were incu-
bated on ice for 15 min. After centrifugation (15,000 X g, 10 min, 4°C), the
soluble fractions were separated electrophoretically on 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Millipore). The membranes were blocked with phosphate-buffered
saline (PBS) containing 0.1% Tween 20 and 5% nonfat dry milk. The following
antibodies were used to probe the blots: anti-N protein mouse monoclonal
antibody 13-27, anti-P protein rabbit polyclonal antibody (kindly provided by A.
Kawai), anti-Flag rabbit polyclonal antibody (Sigma), and anti-a-tubulin mono-
clonal antibody (Sigma). Antibody signals were detected by chemiluminescence
using horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (H+L; Seika-
gaku Corp.) or HRP-conjugated anti-mouse IgG (Fab2; Cappel) and a Western
Lightning Plus ECL kit (Perkin-Elmer). Chemiluminescent signals were detected
and visualized by using a LAS-1000 Lumino image analyzer (Fuji Film). Densi-
tometry analysis was carried out by using ImageJ software. Briefly, the intensity
of images of scanned Western blots was determined, and the ratio of each band
to its tubulin control was calculated.

IRF-3 dimerization analysis. SYM-I cells grown in a six-well tissue culture
plate were inoculated with Ni, Ni-CE, or CE(NiN) strain at an MOI of 10. Cells
were lysed in the lysis buffer described above, which was supplemented with
Complete mini-protease inhibitor cocktail (Roche) at 24 hpi, and the samples
were incubated on ice for 15 min. After centrifugation (15,000 X g, 10 min, 4°C),
the soluble fractions were separated electrophoretically on a 7.5% Ready Gels J
(Bio-Rad), with 1% deoxycholate in the cathode buffer (25 mM Tris-HCI [pH
8.4], 192 mM glycine). IRF-3 was detected by using Western blotting with
polyclonal anti-IRF-3 (Santa Cruz) and HRP-conjugated anti-rabbit IgG (H+L;
Seikagaku Corp.).

Coimmunoprecipitation analysis. SYM-I cells in a six-well plate were cotrans-
fected with 4 pg of pCAGGS-CEP and 4 pg of pCAGGS-NiN or pCAGGS-
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TABLE 2. Number and percentage of host genes affected by
infection of each virus

No. (%) of host genes affected”

Strain
Upregulation Downregulation Total
Ni 241 (0.59) 76 (0.19) 317 (0.77)
Ni-CE 765 (1.86) 113 (0.27) 878 (2.14)
CE(NiIN) 628 (1.53) 130 (0.32) 758 (1.85)

“ A total of 41,063 genes were analyzed. A gene was considered differentially
expressed if the expression level was 3-fold higher or lower than the level in
mock-infected cells.

CEN. After the cells were washed with PBS at 48 h posttransfection, cell extracts
were prepared by lysing cells on ice for 15 min in TN buffer (50 mM Tris-HCl
[pH 8.4], 150 mM NaCl) containing 1% NP-40 and protease inhibitor (Complete
mini; Roche). Lysates were centrifuged at 15,000 X g for 10 min at 4°C to remove
large debris. Protein A/G Plus-Agarose (Santa Cruz) was incubated with anti-N
protein mouse monoclonal antibody 13-27 or mouse normal IgG (Sigma) for 2 h
at room temperature and then washed three times with TN buffer containing 1%
NP-40 and protease inhibitor. Lysates were incubated with agarose beads over-
night with rotation at 4°C. The agarose beads were washed five times with TN
buffer containing 1% NP-40 and protease inhibitor and boiled with SDS sample
buffer for 5 min. The supernatant of the agarose was subjected to SDS-poly-
acrylamide gel electrophoresis (PAGE) and Western blotting.

Statistical analysis. A Student ¢ test was used to determine statistical signifi-
cance, and P values of <0.01 were considered statistically significant.

RESULTS

Genome replication and viral growth of Ni, Ni-CE, and
CE(NiN) strains in SYM-I cells. In order to obtain insights
into the mechanism by which the N gene determines viral
pathogenicity, we tried to comprehensively compare the gene
expressions of host cells infected with Ni, Ni-CE, and CE(NiN)
strains using a DNA microarray. Human neuroblastoma
SYM-I cells are known to be susceptible to rabies virus and to
produce IFN-B in response to viral infection (15). Therefore,
this cell line is suitable for examining the effects of rabies virus
infection on the expression of host genes, especially genes
related to host innate immunity.

First, we measured levels of viral genomic and antigenomic
RNAs in SYM-I cells infected with Ni, Ni-CE, and CE(NiN)
strains at 6, 12, and 24 hpi using quantitative real-time RT-
PCR (Fig. 1B). The amount of genomic RNA of each strain
increased markedly between 12 and 24 hpi (Fig. 1B top), in-
dicating genome replication in this cell line. We found that
genome replication of Ni strain was less efficient than that of
Ni-CE and CE(NiN) strains, probably due to the fact that Ni
strain has been maintained by rabbit brain passages (17) and is
not well adapted to cultured cells. In contrast, there was no
significant difference in the amount of genomic RNA between
Ni-CE- and CE(NiN)-infected cells at 24 hpi. Similar kinetics
was observed in antigenomic RNA in the cells infected with
each strain (Fig. 1B, bottom).

Next, we examined growth of Ni, Ni-CE, and CE(NiN)
strains in SYM-I cells at 24 hpi. Consistent with the viral RNA
replication, virus titers of Ni-CE and CE(NiN) strains in the
culture media were almost identical (9.7 X 10° and 1.6 X 10*
focus-forming units [FFU]/ml, respectively), whereas the titer
of Ni strain (4.4 X 10°> FFU/ml) was ~2-fold lower than that of
Ni-CE and CE(NiN) strains. Hence, we chose 24 hpi as the
condition for DNA microarray analysis, in order to minimize
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the influence of replication efficiencies of Ni-CE and CE(NiN)
strains.

DNA microarray analysis of SYM-I cells infected with Ni,
Ni-CE, and CE(NiN) strains. We successfully collected nor-
malized data for 40,613 human genes by the DNA microarray
analysis. We considered a gene to be differently expressed if
the expression level was 3-fold higher or lower than the level in
mock-infected cells. The total number of genes affected by
Ni-CE infection (878 genes) was much larger than that affected
by Ni infection (317 genes) (Table 2). This was mainly due to
the difference between numbers of upregulated genes in the
Ni- and Ni-CE-infected cells (241 and 765 genes, respectively).
On the other hand, the number of upregulated genes in
CE(NiN)-infected cells (628 genes) was very similar to that in
Ni-CE-infected cells.

To focus on the genes related to host immunity, we carried
out cluster analysis using a bioset that contained a selection of
genes involved in “host-pathogen interaction” (GO accession
number 0030383, 1,722 genes) (Fig. 2A). The gene expression
pattern of Ni-CE-infected cells was more similar to that of
CE(NiN)-infected cells than to that of Ni-infected cells:

A

-1 1
- I

Fold change (log)

w

HNi
O Ni-CE
[ CE(NiN)

30001
2500
2000
1500
1000

500

Fold induction

92 N9 N N ‘ob‘
NN 8V V@Y
¢ & & X & &

2 %9 Vv
N A AN
0‘\‘0 OO ((e

FIG. 2. Comparison of the gene expressions of SYM-I cells in-
fected with Ni, Ni-CE, and CE(NiN) strains using a DNA microarray.
SYM-I cells were infected with Ni, Ni-CE, and CE(NiN) strains at an
MOI of 2. After 24 h, the total cellular RNA was extracted and used
for DNA microarray analysis. The data were normalized by Gene
Spring GX software. (A) Cluster analysis of genes of SYM-I cells
infected with each virus. The expression pattern of genes involved in
“host-pathogen interaction” is represented as a hierarchical clustering,
using Cluster and Java TreeView. Genes shown in red are upregulated,
and those shown in green are downregulated relative to mock-infected
cells. (B) Expression levels of 10 host immunity-related genes, most of
which were differentially expressed in Ni-CE- and CE(NiN)-infected
cells. Each bar represents the fold change in expression compared to
the expression level of each gene in mock-infected cells.



4006 MASATANI ET AL.

A g B IFN-M
s LA S12r o
ha 1.6 T
[S 1S
I
[a] [a]
5 2
(]
Zos ﬂ o6
P b
o i
Q. -
£ ND |I| E olnNo
FO S = F S D
& LS & LS
(¢) O
CXCL10 D CCL5

1.2r

—_
.b

CCL5 mRNA/GAPDH mRNA
o
N

o

\

CXCL10 mRNA/GAPDH mRNA )
o
o (2]
a |
e H

)

\

%:H

o;o% ]

FIG. 3. Validation by real-time RT-PCR of DNA microarray re-
sults for IFN-B (A), IFN-\1 (B), CXCLI10 (C), and CCL5 (D). The
assay was performed with the same total RNA used in the DNA
microarray experiment. Expression levels of genes were normalized to
mRNA levels of GAPDH. Each bar represents the mean (* the SD) of
three independent replicates. *, Significant difference (P < 0.01); ND,
no detection.

changes in gene expression in Ni-CE- and CE(NiN)-infected
cells were more drastic than those in Ni-infected cells. Similar
results were obtained by using a bioset of “defense immunity
protein activity” (GO accession number 0003793, 1,011 genes)
(data not shown).

Although overall gene expression patterns of Ni-CE- and
CE(NiN)-infected cells were very similar as mentioned above,
the expression levels of a part of the host genes were clearly
different in Ni-CE- and CE(NiN)-infected cells. For example,
expression level of the IJFN-B gene in Ni-CE-infected cells was
2-fold higher than the level in CE(NiN)-infected cells (Fig.
2B). Similar results were obtained for the gene expression
levels of type III IFN (IFN-\1, IFN-N\2, and IFN-\3); ISG54,
which is known to be IFN-inducible (29); and chemokines
(CXCL9, CXCL10, and CXCL11; CCLS5; and IL-8) (Fig. 2B).
Since Ni-CE and CE(NiN) strains genetically differ only in the
N gene, we considered that the different gene expressions of
Ni-CE- and CE(NiN)-infected cells were due to functional
difference in the N gene. Notably, expression levels of these
host genes in Ni-infected cells were much lower than those in
Ni-CE- and CE(NiN)-infected cells (Fig. 2B).

Validation of microarray data by using quantitative real-
time RT-PCR. To confirm the different gene expression pat-
terns of Ni-, Ni-CE-, and CE(NiN)-infected cells that were
revealed by DNA microarray analysis, we quantified IFN-8,
IFN-\1, CXCL10, and CCL5 mRNAs in these infected cells by
using quantitative real-time RT-PCR (Fig. 3). Corresponding
to the DNA microarray data, expression level of the IFN-B
gene in Ni-CE-infected cells was 40- and 4-fold higher than the
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FIG. 4. Infection of CE(NiN) strain inhibits actlvation of IRF-3-
dependent but not NF-kB-dependent IFN-B promoter. SYM-I cells
were cotransfected with pRL-TK and pNF-kB-Luc (NF-kB-responsive
reporter plasmid) (A) or 4XIRF-3-Luc (IRF-3-responsive reporter
plasmid) (B). After 24 h, the cells were mock infected or infected with
each strain at an MOI of 2. The luciferase activities were measured
24 h after transfection. The data represent firefly luciferase activity
normalized to Renilla luciferase activity and are presented as means (=
the SD) of three independent replicates. *, Significant difference (P <
0.01); ns, no significant difference.

levels in Ni- and CE(NiN)-infected cells, respectively (Fig.
3A). Similarly, it was shown that Ni-CE infection induced the
expression of IFN-NI, CXCLI0, and CCL5 genes more effi-
ciently than did Ni and CE(NiN) infections (Fig. 3B, C, and D,
respectively). These results clearly showed that the Ni N gene
functions to suppress expression of innate immunity and in-
flammatory genes in infected host cells.

Identification of the signaling pathway involved in the sup-
pressed expressions of IFN and chemokine genes by Ni N gene.
Expressions of IFN-B, IFN-\, and chemokine genes have been
shown to be regulated by the transcription factors NF-«kB and
IRF-3, which are activated by the respective upstream signal-
ing pathway (13, 14, 23, 29, 30, 40). In order to identify the
signaling pathway that is involved in the suppressed expres-
sions of IFN-B gene in Ni- and CE(NiN)-infected cells, we
measured NF-kB- or IRF-3-dependent IFN- promoter activ-
ities in Ni-, Ni-CE-, and CE(NiN)-infected cells by luciferase-
based reporter assays with reporter plasmids having the NF-
kB- or IRF-3-binding site (PRD II or PRD I/III, respectively)
of the IFN-B promoter (Fig. 4). Although NF-kB-dependent
IFN-B promoter activity in Ni-infected cells was significantly
lower than that in Ni-CE-infected cells (P < 0.01), there was
no difference between the activities in Ni-CE- and CE(NiN)-
infected cells (Fig. 4A). In contrast, IRF3-dependent IFN-B
promoter activities in Ni- and CE(NiN)-infected cells (4- and
38-fold inductions, respectively) were significantly lower than
that in Ni-CE-infected cells (126-fold induction) (P < 0.01)
(Fig. 4B). These results indicated that the IRF-3 pathway,
rather than the NF-kB pathway, is involved in suppressed
expression of the IFN-B gene in Ni- and CE(NiN)-infected
cells.

Subcellular localization and dimerization of IRF-3 in SYM-I
cells infected with each virus. In order to check subcellular
localization of IRF-3 in infected cells, we transfected pEGFP-
C1-hIRF-3 expressing GFP-IRF-3 into Ni-, Ni-CE-, and
CE(NiN)-infected cells (Fig. 5A). We also determined the
percentage of infected cells with nuclear GFP-IRF-3 in GFP-
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FIG. 5. Ni and CE(NiN) infections prevent nuclear translocation and dimerization of IRF-3. (A) SYM-I cells were inoculated, in suspension,
with each virus strain at an MOI of 2 FFU/cells and seeded. After 24 h, cells were transfected with the GFP-IRF-3 expression plasmid (green).
At 24 h posttransfection, the cells were fixed and stained with an anti-N monoclonal antibody (red). (B) Assessment of the rate of GFP-IRF-3
nuclear translocation in GFP-IRF-3-expressing and virus-infected calls. Each value is the average (*+ the SD) of three independent experiments
in which 100 cells were counted. *, Significant difference (P < 0.01). (C) Subcellular localization of endogenous IRF-3 in SYM-I cells infected with
each strain. SYM-I cells were mock infected or infected with Ni, Ni-CE, or CE(NiN) strains at an MOI of 2. After 24 h, cells were fixed and
examined by double immunofluorescence staining using anti-IRF-3 polyclonal antibody (green) and anti-N monoclonal antibody (red). (D) Ex-
tracts from SYM-I cells infected with Ni, Ni-CE, and CE(NiN) strains for 24 h were analyzed by native gel electrophoresis, followed by Western
blotting, to detect IRF-3. N protein and tubulin of same samples were detected by SDS-PAGE, followed by Western blotting.

positive infected cells (Fig. 5B). In mock-infected cells, GFP-
IRF-3 was localized in the cytoplasm, whereas the signals in
Ni-CE-infected cells were observed mainly in the nucleus. It
was shown that 79% of GFP-positive Ni-CE-infected cells had
the signal in the nucleus. In contrast, in Ni- and CE(NiN)-
infected cells, GFP-IRF-3 was localized mainly in the cyto-
plasm: only 22% of GFP-positive Ni-infected cells and 33% of
CE(NiN)-infected cells had signals in the nucleus. Similar re-
sults were obtained by immunostaining of endogenous IRF-3
in Ni-, Ni-CE-, and CE(NiN)-infected cells (Fig. 5C). These
results indicated that Ni and CE(NiN) infections suppress
translocation of IRF-3 to the nucleus or the upstream signaling
pathway. We next examined the IRF-3 homodimerization in
Ni-, Ni-CE-, and CE(NiN)-infected cells by native-PAGE (Fig.
5D). In contrast to Ni-CE-infected cells, in which a prominent
band of IRF-3 dimers was detectable, dimerization of IRF-3

was suppressed in Ni- and CE(NiN)-infected cells. Taken to-
gether, these results indicated that Ni and CE(NiN) infection
suppress the dimerization of IRF-3 and subsequent transloca-
tion of IRF-3 to the nucleus.

Ni N protein functions to evade activation of the IRF-3
pathway in the presence of other viral components. To deter-
mine whether single expression of Ni N protein is sufficient to
inhibit the IRF-3 pathway, we checked IRF-3-dependent
IFN-B promoter activities in Ni N protein- or Ni-CE N pro-
tein-expressing SYM-I cells after inoculation of NDV, which is
known as a type I IFN inducer (18). Since single expression of
rabies virus P protein is known to inhibit the IRF-3 pathway
(6), we also expressed Ni P protein as a positive control. In
contrast to expression of Ni P protein that inhibited IRF-3-
dependent IFN-B promoter activity in NDV-infected cells, nei-
ther single expression of Ni nor Ni-CE N protein inhibited the
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FIG. 6. Effects of transient expression of Ni or Ni-CE N protein on
IRF-3-dependent promoter activities in SYM-I cells infected with
NDYV or Ni-CE strain. SYM-I cells were cotransfected with pRL-TK,
4XIRF-3-Luc, and 1 g of each plasmid driving the expression of the
indicated viral protein or empty vector. At 24 h posttransfection, the
cells were infected with NDV at an MOI of 1 and incubated for 12 h
(A) or infected with Ni-CE strain at an MOI of 2 and incubated for
24 h (B). Then, the cells were lysed, and the luciferase activities were
measured. The data represent firefly luciferase activity normalized to
Renilla luciferase activity and are presented as means (* the SD) of
three independent replicates. *, Significant difference (P < 0.01); ns,
no significant difference.

promoter activity (Fig. 6A). There was no significant difference
between the activities of Ni N protein- and Ni-CE N protein-
expressing cells. Similar results were obtained by using trans-
fection of a double-stranded RNA homolog, poly(1:C), instead
of NDV infection, as an IFN inducer (data not shown). These
results indicated that single expression of Ni N protein does
not inhibit the IRF-3 pathway and strongly suggested that
other rabies viral components are required to evade activation
of the IRF-3 pathway by Ni N protein.

To determine whether other rabies viral components are
involved in the evasion of activation of the IRF-3 pathway by
the N protein, we inoculated Ni-CE strain as an IFN inducer
into Ni N protein- or Ni-CE N protein-expressing SYM-I cells
and then checked the IRF-3-dependent IFN-B promoter ac-
tivities (Fig. 6B). The promoter activity induced by Ni-CE
infection was significantly lower in Ni N protein-expressing
cells than the activity in the empty vector-transfected cells (P <
0.01). In contrast, overexpression of Ni-CE N protein did not
affect the promoter activity: the activity in Ni-CE N protein-
expressing cells was significantly higher than the activity in Ni
N protein-expressing cells (P < 0.01). These results indicated
that Ni N protein, but not Ni-CE N protein, functions to evade
activation of the IRF-3 pathway in the presence of other viral
components.

N protein does not affect expression level and activity of
viral P protein to inhibit the IRF-3 pathway. Rabies virus N
protein is known to physically interact with the P protein (12,
26), which is known to inhibit type I IFN induction by inhib-
iting phosphorylation of IRF-3 by TBK-1 (6). Therefore, we
hypothesized that Ni and Ni-CE N proteins would differently
affect the N-P interaction and, consequently, would alter the
expression levels or biological property of P protein. First, we
examined expression levels of P proteins in Ni-, Ni-CE-, and
CE(NiN)-infected cells by using Western blotting. We found
that the expression levels of both N and P proteins in Ni-
infected cells were lower than the levels of the respective
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FIG. 7. N protein does not affect expression level of and activity of
viral P protein to inhibit the IRF-3 pathway. (A) SYM-I cells were
infected with the Ni, Ni-CE, or CE(NiN) strain at an MOI of 2. After
24 h, the cells were lysed and N, P, and tubulin were detected by
Western blotting. (B) SYM-I cells in a 24-well plate were cotransfected
with 1 ng of each plasmid driving the expression of the indicated viral
protein or empty vector. At 48 h posttransfection, the cells were lysed,
and N, P, and tubulin were detected by Western blotting. (C) SYM-I
cells in a six-well plate were cotransfected with 4 ug of pPCAGGS-CEP
and 4 pg of pCAGGS-NIiN or pCAGGS-CEN. Cell extracts were
prepared at 48 h posttransfection and directly subjected to Western
blotting with anti-N antibody, anti-P antibody, or anti-tubulin antibody
(top). The same cell extracts were subjected to coimmunoprecipitation
analysis with anti-N antibody (middle) or normal mouse IgG (bottom).
The immunoprecipitated samples were examined by Western blotting.
(D) SYM-I cells were cotransfected with pRL-TK, 4XIRF-3-Luc, and
1 pg of each plasmid driving the expression of the indicated viral
protein or empty vector. At 24 h posttransfection, the cells were in-
fected with NDV at an MOI of 1 and incubated for 12 h. Then the cells
were lysed and luciferase activities were measured. The data represent
firefly luciferase activity normalized to Renilla luciferase activity and
are presented as means (* the SD) of three independent replicates.

protein in Ni-CE- and CE(NiN)-infected cells (Fig. 7A), re-
flecting the lower propagation efficiency of Ni strain described
above. Also, the band mobility of Ni P protein was found to be
slightly faster than that of Ni-CE P protein, probably due to the
conformational differences of the Ni and Ni-CE P proteins.
Importantly, we did not observe a clear difference between
expression levels of P protein in Ni-CE- and CE(NiN)-infected
cells. Consistent with this result, coexpression of Ni or Ni-CE
N protein and P protein did not affect the expression levels of
P protein from both strains (Fig. 7B). These results demon-
strated that Ni and Ni-CE N proteins do not differently affect
the expression level of P protein. Furthermore, to compare
binding abilities of Ni and Ni-CE N proteins to Ni-CE P pro-
tein, we carried out coimmunoprecipitation analysis (Fig. 7C).
Lysates of SYM-I cells coexpressing Ni-CE P protein and each
of Ni and Ni-CE N proteins were subjected to IP with an
anti-N protein monoclonal antibody or normal IgG. Both Ni
and Ni-CE N proteins were detected in the precipitates after
immunoprecipitation with an anti-N antibody (Fig. 7C, mid-
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dle) but not after immunoprecipitation with normal mouse
IgG (Fig. 7C, bottom), indicating that the anti-N antibody
specifically binds to the N proteins. Notably, both precipitates
that contained Ni and Ni-CE N proteins included comparable
amounts of Ni-CE P protein (Fig. 7C, middle). The data indi-
cated that both Ni and Ni-CE N proteins bind to Ni-CE P
protein with similar efficiency.

Next, in order to test whether Ni N protein, but not Ni-CE
N protein, enhances inhibitory activity of P protein on the
IRF-3 pathway, we measured IRF-3-dependent IFN-B pro-
moter activities in NDV-infected SYM-I cells coexpressing Ni
or Ni-CE N and P proteins in different combinations (Fig. 7D).
Single expression of Ni and Ni-CE P proteins equally inhibited
activation of the IFN-B promoter induced by NDV infection.
Importantly, we found that coexpression of Ni- or Ni-CE N
and P proteins in any combinations did not affect the inhibitory
activity of the respective P protein on the IRF-3 pathway.

Ni N protein, but not Ni-CE N protein, functions to evade
activation of RIG-I-mediated antiviral response. Rabies virus
N protein is also known to physically interact with the viral
genomic RNA (2-4). It was previously reported that genomic
RNA of rabies virus is recognized by RIG-I and induces type-I
IFN production (16). Hence, we hypothesized that Ni N pro-
tein, but not Ni-CE N protein, functions to inhibit recognition
of viral genomic RNA by RIG-I. First, to investigate the effect
of infection of each virus on the RIG-I-mediated IRF-3 path-
way, we transfected a wild-type RIG-I-expressing plasmid into
SYM-I cells and then checked the IRF-3-dependent IFN-$
promoter activities after infection with Ni, Ni-CE, and
CE(NIN) strains (Fig. 8A). Overexpression of wild-type RIG-I
significantly enhanced IRF-3-dependent IFN- promoter ac-
tivity in Ni-CE-infected cells. However, we found that the
overexpression did not enhance IFN-B promoter activities in
Ni- and CE(NiN)-infected cells. This result indicated that Ni
and CE(NiN) strains, but not Ni-CE strain, evade the activa-
tion of the RIG-I-mediated IRF-3 pathway.

Next, we investigated the effect of expression of a CARD-
deleted mutant RIG-I (RIG-IC), which acts as a dominant-
negative mutant of RIG-I (43), on IRF-3-dependent IFN-B
promoter activity in Ni-, Ni-CE-, or CE(NiN)-infected cells
(Fig. 8B). Expression of RIG-IC significantly reduced IRF-3-
dependent IFN-B promoter activity induced by infection of
Ni-CE strain. On the other hand, RIG-IC did not change the
IFN-B promoter activity induced by CE(NiN) strain. Further-
more, we found that IRF-3-dependent IFN-B promoter activity
of Ni-CE-infected cells, but not that of CE(NiN)-infected cells,
was reduced dose dependently by expression of RIG-IC (Fig.
8C). These findings indicated that the Ni and CE(NiN) strains,
but not Ni-CE strain, evade the activation of RIG-I. To further
confirm where the evasion of the RIG-I-mediated IRF-3 path-
way occurs, we used a carboxy terminally truncated RIG-I
(RIG-IN), which is a constitutively active mutant (43). We
measured IRF-3-dependent IFN-B promoter activities in RIG-
IN-transfected SYM-I cells after each virus infection (Fig. 8D).
Expression of RIG-IN induced IRF-3-dependent IFN-3 pro-
moter activity without virus infection as expected. Importantly,
expression of RIG-IN enhanced the IFN-B promoter activity
equivalently in Ni-, Ni-CE-, and CE(NiN)-infected cells. Sim-
ilar results were obtained by using an expression plasmid of
IPS-1, which is an adopter molecule of RIG-I, to activate the
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FIG. 8. Ni N protein, but not Ni-CE N protein, functions to evade
activation of RIG-I-mediated antiviral response. (A) SYM-I cells were
cotransfected with pRL-TK, 4XIRF-3-Luc, and 1 pg of pEF-Flag-
RIG-I or empty vector. At 24 h posttransfection, the cells were in-
fected with Ni, Ni-CE, and CE(NiN) strains at an MOI of 2 and
incubated for 24 h. Then, the cells were lysed and luciferase activities
were measured. *, Significant difference (P < 0.01); ns, no significant
difference. (B) SYM-I cells were inoculated, in suspension, with each
virus strain at an MOI of 2 FFUj/cells and seeded. After 24 h, cells were
transfected with pRL-TK, 4XIRF-3-Luc, and 1 pg of pEF-Flag-RIG-
IC. After 24 h, the cells were lysed and luciferase activities were
measured. *, Significant difference (P < 0.01); ns, no significant dif-
ference. (C) SYM-I cells were inoculated, in suspension, with each
virus strain at an MOI of 2 FFU/cells and seeded. After 24 h, cells were
transfected with pRL-TK, 4XIRF-3-Luc, and 0.5, 1, or 2 pg of pEF-
Flag-RIG-IC. After 24 h, the cells were lysed, and the luciferase ac-
tivities were measured. *, Significant difference versus mock-trans-
fected cells (P < 0.01). (D) SYM-I cells were inoculated, in suspension,
with each virus strain at an MOI of 2 FFU/cells and seeded. After 24 h,
cells were transfected with pRL-TK, 4XIRF-3-Luc, and 1 pg of pEF-
Flag-RIG-IN. After 24 h, the cells were lysed, and the luciferase
activities were measured. The data are presented as means (= the SD)
of three independent replicates. ns, No significant difference.

IRF-3 pathway (data not shown). These results indicated that
Ni and CE(NiN) strains do not inhibit the IRF-3-dependent
IFN-B promoter activity induced by activated RIG-I. Taken
together, the results showed that Ni N protein, but not Ni-CE
N protein, functions to inhibit activation of RIG-I.

We then hypothesized that CE(NiN) strain, but not Ni-CE
strain, can evade antiviral responses ascribed to activation of
RIG-I. To confirm this, we examined the ability of Ni-CE and
CE(NIN) strains to replicate in RIG-I- or RIG-IN-expressing
cells. RIG-I- or RIG-IN-expressing 293T cells were infected
with Ni-CE- or CE(NiN) strain, and expression levels of their
N proteins were compared by Western blotting, followed by
quantification using a densitometer. As the expression levels of
RIG-I increased, expression level of N protein of Ni-CE strain,
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FIG. 9. CE(NiN) strain efficiently replicates in cells overexpressing
RIG-I, but not RIG-IN. 293T cells were transfected with 0.05, 0.1, and
1 g of pEF-Flag-RIG-I (A) or pEF-Flag-RIG-IN (C). After 24 h, cells
were infected with Ni-CE and CE(NiN) strains at an MOI of 3. At 24
hpi, the cells were lysed and N protein, tubulin, RIG-I and RIG-IN
were detected by Western blotting. (B and D) Ratio of each N protein
band to its tubulin control was calculated by using ImagelJ. Panels B
and D show the results of experiments using pEF-Flag-RIG-I (A) and
pEF-Flag-RIG-IN (C), respectively. Each bar represents the mean (*+
the SD) of three independent replicates. *, Significant difference ver-
sus mock-transfected cells (P < 0.01).

but not that of CE(NiN) strain, was decreased significantly
(Fig. 9A and B). On the other hand, the expression levels of N
protein of both strains were decreased by RIG-IN in a dose-
dependent fashion (Fig. 9C and D). Taken together, these
results indicate that Ni N, but not Ni-CE N, functions to evade
activation of RIG-I and, subsequently, the induced antiviral
responses.

DISCUSSION

A DNA microarray is a strong tool for comprehensive anal-
ysis of cellular gene expression and has been widely used in
many research fields, including molecular biology and medi-
cine. It has also been used to examine the effects of rabies virus
infection on host gene expression (32, 41). For example, Wang
et al. (41) reported that expression levels of innate immunity-
related genes, including IFN-B, CXCL10, and CCLS5, in the
mouse brain infected with a street rabies virus (a field isolate
from a silver-haired bat) are lower than the levels in the mouse
brain infected with a less-virulent fixed rabies virus. This
strongly suggests that evasion of innate immunity is important
for high pathogenicity of rabies virus. However, the viral gene
that is related to this phenomenon has not been identified yet,
mainly due to the great genetic difference between street and
fixed rabies viruses. In the present study, we comprehensively
compared effects of infection with avirulent Ni-CE and virulent
CE(NiN) strains on host gene expressions using a DNA mi-
croarray. Since these two strains are genetically identical ex-
cept for the N gene, we thought that the differences between
gene expressions in Ni-CE- and CE(NiN)-infected cells would
give us an insight into N gene function, which is related to the
different pathogenicities of the strains. We found that Ni-CE
infection induces several innate immunity-related and inflam-
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matory genes (e.g., IFN-B, CCL5, CXCLI10, and CXCLII)
more efficiently than does CE(NiN) infection. This finding
clearly indicated that the N gene of rabies virus (virulent Ni
strain) functions to evade host innate immunity and inflamma-
tion.

We previously reported that Ni and CE(NiN) strains, but
not Ni-CE strain, kill adult mice after i.c. inoculation (35). We
found that Ni and CE(NiN) strains grow more efficiently in the
mouse brain than does Ni-CE strain: titers of Ni and CE(NiN)
strains reached 10® and 10* FFU/g, respectively, whereas the
titer of Ni-CE strain was less than 10* FFU/g at 3 days after i.c.
inoculation with 100 FFU of each virus (K. Shimizu, unpub-
lished data). This strongly suggests that host innate immunity is
involved in the different growth rates of the strains in the
mouse brain at the early stage of infection. Therefore, we
considered that evasion of antiviral response by Ni N protein
determines the viral pathogenicity in adult mice.

Some studies have shown that N protein of measles virus,
which belongs to the family Paramyxoviridae, participates in
systemic immunosuppression: measles virus N protein binds to
the Fc receptor on B cells and dendritic cells and consequently
induces immunosuppression by inhibiting antibody production
(34) and impairing dendritic cell function (25), respectively.
These studies indicated that the measles virus N protein plays
an important role in evasion of host acquired immunity. Fur-
thermore, it has been suggested that nucleoprotein of Ebola
virus plays a role in the evasion of the IFN-induced antiviral
response (10). On the other hand, to our knowledge, the
present study is the first study showing that the Mononegavi-
rales N protein functions to evade induction of host IFN and
chemokines.

In the present study, we showed that Ni N protein, but not
Ni-CE N protein, functions to evade activation of the IRF-3
pathway in the presence of other viral components (Fig. 6). We
previously reported that there are only three amino acid
changes between the two N proteins (Phe to Leu at position
273 [indicated as a mutation from Ni strain to Ni-CE strain],
Tyr to His at position 394, and Phe to Leu at position 395) (35).
These mutations may change the structure of N protein and
possibly affect its interaction with other viral components. It is
known that N protein physically interacts with P protein and
viral genomic RNA (3). Notably, a previous study indicated
that rabies virus P protein functions to block the IRF-3 path-
way (6). Therefore, we hypothesized that Ni N protein in-
creases inhibitory activity of P protein on the IRF-3 pathway or
the expression level. However, our data indicated that Ni N
protein did not affect this activity and the expression level of P
protein of each virus (Fig. 7).

Our data indicated that N protein of Ni strain functions to
evade activation of RIG-I (Fig. 8 and 9). Some studies have
suggested that single-stranded RNA with a 5'-triphosphate
end, such as virus genomic RNA of rabies virus, activates
RIG-I (16, 31). It has also been reported that nonencapsidated
genomic RNA of rabies virus is recognized by RIG-I and then
induces the production of type I IFN (16). Recently, Albertini
et al. (4) determined the crystal structure of rabies virus N
protein and showed that the N protein is composed of two
domains, an N-terminal domain (NTD; amino acid residues 32
to 233) and a C-terminal domain (CTD; residues 236 to 356
and 396 to 450). It was also shown that the NTD and CTD
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clamp down onto the RNA strand (viral genomic RNA
homolog) and enclose it completely. Based on these findings,
these authors pointed out the possibility that the closed form of
the N-RNA complex protects the viral genome from recogni-
tion by cellular RIG-I or Toll-like receptors, which are known
to be viral RNA sensors and to play important roles in host
innate immunity (3, 4). Therefore, we hypothesized that the
three amino acid changes between Ni and Ni-CE N proteins,
which are all located in the CTD, would affect the N-RNA
interaction and, consequently, the structure of the RNP com-
plex. It would be interesting to determine whether or not the
genomic RNA encapsidated by the Ni-CE N protein is recog-
nized more efficiently by RIG-I than the RNA with Ni N
protein.

Encapsidation of genomic RNA by N protein of rabies virus
plays vital roles in regulation of viral RNA replication (3).
Therefore, it is also possible that Ni N protein, but not Ni-CE
N protein, limits the replication efficiency of the viral genomic
RNA and consequently suppresses the activation of RIG-I.
However, our data indicated that the amounts of viral genomic
and antigenomic RNAs in Ni-CE-infected SYM-I cells at 6, 12,
and 24 hpi were comparable to those in CE(NiN)-infected cells
(Fig. 1B). Therefore, we concluded that there is no clear dif-
ference between genome replications of Ni-CE strain and
CE(NiN) strain. On the other hand, it has recently been shown
that RIG-I is activated by short double-stranded RNA (19) and
short-hairpin RNA (22). Thus, the exact structure of RNA
activating RIG-I remains controversial. We are just starting to
search for an actual ligand of RIG-I produced in Ni-CE-in-
fected cells.

Although both Ni and CE(NiN) strains cause lethal infec-
tion in adult mice after i.c. inoculation, the Ni strain is much
more virulent than the CE(NiN) strain: only 10 FFU of Ni
strain is sufficient to kill 100% of adult mice by i.c. inoculation,
whereas 1,000 FFU of CE(NiN) strain is required to do so
(35). In the present study, we showed that expression levels of
many host genes, including IFN-B and chemokine genes, in
Ni-infected cells are much lower than those in CE(NiN)-in-
fected cells (Fig. 2 and 3). These low expression levels of genes
are attributed to low growth rate and the replication efficiency
of viral genomic and antigenomic RNAs of Ni strain (Fig. 1B).
In addition, we previously reported that not only the N gene
but also the P and M genes are related to the difference
between pathogenicities of Ni and Ni-CE strains (35). We also
showed that Ni P and M genes are involved in the low sensi-
tivity to type I IFN (36) and low cytopathogenicity (28), re-
spectively. Therefore, P and M genes, together with the N
gene, might be important for suppression of the expression of
host defense-related genes.

The present study has revealed a novel function of rabies
virus N protein by showing that the protein functions to evade
activation of RIG-I and inhibit activation of the IRF-3 path-
way. To our knowledge, this is the first report that the Monon-
egavirales N protein functions to evade induction of host IFN
and chemokines. Further studies are needed to completely
elucidate the molecular mechanism. We believe that our find-
ings provide basic information for understanding the pathoge-
nicity of rabies virus and also for identifying new targets for
antiviral therapies.
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