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Mammalian reoviruses contain a genome of 10 segments of double-stranded RNA (dsRNA). Reovirus
replication and assembly occur within distinct structures called viral inclusions, which form in the cytoplasm
of infected cells. Viral nonstructural proteins �NS and �NS and core protein �2 play key roles in forming viral
inclusions and recruiting other viral proteins and RNA to these structures for replication and assembly.
However, the precise functions of these proteins in viral replication are poorly defined. Therefore, to better
understand the functions of reovirus proteins associated with formation of viral inclusions, we used plasmid-
based vectors to establish 293T cell lines stably expressing small interfering RNAs (siRNAs) specific for
transcripts encoding the �2, �NS, and �NS proteins of strain type 3 Dearing (T3D). Infectivity assays revealed
that yields of T3D, but not those of strain type 1 Lang, were significantly decreased in 293T cells stably
expressing �2, �NS, or �NS siRNA. Stable expression of siRNAs specific for any one of these proteins
substantially diminished viral dsRNA, protein synthesis, and inclusion formation, indicating that each is a
critical component of the viral replication machinery. Using cell lines stably expressing �NS siRNA, we
developed a complementation system to rescue viral replication by transient transfection with recombinant
T3D �NS in which silent mutations were introduced into the sequence targeted by the �NS siRNA. Further-
more, we demonstrated that �NSC, which lacks the first 40 amino residues of �NS, is incapable of restoring
reovirus growth in the complementation system. These results reveal interdependent functions for viral
inclusion proteins and indicate that cell lines stably expressing reovirus siRNAs are useful tools for the study
of viral protein structure-function relationships.

Viral replication and assembly often take place in intracel-
lular compartments called viral inclusions, where viral compo-
nents concentrate. For several viruses, formation of viral in-
clusions occurs at distinct cytoplasmic sites, such as the
perinuclear area, and involves complex interactions between
viral and cellular factors. Studies of the composition and or-
ganization of viral inclusions have provided insight into essen-
tial steps in viral replication.

Mammalian orthoreoviruses (reoviruses) are members of
the family Reoviridae and contain a genome of 10 segments of
double-stranded RNA (dsRNA) (43). The genome is encapsi-
dated by two protein shells, termed outer capsid and core.
Following internalization by receptor-mediated endocytosis (3,
6, 51, 59), the core is released into the cytoplasm and begins to
synthesize capped, single-stranded RNA (ssRNA) copies of
the 10 dsRNA genome segments (6, 19, 23, 56). These mRNAs
are competent for translation and serve as templates for minus
strand synthesis, resulting in formation of nascent genomic
dsRNA (33, 52, 55). Synthesis of the complementary strand
appears to be concomitant with assortment of the 10-ge-
nome segments into progeny particles (1). Reovirus assem-
bly is completed by the addition of outer-capsid proteins,
resulting in the formation of mature, double-shelled virions (40).

Reovirus replication and assembly are thought to occur
within viral inclusions that form in the cytoplasm of infected
cells (21). Viral inclusions contain dsRNA (57), viral proteins

(21), and both complete and incomplete particles (21). These
structures are devoid of ribosomes (54) and cellular mem-
branes (27, 46), suggesting that they offer an environment
uniquely suited to efficient viral replication and assembly.
However, it is not known how viral inclusions are organized
with respect to structure or function. Core protein �2 and viral
nonstructural proteins �NS and �NS play important roles in
forming viral inclusions and recruiting other viral proteins and
RNA to inclusion structures for replication and assembly (4, 5,
7, 9, 36, 39, 45, 65).

The reovirus �2 protein is encoded by the M1 genome
segment and forms a structurally minor component of the viral
core (14, 37, 41). The M1 genome segment is associated with
viral-strain-specific differences in the in vitro transcriptase and
nucleoside triphosphatase (NTPase) activities of viral particles
(44, 64). M1 is also the genetic determinant of strain-specific
differences in the morphology—globular or filamentous—of
viral inclusions (36, 45). The �2 proteins of some reovirus
strains interact with and stabilize microtubules, which are
properties responsible for the filamentous inclusion morphol-
ogy exhibited by prototype strains type 1 Lang (T1L) and type
2 Jones (45, 65). Differences in inclusion morphology are cor-
related with a single-amino-acid polymorphism in �2 at posi-
tion 208 (45).

The reovirus �NS protein is encoded by the M3 genome
segment (37, 41) and associates with viral mRNAs (1) and viral
cores (8) but does not inhibit viral transcription or capping
activities (8). Transiently expressed �NS forms inclusion-like
structures, which are similar in appearance and localization to
the globular inclusions observed in cells infected with proto-
type strain type 3 Dearing (T3D) (9). In addition, �NS asso-

* Corresponding author. Mailing address: Lamb Center for Pediat-
ric Research, D7235 MCN, Vanderbilt University School of Medicine,
Nashville, TN 37232. Phone: (615) 343-9943. Fax: (615) 343-9723.
E-mail: terry.dermody@vanderbilt.edu.

9053



ciates with �2 and recruits viral core proteins �1, �2, and �2
into viral inclusion-like structures when these proteins are co-
expressed in transiently transfected cells (7, 9). These findings
suggest that �2 and �NS together are essential for the forma-
tion and morphology of viral inclusions. �NSC, also produced
naturally during reovirus infection (32), lacks the 40 amino-
terminal residues of �NS and has been proposed to be a
product of translation initiation from an alternative site in M3
mRNA (63). The 40 amino-terminal residues of �NS contain
interacting domains for viral proteins �2 and �NS (9, 39).
However, the role of �NSC in reovirus replication has not
been elucidated.

The reovirus �NS protein, encoded by the S3 genome seg-
ment, also plays a role in viral inclusion formation. Tempera-
ture-sensitive (ts) reovirus mutant tsE320, which contains a
mutation in the S3 genome segment responsible for the ts
phenotype, does not form inclusions when grown at nonper-
missive temperature (4). The �NS protein binds ssRNA, in-
cluding reovirus mRNAs, and forms higher-order structures
(24–26, 30, 47). Large complexes containing �NS prepared
from infected cells are dissociated by treatment with RNase A
(24, 30), suggesting that RNA stabilizes these structures. Fur-
thermore, �NS colocalizes with �NS in viral inclusions in reo-
virus-infected cells (5, 39). Although the function of �NS in
viral replication has not been determined, it is possible that
�NS is involved in recruitment of viral RNAs into or retention
of viral RNAs within inclusions.

RNA interference (RNAi) is a sequence-specific gene-si-
lencing mechanism that employs dsRNA to produce short in-
terfering RNAs (siRNAs) approximately 21 nucleotides (nt) in
length (12, 18). siRNAs assemble into endoribonuclease-con-
taining complexes known as RNA-induced silencing complexes
and subsequently guide these complexes to degrade mRNAs
containing complementary sequences (29, 53). Since its discov-
ery, RNAi has been developed into a widely used gene-silenc-
ing technique for studies of gene function. Indeed, numerous
studies in which 21-nt synthetic siRNAs (12, 18) or siRNAs
transcribed from an RNA polymerase III promoter, such as U6
(60, 66) or H1 (10, 38), were used to specifically suppress the
expression of endogenous genes in mammalian cells without
activating nonspecific responses to dsRNA have been re-
ported. Similarly, siRNAs have been used to interfere with the
replication of a number of viruses, including rotaviruses (2, 11,
17, 28, 34, 35, 58), which are closely related to reoviruses. Thus,
the technology of siRNA-mediated gene silencing has the ca-
pability to provide information necessary to understand mech-
anisms of viral replication and functions of individual viral
genes.

To understand the function of reovirus proteins associated
with the formation of viral inclusions, we established cell lines
stably expressing siRNAs specific for transcripts encoding the
�2, �NS, and �NS proteins of T3D by using plasmid-based
vectors. Our results reveal that the effects of siRNAs on reo-
virus infection are strain specific and that �2, �NS, and �NS
proteins are each involved in inclusion formation and matura-
tion as indispensable components of viral replication. Further-
more, we have established a complementation system to study
reovirus replication by using a cell line stably expressing reo-
virus M3 siRNA. This system was used to demonstrate that
�NS but not �NSC is required for reovirus replication.

MATERIALS AND METHODS

Cells and viruses. Murine L929 (L) cells were grown in Joklik’s modified
Eagle’s minimal essential medium (Irvine Scientific, Santa Ana, Calif.) supple-
mented to contain 5% fetal calf serum (Gibco-BRL, Gaithersburg, Md.), 2 mM
L-glutamine, 100 U of penicillin G per ml, 100 �g of streptomycin per ml, and 250
ng of amphotericin B per ml (Gibco-BRL). Human embryonic kidney 293T cells
were maintained in Dulbecco’s modified Eagle’s medium (Gibco-BRL) supple-
mented to contain 10% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin
G per ml, 100 �g of streptomycin per ml, and 250 ng of amphotericin B per ml.
To establish cell lines stably expressing reovirus siRNAs, 293T cells transfected
with siRNA expression vectors to suppress reovirus M1, M3, or S3 gene expres-
sion were selected using 5 �g per ml of puromycin (CALBIOCHEM, San Diego,
Calif.).

Reovirus prototype strains T1L and T3D and reassortant viruses G16, EB85,
and EB113 derived from crosses of T1L and T3D (42) are laboratory stocks.
Purified virion preparations of reovirus were made using second-passage L-cell
lysate stocks of twice-plaque-purified reovirus as previously described (22). Virus
titers were determined by plaque assay using L-cell monolayers as previously
described (61).

Plasmid construction. To generate plasmid-based vectors expressing reovirus
M1, M3, or S3 siRNAs, the pSUPER RNAi system (OligoEngine, Seattle,
Wash.) was used in concert with a pair of custom oligonucleotides that contain
a unique 19-nt sequence derived from the T3D M1, M3, or S3 transcripts
targeted for suppression (Table 1). Oligonucleotides containing unique se-
quences in the sense and antisense orientations were annealed and cloned into
the pSUPER.puro vector between the BglII and HindIII restriction sites 3� of the
polymerase III H1-RNA promoter. Mammalian expression vectors pCMVM3wt
and pCMVS3wt, containing the open reading frames of the T3D �NS and �NS
proteins, respectively, were described previously (5). To generate a mammalian
expression vector encoding the T3D �2 protein (pcFM1T3) fused to a FLAG
epitope tag at the amino terminus, an M1 cDNA fragment was amplified by
reverse transcription and PCR using viral dsRNA extracted from purified reo-
virus virions as a template. Amplified cDNA fragments were cloned into the
XhoI-KpnI site of the pcFLAG vector, which was constructed by insertion of
the FLAG tag sequence into the multicloning site of the pcDNA3 vector (Invi-
trogen, San Diego, Calif). To construct the mammalian expression vector
pCMVM31861m, in which three silent mutations were introduced into the M3
1861 siRNA sequence, a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, Calif.) was used with the primer set 5�-CGTATTTCTAAGGAAGCA
GCaGCgAAgTGTCAAACTGTTATTGATGAC-3� and 5�-GTCATCAATAA
CAGTTTGACAcTTcGCtGCTGCTTCCTTAGAAATACG-3� (lowercase let-
ters indicate altered nucleotides in the T3D M3 gene at positions 1866, 1869, and
1871) and pCMVM3wt as a template. Fragments of M3 cDNA containing site-
directed substitutions were PCR amplified using the primer set 5�-TAAGGTA
CCATGGCTTCATTCAAGGGATTC-3� and 5�-TAACTCGAGTTACAACTC
ATCAGTTGGAAC-3� and pCMVM31861m as a template. Amplicons were
cloned into the KpnI-XhoI site of pcDNA3 to generate pcM31861m. The �NSC
cDNA was amplified with the specific primer set 5�-TAAGGTACCATGTCTC
AATCGCGTGAATTCC-3� and 5�-TAACTCGAGTTACAACTCATCAGTTG
GAAC-3� and pcM31861m as a template. Amplified fragments were cloned into
the KpnI-XhoI site of pcDNA3 to generate pcM3dN138. pcM31ATGm and
pcM32ATGm, containing site-direct substitutions of ATG to GCG in initiation
codons corresponding to �NS (nucleotide positions 19 to 21 of M3 RNA) and
�NSC (nucleotide positions 139 to 141 of M3 RNA), respectively, were gener-
ated using a QuikChange site-directed mutagenesis kit with the primer sets
5�-GAGACCCAAGCTTGGTACCgcGGCTTCATTCAAGG-3� and 5�-CCTT
GAATGAAGCCgcGGTACCAAGCTTGGGTCTC-3� (pcM31ATGm) and 5�-C
TCCGTCTGTGGATgcGTCTCAATCGCGTGAATTC-3� and 5�-GAATTC
ACGCGATTGAGACgcATCCACAGACGGAG-3� (pcM32ATGm) (lowercase
letters indicate altered nucleotides in the T3D M3 gene) and pcM31861m as a
template.

Protein expression in mammalian cells. 293T cells were transfected using
Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufac-
turer’s instructions. Transfected cells were subjected to immunofluorescence
assay or immunoblot analysis.

Antibodies. To generate polyclonal antiserum against �NS, the T3D M3 gene
was cloned 3� of sequences encoding glutathione S-transferase (GST) in the
pGEX-4T-3 vector (Amersham Biosciences, Piscataway, NJ). The GST-�NS
fusion protein expressed in BL21-DE3 cells (Novagen, Madison, WI) was puri-
fied from the soluble fraction according to the manufacturer’s instructions by
using GSTrap affinity chromatography (Amersham Biosciences). The GST tag
was removed by treating eluted protein with 20 units of thrombin (Amersham
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Biosciences) at 25°C for 2 h. Rabbits were immunized and boosted with precip-
itated �NS protein to generate �NS-specific serum (Cocalico Biologicals Inc.,
Reamstown, PA). �3-specific monoclonal antibody (MAb) 4F2 (62) and antisera
specific for �NS (5) and �2 (67) have previously been described.

Immunofluorescence staining. Cells were infected with reovirus at a multiplic-
ity of infection (MOI) of 10 PFU per cell and seeded onto collagen-coated glass
coverslips (Fisher Scientific, Pittsburgh, PA). After incubation for 20 h, cells were
fixed with 1:1 methanol-acetone, washed with phosphate-buffered saline (PBS),
and incubated with antisera specific for �NS, �NS, or �2. After two washes with
PBS, cells were incubated with Alexa Fluor 488 goat anti-rabbit immunoglobulin
G (IgG) or Alexa Fluor 546 goat anti-guinea pig IgG (Molecular Probes, Inc.,
Eugene, Oreg.) at a dilution of 1:1,000. Cells also were incubated with TO-PRO3
(Molecular Probes, Inc.) to label nuclei and then washed twice with PBS. In-
fected cells were visualized using a Zeiss inverted LSM510 confocal microscope
(Carl Zeiss, New York, N.Y.).

Immunoblotting. Cells infected with reovirus were lysed in buffer consisting of
50 mM Tris-HCl (pH 7.6), 1% deoxycholic acid, 1% IGEPAL CA-630 (MP
Biomedicals, LLC, Aurora, Ohio), 0.1% sodium dodecyl sulfate (SDS), and 150
mM NaCl. After centrifugation, proteins in the soluble fraction were size frac-
tionated by SDS-polyacrylamide gel electrophoresis (PAGE) and electroblotted
onto nitrocellulose membranes. Viral proteins were detected using enhanced
chemiluminescence (Amersham Biosciences) following incubation with �3-spe-
cific MAb 4F2 or antisera specific for �NS, �NS, �2, or T1L virions and appro-
priate secondary antibodies.

Electrophoretic analysis of cytoplasmic viral dsRNA. Cells were infected with
reovirus at an MOI of 10 PFU per cell, harvested at 18 h postinfection, and lysed
in buffer consisting of 100 mM Tris-HCl (pH 7.4), 0.5% IGEPAL CA-630, 1.5
mM MgCl2, and 140 mM NaCl. After removal of nuclei by low-speed centrifu-
gation, RNAs were collected by ethanol precipitation. RNA precipitates were
analyzed by 10% SDS-PAGE, followed by ethidium bromide staining.

Reovirus mRNA transcription and translation. Linearized pcM31861m,
pcM31ATGm, pcM32ATGm, and pcM3dN138 were prepared by digestion with XhoI.
For generation of capped reovirus mRNA, linearized plasmids were transcribed
in vitro using a MEGAscript high-yield transcription T7 kit and cap analog
(Ambion Inc., Austin, Texas). Reovirus mRNAs were translated in vitro using
rabbit reticulocyte lysates (Flexi Rabbit; Promega, Madison, Wis.) and Easy Tag

Express [35S]methionine protein-labeling mix (PerkinElmer, Boston, Mass.). La-
beled translation products were subjected to 10% SDS-PAGE, followed by
autoradiography.

Complementation of reovirus replication in cells expressing reovirus siRNA.
293T cells (4 � 104) stably expressing M3 siRNA were seeded into 12-well plates
(Costar, Cambridge, Mass.) approximately 24 h prior to transfection. Cells were
transfected with recombinant plasmid DNA expressing either wild-type �NS or
�NS mutants. After 4 h of incubation, transfected cells were infected with T3D
at an MOI of 10 PFU per cell. Viral cultures were harvested following 24 h of
incubation, and viral titers in cell lysates were determined by plaque assay.

RESULTS

Viral protein expression in 293T cells transiently trans-
fected with �2, �NS, or �NS siRNA expression vectors. To
better understand the function of reovirus core protein �2 and
nonstructural proteins �NS and �NS in viral replication, we
selectively reduced the level of each protein by using RNAi
(29, 53). We first designed several 19-nt siRNA sequences
corresponding to different regions of the T3D M1 (�2), M3
(�NS), and S3 (�NS) genes (Table 1) and cloned them into the
siRNA-expressing vector pSUPER.puro under the control of
the H1-RNA promoter. These constructs were cotransfected
with T3D �2 (pcFM1T3), �NS (pCMVM3wt), or �NS
(pCMVS3wt) expression vectors into 293T cells. Viral protein
expression in transfected cells was assayed by immunoblotting
using anti-�2, -�NS, or -�NS antibodies at 24 h posttransfec-
tion (Fig. 1A to C). In comparison to cells expressing green
fluorescence protein (GFP) siRNA (Table 1), cells expressing
M1, M3, and S3 siRNAs exhibited diminished synthesis of �2,
�NS, and �NS, respectively (Fig. 1A to C). The effects of

TABLE 1. Oligonucleotides for siRNA expression

siRNAa Sequenceb

M1 895 .......................................................................5�-gatccccGGTGGATGTTGTAGACATGttcaagagaCATGTCTACAACATCCACCttttta-3�
3�-gggCCACCTACAACATCTGTACaagttctctGTACAGATGTTGTAGGTGGaaaaattcga-5�

M1 969 .......................................................................5�-gatccccCTATGCATACCGTTCCTGTttcaagagaACAGGAACGGTATGCATAGttttta-3�
3�-gggGATACGTATGGCAAGGACAaagttctctTGTCCTTGCCATACGTATCaaaaattcga-5�

M3 399 .......................................................................5�-gatccccGTTTGCCATAAAGCCAGGTttcaagagaACCTGGCTTTATGGCAAACttttta-3�
3�-gggCAAACGGTATTTCGGTCCAaagttctctTGGACCGAAATACCGTTTGaaaaattcga-5�

M3 642 .......................................................................5�-gatccccAGGGATAATGAAGGCTGCTttcaagagaAGCAGCCTTCATTATCCCTttttta-3�
3�-gggTCCCTATTACTTCCGACGAaagttctctTCGTCGGAAGTAATAGGGAaaaaattcga-5�

M3 860 .......................................................................5�-gatccccAGCAGTCGGGATTGATACTttcaagagaAGTATCAATCCCGACTGCTttttta-3�
3�-gggTCGTCAGCCCTAACTATGAaagttctctTCATAGTTAGGGCTGACGAaaaaattcga-5�

M3 1686 .....................................................................5�-gatccccGTCAGCTCAATCATGTAGCttcaagagaGCTACATGATTGAGCTGACttttta-3�
3�-gggCAGTCGAGTTAGTACATCGaagttctctCGATGTACTAACTCGACTGaaaaattcga-5�

M3 1756 .....................................................................5�-gatccccGATGAATTGCTTGACGCTGttcaagagaCAGCGTCAAGCAATTCATCttttta-3�
3�-gggCTACTTAACGAACTGCGACaagttctctGTCGCAGTTCGTTAAGTAGaaaaattcga-5�

M3 1861 .....................................................................5�-gatccccGCAGCTGCCAAATGTCAAAttcaagagaTTTGACATTTGGCAGCTGCttttta-3�
3�-gggCGTCGACGGTTTACAGTTTaagttctctAAACTGTAAACCGTCGACGaaaaattcga-5�

M3 2045 .....................................................................5�-gatccccATGTGGAATTGGACGCGTTttcaagagaAACGCGTCCAATTCCACATttttta-3�
3�-gggTACACCTTAACCTGCGCAAaagttctctTTGCGCAGGTTAAGGTGTAaaaaattcga-5�

S3 333.........................................................................5�-gatccccTCATCAAGCATCCACCATGttcaagagaCATGGTGGATGCTTGATGAttttta-3�
3�-gggAGTAGTTCGTAGGTGGTACaagttctctGTACCACCTACGAACTACTaaaaattcga-5�

S3 501.........................................................................5�-gatccccGCGTGTTCCGATTATGCACttcaagagaGTGCATAATCGGAACACGCttttta-3�
3�-gggCGCACAAGGCTAATACGTGaagttctctCACGTATTAGCCTTGTGCGaaaaattcga-5�

S3 630.........................................................................5�-gatccccCGACGGACTCAAAGGATTAttcaagagaTAATCCTTTGAGTCCGTCGttttta-3�
3�-gggGCTGCCTGAGTTTCCTAATaagttctctATTAGGAAACTCAGGCAGCaaaaattcga-5�

S3 766.........................................................................5�-gatccccGCCATCTGTGTGCTTAAGAttcaagagaTCTTAAGCACACAGATGGCttttta-3�
3�-gggCGGTAGACACACGAATTCTaagttctctAGAATTCGTGTGTCTACCGaaaaattcga-5�

GFP ............................................................................5�-gatccccGAACGGCATCAAGGTGAACttcaagagaGTTCACCTTGATGCCGTTCttttta-3�
3�-gggCTTGCCGTAGTTCCACTTGaagttctctCAAGTGGAACTACGGCAAGaaaaattcga-5�

a Numbers indicate the first nucleotide of the target T3D reovirus mRNA nucleotide sequence.
b Uppercase letters indicate the 19-nt sense and antisense sequences corresponding to reovirus mRNA.
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specific siRNAs were variable, with some sequences exhibiting
substantially more inhibition than others. Viral protein expres-
sion was not affected by mock transfection or transfection of
cells with the empty pSUPER.puro vector (data not shown).
These results demonstrate that siRNAs targeted to different
regions of the T3D M1, M3, and S3 genes possess various
capacities for suppression of reovirus protein synthesis and
that M1 895, M3 1861, and S3 630 siRNAs, in particular, were
highly effective at inhibiting the protein expression of the T3D
�2, �NS, and �NS proteins, respectively.

Kinetics of reovirus growth in cells stably expressing reovi-
rus-specific siRNAs. To test whether virus production is inhib-
ited in cells expressing reovirus-specific siRNAs, we estab-
lished 293T cells stably expressing siRNAs that inhibit M1, M3,
or S3 gene expression. siRNA-expressing pSUPER.puro vec-
tors encoding reovirus-specific siRNAs M1 895, M3 1861, and
S3 630 were transfected into 293T cells. Transfected cells were
selected using puromycin to establish stable lines. To test the
effect of reovirus siRNAs on viral growth, these cells were
infected with either T1L or T3D at an MOI of 2 PFU per cell.
Virus production was assessed by plaque assay at 0, 12, 24, 36,
and 48 h postinfection (Fig. 2). Growth of T1L was not dimin-

ished at any time point by siRNAs directed to the T3D M1,
M3, or S3 transcripts (Fig. 2A). In contrast, growth of T3D was
reduced 2,160-, 1,482-, or 97-fold in cells expressing M1 895,
M3 1861, or S3 630 siRNAs, respectively, in comparison to
growth in untransfected 293T cells (Fig. 2B). Titers of both
T1L and T3D continued to rise through 48 h postinfection,
consistent with the secondary and tertiary rounds of viral rep-
lication that would be expected for subtotal infection of cells at
the MOI used (2 PFU per cell). Complete lysis of cultures was
observed about 5 days after viral adsorption. To control for
nonspecific effects of siRNA on T3D replication, growth of
T3D in cells expressing GFP siRNA was not affected (Fig. 2B).
The T1L M1, M3, and S3 genes differ from the T3D homo-
logues at the siRNA target sites (Table 2). Thus, siRNAs
directed to reovirus replication proteins cause marked reduc-
tions in viral growth. Furthermore, the effect appears to be

FIG. 1. Viral protein expression in 293T cells transiently trans-
fected with reovirus siRNA expression vectors. siRNA expression vec-
tors encoding a 19-nt sequence from the genes encoding the T3D �2
(A), �NS (B), or �NS (C) proteins were cotransfected with mamma-
lian expression vector pcFM1T3 (�2), pCMVM3wt (�NS), or
pCMVS3wt (�NS) into 293T cells. Viral protein expression in trans-
fected cells was assessed by immunoblotting with anti-�2, -�NS, or
-�NS antibodies at 24 h posttransfection. GFP siRNA-expressing vec-
tors (GFP) were used as controls. Band intensities were quantitated
using Scion Image software and are expressed relative to the GFP
siRNA control at the bottom of each gel. The results shown are
representative of one experiment out of at least two performed. FIG. 2. Reovirus growth in cells stably expressing reovirus-specific

siRNAs. 293T cells stably expressing M1 895, M3 1861, or S3 630
siRNAs were infected with either T1L (A) or T3D (B) at an MOI of
2 PFU per cell. Untransfected 293T cells (293T) and cell lines stably
expressing GFP siRNA (GFP) were used as controls. Viral titers at the
time points shown were determined by plaque assay. The results shown
are representative of one experiment out of three performed.
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specific, since growth of T1L was not altered by the T3D-based
siRNAs.

Reovirus siRNAs are specific for T3D-derived targets. To
confirm specific inhibition of T3D M1, M3, and S3 siRNAs on
virus production, we investigated growth of selected T1L �
T3D reassortant viruses G16, EB85, and EB113 in cells stably
expressing reovirus siRNAs. G16 contains the T3D M1 and S2
genes, EB85 contains the T3D M3 and S2 genes, and EB113
contains the T3D M1 and S3 genes in an otherwise T1L back-
ground (42). Growth of G16 was inhibited up to 3,086-fold in
cells expressing M1 895 siRNA (Fig. 3A), growth of EB85 was
inhibited 2,058-fold in cells expressing M3 1861 siRNA (Fig.
3B), and growth of EB113 was inhibited 16-fold in cells ex-
pressing S3 630 siRNA (Fig. 3C), each in comparison to growth
in untransfected 293T cells. In contrast, titers of G16, EB85, or
EB113 in cells expressing GFP siRNA were not diminished at
any time point (Fig. 3A to C). These results indicate that the
effects of siRNAs on reovirus infection are strain and gene
specific, and inhibition of virus growth caused by reovirus
siRNAs does not result from nonspecific induction of antiviral
responses.

Viral protein expression in cells stably expressing reovirus-
specific siRNAs. To investigate viral protein expression in 293T
cells stably expressing reovirus-specific siRNAs, cells were in-
fected with either T1L or T3D at an MOI of 5 PFU per cell and
incubated for 20 h. Lysates prepared from infected cells were
analyzed by immunoblotting using polyclonal antisera specific
for the �2, �NS, and �NS proteins, MAb 4F2 specific for the
T3D �3 protein, and an antiserum raised against T1L virions to
detect T1L �3 protein. Stable expression of siRNAs specific for
T3D �2 (M1 895), �NS (M3 1861), or �NS (S3 630) proteins
substantially diminished viral protein expression in cells in-
fected with T3D, in contrast to that in untransfected 293T cells
or cells expressing GFP siRNA (Fig. 4). Expression of viral
proteins in cells infected with T1L was not affected by siRNAs
targeting replication proteins of T3D (Fig. 4). These results
indicate that the effect of reovirus siRNAs on viral protein
synthesis is strain specific and that �2, �NS, and �NS proteins
are each required for viral protein synthesis during reovirus
replication.

Viral dsRNA synthesis in cells stably expressing reovirus-
specific siRNAs. To define the importance of �2, �NS, and
�NS proteins in viral dsRNA synthesis, we assessed viral
dsRNA production in cells expressing reovirus siRNAs. Cells
were infected with either T1L or T3D at an MOI of 10 PFU
per cell, harvested at 18 h postinfection, and lysed. After re-
moval of nuclei by low-speed centrifugation, RNA precipitates
were analyzed by SDS-PAGE and ethidium bromide staining
(Fig. 5). Production of dsRNA by T1L in cells expressing

FIG. 3. Growth of reovirus reassortants following infection of cells
stably expressing reovirus-specific siRNAs. 293T cells stably expressing
M1 895, M3 1861, or S3 630 siRNAs were infected with reassortant
virus G16 (A), EB85 (B), or EB113 (C), respectively, at an MOI of 2
PFU per cell. Untransfected 293T cells (293T) and cell lines stably
expressing GFP siRNA (GFP) were used as controls. Virus titers at the
time points shown were determined by plaque assay. The results shown
are the means from two independent experiments. Error bars indicate
standard deviations.

TABLE 2. Comparison of siRNA sequences in T1L and T3D

siRNA Gene
(protein) siRNA sequencea

M1 895 M1 (�2) GGTGGATGTTGTAGACATG (895–913)
M3 1861 M3 (�NS) GCAGCTGCCAAATGTCAAA (1861–1879)
S3 630 S3 (�NS) CGACGGACTCAAAGGATTA (630–648)

a Numbers in parentheses correspond to reovirus mRNA nucleotide se-
quences. Nucleotides that differ between T1L and T3D are underlined. T3D
sequences are shown.
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T3D-specific M1, M3, or S3 siRNAs was not decreased in
comparison to that in untransfected 293T cells or a cell line
stably expressing GFP siRNA. In contrast, production of
dsRNA by T3D was significantly decreased in cell lines ex-
pressing T3D-specific M1, M3, or S3 siRNAs (Fig. 5). These
results indicate that �2, �NS, and �NS proteins are each
required for viral dsRNA synthesis.

Subcellular localization and expression of reovirus proteins
in cells expressing reovirus-specific siRNAs. The results de-
scribed thus far indicate that the �2, �NS, and �NS proteins
are required for viral protein and dsRNA synthesis. These
proteins are also components of viral inclusions in reovirus-
infected cells. Thus, we investigated the effect of siRNAs on
viral inclusion formation in cells infected with either T1L or
T3D. 293T cells infected with reovirus at an MOI of 10 PFU
per cell were seeded onto collagen-coated glass coverslips,
incubated for 20 h, and fixed and stained with primary anti-
bodies specific for reovirus proteins. In previous studies, it was
observed that T1L produces filamentous inclusions, whereas
T3D forms globular inclusions in several cell lines (45). The
M1 gene is the genetic determinant of this difference in inclu-
sion morphology (36, 45, 65). In our experiments, �NS and
�NS proteins were detected in globular inclusions in untrans-
fected and GFP siRNA-expressing 293T cells infected with
T3D. Both proteins were detected in filamentous inclusions in
cells infected with T1L (Fig. 6). In T3D-infected cells express-
ing M3 1861 siRNA, �NS protein was not detected, and �NS
protein was diffusely distributed in the cytoplasm. �NS was
detected in small globular inclusions in T3D-infected cells not
expressing �NS protein (S3 630 siRNA cells) (Fig. 6). Both
�NS and �NS proteins were evident in filamentous inclusions
in T1L-infected cells stably expressing M3 1861 or S3 630
siRNAs (Fig. 6).

Following infection of cells expressing M1 895 siRNA with
T3D, �NS and �NS were contained in small globular inclu-
sions (Fig. 6). The �2 protein was localized to cytoplasmic viral
inclusions and nuclei of untransfected 293T cells infected with

T3D (Fig. 7); �2 was not detected in cells expressing M1 895
siRNA following infection with T3D (Fig. 7). The �2, �NS,
and �NS proteins were detected in filamentous cytoplasmic
inclusions and nuclei of M1 895 siRNA-expressing cells in-
fected with T1L (Fig. 6 and 7). These results indicate that the
�NS protein plays an essential role in the formation of viral
inclusions and recruitment of other viral proteins, including
�NS, in reovirus-infected cells. Furthermore, the effects of
reducing levels of �2 and �NS proteins in infected cells reveal
that both proteins serve essential functions in the formation
and maturation of viral inclusions.

Complementation of reovirus replication defects in cells
stably expressing T3D M3 siRNA. To develop a complemen-
tation system for studies of reovirus replication, we first con-
structed a T3D �NS expression plasmid containing three silent
point mutations within the siRNA target sequence (pcM31861m).
Cells stably expressing M3 1861 siRNA were transfected with
pcM31861m followed by infection with T3D at an MOI of 10
PFU per cell at 4 h posttransfection. Viral titers were deter-
mined by plaque assay at 24 h postinfection. Yields of T3D
were decreased approximately 3,000-fold in siRNA-expressing
cells transfected with mock plasmid compared to an approxi-
mately 75-fold reduction in cells transfected with pcM31861m

plasmid (Fig. 8A). Thus, provision of �NS in trans rescues a
substantial level (�40-fold) of reovirus growth in cells express-
ing M3 siRNA.

To determine whether expression of �NSC, which lacks the
40 amino-terminal residues of �NS, can complement the viral
growth defect in cells expressing M3 siRNA, pcM3dN138, which
encodes �NSC but not �NS (Fig. 8B), and pcM31ATGm, which
encodes �NS with a mutated start codon (19ATG21 3

FIG. 4. Viral protein expression in cells stably expressing reovirus-
specific siRNAs. 293T cells stably expressing S3 630, M1 895, or M3
1861 siRNAs were infected with either T1L or T3D at an MOI of 5
PFU per cell and incubated for 20 h. Lysates prepared from infected
cells were analyzed by immunoblotting using polyclonal antisera spe-
cific for the �2, �NS, and �NS proteins. Polyclonal antiserum raised
against T1L virions and MAb 4F2 were used to detect the T1L and
T3D �3 proteins, respectively. An actin-specific antibody was used as
a loading control. The results shown are representative of one exper-
iment out of three performed.

FIG. 5. Viral dsRNA expression in cells stably expressing reovirus-
specific siRNAs. Untransfected 293T (293T) cells and cell lines stably
expressing S3 630, M1 895, M3 1861, or GFP siRNA (GFP) were
infected with either T1L or T3D at an MOI of 10 PFU per cell and
incubated for 18 h. The cytoplasmic fraction containing viral dsRNA
from infected cells was resolved by electrophoresis in 10% polyacryl-
amide gels and analyzed by ethidium bromide staining. Size classes of
viral dsRNA segments (large [L], medium [M], and small [S]) are in-
dicated. Viral dsRNA extracted from purified T1L and T3D virions
was used as a control. The results shown are representative of one
experiment out of two performed.
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19GCG21) such that only �NSC is expressed (Fig. 8B), were
introduced into M3 1861 cells prior to infection with T3D. In
these experiments, neither construct was capable of restoring
reovirus replication (Fig. 8A). In contrast, transfection of
pcM32ATGm, which expresses �NS but is incapable of express-
ing �NSC due to a mutated �NSC start codon (139ATG1413
139GCG141), mediated the rescue of viral replication in cells

stably expressing M3 siRNA. Complementation efficiency ob-
tained using pcM32ATGm was equivalent to that effected with
pcM31861m (Fig. 8A), which expresses both �NS and �NSC
(Fig. 8B). These results demonstrate that the 40 amino-termi-
nal residues of �NS are indispensable for its native function in
reovirus-infected cells and that �NSC is not required for reo-
virus replication.

FIG. 6. Detection of protein expression in cells stably expressing M1, M3, or S3 siRNAs by immunofluorescence microscopy. 293T cells and
cell lines stably expressing GFP, M1 895, M3 1861, or S3 630 siRNAs were infected with either T1L or T3D at an MOI of 10 PFU per cell and
incubated for 20 h. Infected cells were fixed and stained using anti-�NS (rabbit) or anti-�NS (guinea pig) antiserum, followed by Alexa Fluor 488
goat anti-rabbit IgG (green) or Alexa Fluor 546 goat anti-guinea pig IgG (red), respectively. Cells were stained with TO-PRO3 (blue) to label
nuclei.
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DISCUSSION

Reovirus mutant strains obtained by selection, screening, or
passage have served as powerful tools to facilitate an under-
standing of a broad range of viral processes (15). However,
there are some reovirus genes and proteins for which informa-
tive mutant viruses have not been isolated. Notably, a reovirus
mutant bearing a lesion in the M3 gene has not been described.
Although a reverse genetics system that allows incorporation
of nonviral sequences into infectious reovirus particles has
been established, current techniques are limited to modifica-
tions of the S2 gene (encoding core protein �2) (48–50). Res-
cue of engineered changes in native reovirus RNAs has not
been reported. Therefore, stable cell lines expressing reovirus-
specific siRNAs, such as those established in this study, offer an
opportunity to study functions of viral proteins for which mu-
tant strains are unavailable.

Reovirus replication and assembly are thought to occur
within cytoplasmic viral inclusions where viral and cellular pro-
teins (21, 54), viral RNAs (57), and immature and mature viral
particles (21) are concentrated. The �2, �NS, and �NS pro-
teins play key roles in forming viral inclusions (4, 5, 7, 9, 36, 39,
45, 65); however, little is known about their individual and
corporate functions in viral RNA replication and particle as-
sembly. In this study, we investigated the functions of �2, �NS,
and �NS proteins in viral replication by using RNAi, a process
by which dsRNA directs sequence-specific degradation of
mRNA. To overcome the barrier of low transfection efficiency
problematic to the use of chemically synthesized siRNAs, we
established cell lines stably expressing M1-, M3-, and S3-RNA-
specific siRNAs, which were highly effective in inhibiting the
expression of the T3D �2, �NS, and �NS proteins, respectively
(Fig. 1). Viral yields of T3D and selected T1L � T3D reassor-
tant viruses containing T3D genome segments with siRNA-
targeted sequences were significantly decreased in siRNA-ex-

FIG. 7. Detection of protein expression in cells stably expressing M1 siRNA by immunofluorescence microscopy. 293T cells and cell lines stably
expressing M1 895 siRNA were infected with either T1L or T3D at an MOI of 10 PFU per cell and incubated for 20 h. Infected cells were fixed
and stained using anti-�2 (rabbit) or anti-�NS (guinea pig) antiserum, followed by Alexa Fluor 488 goat anti-rabbit IgG (green) or Alexa Fluor
546 goat anti-guinea pig IgG (red). Cells were stained with TO-PRO3 (blue) to label nuclei.

FIG. 8. Complementation of reovirus replication in cells expressing
M3 siRNA. (A) 293T cells or cells stably expressing M3 1861 siRNA
were transfected with pcDNA3, pcM31861m, pcM31ATGm, pcM32ATGm,
or pcM3dN138 and infected with T3D at an MOI of 10 PFU per cell.
At 24 h postinfection, viral titers were determined by plaque assay.
The results are means from three independent experiments. Error
bars indicate standard deviations. (B) RNA transcripts of pcM31861m,
pcM31ATGm, pcM32ATGm, and pcM3dN138 were translated in rabbit retic-
ulocyte lysates containing [35S]methionine. Labeled products were re-
solved by 10% SDS-PAGE, followed by autoradiography.
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pressing cell lines (Fig. 2 and 3). In contrast, viral yields of T1L,
which differs from T3D in the siRNA-targeted sequences (Ta-
ble 2), were not altered by T3D-based siRNAs (Fig. 2). Thus,
inhibition of virus production by reovirus siRNAs is allele
specific and, therefore, unlikely to result from induction of
innate antiviral responses in cell lines constitutively producing
siRNAs.

Stable expression of siRNA specific for the �2 protein sub-
stantially diminished viral protein and dsRNA synthesis in cells
infected with T3D (Fig. 4 and 5), demonstrating a tight func-
tional association of �2 protein with the viral replication ma-
chinery. In a previous study, reovirus ts mutant tsH11.2, which
contains a defect mapped to the M1 genome segment, pro-
duced neither detectable viral proteins nor dsRNA late in
infection at the nonpermissive temperature (13). These find-
ings are consistent with our results for stable cell lines express-
ing M1 siRNA. The �2 protein is genetically associated with
viral-strain-specific differences in the in vitro transcriptase and
NTPase activities of viral particles (44, 64), and purified �2
possesses in vitro NTPase activity stimulated in the presence of
�3 (31). Thus, inhibition of reovirus replication by stable ex-
pression of M1 siRNA may reflect suppression of transcriptase
or NTPase activities of the viral core. It is also possible that the
effects of M1 siRNA are attributable to the inhibition of an-
other �2 function. For example, �2 determines strain-specific
differences in rate of viral inclusion formation in reovirus-
infected cells (36). In cells infected with T3D, �NS and �NS
are detected in very small inclusion-like structures in the ab-
sence of �2 (Fig. 7). These results suggest a critical function
for �2 in the maturation of viral inclusions but not in their
genesis.

Stable expression of S3 siRNA substantially diminished viral
dsRNA and protein synthesis in cells infected with T3D (Fig. 4
and 5). These results suggest that functional �NS is essential
for reovirus replication, consistent with a previous report that
reovirus mutant tsE320, in which the ts phenotype maps to the
S3 genome segment, produced reduced levels of viral proteins
and dsRNA (16, 20) and exhibited diminished inclusion for-
mation at the nonpermissive temperature (4). Expression of
�NS was not detectable by immunofluorescence in T3D-in-
fected cells stably expressing S3 siRNA (Fig. 6), although �NS
was detected in small inclusion-like structures (Fig. 6). These
findings suggest that �NS functions in the maturation of func-
tional viral inclusions but does not initiate inclusion formation
in the absence of other viral proteins. The �NS protein asso-
ciates with ssRNA in a non-sequence-specific manner and
forms higher-order complexes stabilized by RNAs (24–26, 30,
47). Thus, possible functions for �NS consistent with the re-
sults of this and other studies include recruitment of viral
ssRNA to inclusions; sequestration of viral RNA in inclusions
through a tripartite �NS-�NS-RNA complex; organization of
viral RNA for replication, assortment, and packaging; scaffold-
ing of viral inclusions; and regulation of viral translation. These
or other possible �NS functions may be mediated by interac-
tions between �NS and cellular proteins yet to be identified.

Stable expression of siRNAs specific for the �NS protein
diminished viral protein and dsRNA synthesis in cells infected
with T3D (Fig. 4 and 5). This is the first report that �NS plays
an essential role in reovirus replication in infected cells. In
previous studies, �NS protein was shown to bind core particles

(8) and, when expressed from plasmid vectors, formed struc-
tures with morphologies similar to those of viral inclusions in
infected cells and specifically recruited viral proteins �1, �2,
�2, �NS, and �2 into inclusion-like structures (5, 7, 39). In
T3D-infected cells stably expressing M3 siRNA, we found that
�NS protein was diffusely distributed in the cytoplasm and
�NS was not detectable (Fig. 6). In contrast, �NS and �NS
were colocalized in small viral inclusions in infected cells stably
expressing M1 siRNA (Fig. 7). Therefore, our results and
previous findings suggest that �NS plays a central role in viral
inclusion formation and recruits other viral proteins and viral
RNA into the inclusions where replication and particle assem-
bly occur.

We developed a complementation system for functional
studies of �NS in cells that stably express M3-specific siRNAs.
The complementing construct pcM31861m contains three nu-
cleotide substitutions in the siRNA-targeted T3D �NS-encod-
ing sequence, resulting in resistance to siRNA-mediated deg-
radation. The efficiency with which this construct restored viral
replication in infected cells was less than anticipated, even
when correcting for potentially low transfection frequencies. It
is possible that the low complementation efficiency is related to
the process of inclusion formation or maturation during reo-
virus infection. In our complementation system, exogenous
�NS was expressed in M3 siRNA-expressing cells prior to viral
infection and, therefore, viral inclusion-like structures were
likely nucleated by �NS prior to the expression of other inclu-
sion-associated proteins, such as �2 and �NS. Perhaps concur-
rent production of �NS and other replication proteins, such as
�2 and �NS, is required for maturation of fully functional
inclusions. In support of this idea, coexpression of �2 or �NS
with exogenous �NS enhances viral yields in cells expressing
M3 siRNA (T. Kobayashi and T. S. Dermody, unpublished
data).

Our complementation strategy afforded the opportunity to
define the importance of �NS isoform �NSC in viral replica-
tion. We found that transient expression of �NSC was incapa-
ble of restoring viral replication in reovirus-infected cells made
deficient in �NS expression by RNAi (Fig. 8). Conversely,
expression of �NSC was not requisite to the complementation
of viral replication by �NS (Fig. 8). �NSC lacks the 40-residue
amino-terminal segment of �NS, which contains interacting
domains for �2 and �NS (9, 39). Therefore, these results
indicate that the association of �NS with �2 or �NS (or both
proteins) is required for viral replication. Although �NSC did
not restore viral replication in the complementation system,
this protein may nevertheless exercise functions beneficial to
viral growth, consistent with preservation of the �NSC open
reading frame. Additionally, it is possible that �NSC contrib-
utes to viral growth or spread in vivo.

Our study demonstrates the remarkable utility of stable cell
lines expressing reovirus-specific siRNAs as tools to investigate
the replication machinery of reovirus in infected cells. Target-
ing of other reovirus genes should lead to additional insights
about the contribution of individual viral proteins to viral rep-
lication and assembly. The RNAi approach, combined with
individual viral replication-complementation assays, opens
new opportunities to understand biological activities of reovi-
rus replication proteins.
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