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A vital arm of the innate immune response to viral infection is the induction and subsequent antiviral effects
of interferon (IFN). Rotavirus reduces type I IFN induction in infected cells by the degradation of IFN
regulatory factors. Here, we show that the monkey rotavirus RRV and human rotavirus Wa also block gene
expression induced by type I and II IFNs through a mechanism allowing signal transducer and activator of
transcription 1 (STAT1) and STAT2 activation but preventing their nuclear accumulation. In infected cells,
this may allow rotavirus to block the antiviral actions of IFN produced early in infection or by activated
immune cells. As the intracellular expression of rotavirus nonstructural proteins NSP1, NSP3, and NSP4
individually did not inhibit IFN-stimulated gene expression, their involvement in this process is unlikely. RRV
and Wa rotaviruses also prevented the tumor necrosis factor alpha-stimulated nuclear accumulation of NF-�B
and NF-�B-driven gene expression. In addition, NF-�B was activated by rotavirus infection, confirming earlier
findings by others. As NF-�B is important for the induction of IFN and other cytokines during viral infection,
this suggests that rotavirus prevents cellular transcription as a means to evade host responses. To our
knowledge, this is the first report of the use of this strategy by a double-stranded RNA virus.

The induction of the interferon (IFN) system of innate
cellular defense is crucial for the control of viral infection.
Following infection, the host recognition of viral compo-
nents, including nucleic acids, results in the activation of
IFN response factors (IRF), leading to the expression of the
type I IFNs IFN-� and IFN-� (IFN-�/�). IFN-�, a type II
IFN, also can be produced by activated immune cells during
infection. Secreted IFN-�/� and IFN-� bind specific recep-
tors on surrounding uninfected cells, triggering a cascade of
signaling events involving Janus kinases (JAK) and signal
transducer and activator of transcription (STAT) molecules.
Once activated by phosphorylation, STAT molecules trans-
locate to the nucleus and induce the expression of many
IFN-stimulated genes (ISG) with antiviral properties to es-
tablish an antiviral state. The effectiveness of IFN in com-
bating viral infection is highlighted by the fact that a mul-
titude of viruses have evolved counterstrategies, such as
blocking IFN-�/� and ISG expression and abrogating the
antiviral actions of ISG (40).

The activation of NF-�B by viruses is important for innate
immune responses to infection. NF-�B activation occurs down-
stream of retinoic acid-inducible gene I-like helicases, Toll-like
receptors, and receptors for proinflammatory cytokines such as
tumor necrosis factor alpha (TNF-�), and it is required for the
optimal expression of IFN-� (6, 46, 47). In virus-infected cells,
the expression of other cytokines that are important for cellu-
lar immune responses, such as interleukin-8 (IL-8), also is
largely dependent on the activation of NF-�B (36). There are

five forms of NF-�B, namely, Rel (c-Rel), RelA (p65), RelB,
NF-�B1 (p105/p50), and NF-�B2 (p100/p52), which are acti-
vated and translocated to the nucleus following the phospho-
rylation and subsequent degradation of the inhibitor of �B
(I�B) (25). The phosphorylation and dimerization of NF-�B
subunits also is important for their activity. Due to the key role
of NF-�B in antiviral defenses, its action is the target of a
number of viruses, such as human papillomavirus and African
swine fever virus (39, 45).

Rotavirus, a member of the Reoviridae family, is the major
cause of severe infantile gastroenteritis. Although sensitive to
IFN, rotaviruses replicate well in cells that can produce IFN
(5). For several rotavirus strains, including the monkey rotavi-
ruses SA11 and RRV and bovine rotavirus B641, this is at least
partly due to the prevention of IFN production in infected cells
by rotavirus nonstructural protein 1 (NSP1) (2, 18, 26). This
protein targets IRF-3 and IRF-7, transcription factors that are
crucial for IFN-�/� gene expression, for proteasome-mediated
degradation (2, 3). However, IFN still could be produced in
certain cell types, such as myeloid dendritic cells (18), or early
in infection before IRF-3 is efficiently targeted for degradation.
Evidence also exists that NSP1 from certain rotavirus strains
such as OSU is inefficient in degrading IRF-3 (26). IFN-�
production might occur in uninfected but activated immune
cells. Supporting this, serum IFN levels are elevated in infected
children, whose IFN-� levels were negatively associated with
symptoms (29). Interestingly, IFN treatment just before or
after the infection of the human intestinal Caco-2 cell line has
little effect on rotavirus replication (5), so rotavirus also might
evade innate defenses by blocking IFN-mediated signaling.
Rotavirus has been shown to induce the expression of various
cellular genes in Caco-2 cells (15). In addition, rotavirus can
activate NF-�B-dependent gene expression and induce the
production of IL-8 and other cytokines in HT-29 cells and
mouse intestine (9, 10, 42, 44). To date, no solid evidence exists
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that rotavirus possesses strategies to reduce the induction of
cytokines other than type I IFN.

It is reported here that rotavirus efficiently blocks type I and
II IFN-induced gene expression by preventing the nuclear ac-
cumulation of activated STAT1 and STAT2. We show that the
nuclear accumulation of NF-�B and NF-�B-driven gene ex-
pression in response to TNF-�, and to rotavirus infection itself,
also are prevented. These novel findings suggest that rotavirus
employs multiple strategies to inhibit cytokine production and
signaling and also dampen immune responses. This is the first
report showing such an effect during infection by a double-
stranded RNA virus.

MATERIALS AND METHODS

Cell lines, viruses, and infection. Virus origin, propagation, titration, and
purification have been described previously (11, 12, 28, 30, 33). For this study,
purified RRV (monkey), partially purified Wa (human), and unpurified SA11
(monkey) and UK (bovine) rotavirus strains propagated in MA104 monkey
kidney cells were used. Due to the technical difficulty of fully purifying Wa
rotavirus to high titer, this virus was partially purified by omitting the glycerol
gradient ultracentrifugation and final pelleting steps from the previously pub-
lished protocol (28). The source and cultivation of MA104 and Caco-2 cell lines
has been described previously (28, 33). 293T cells were obtained from the ATCC
and maintained as described for MA104 cells (33). Cell passage numbers ranged
from 40 to 95 (MA104), 40 to 90 (Caco-2), and 20 to 60 (293T). For cell infection,
virus was activated at 37°C with porcine trypsin (10 �g/ml; Sigma, St. Louis,
MO), diluted in serum-free medium, and adsorbed to cells for 1 h. The inoculum
then was removed and replaced with serum-free medium for the remainder of
the infection period.

Reporter gene assays. For IFN-responsive reporter assays, MA104 and Caco-2
cells at 50 to 70% confluence in 24-well trays were cotransfected using Transit
LT-1 (Mirus Bio, Madison, WI), with either 0.5 �g of the IFN-�/�-responsive
luciferase reporter plasmid p(9-27)4th�(�39)Lucter (ISRE-Luc) or the IFN-�-
responsive luciferase reporter p(IRF-1*GAS)6tk�(�39)Lucter (GAS-Luc) (31),
along with 0.5 �g of the �-galactosidase expression vector pCMV-� (Clontech,
Palo Alto, CA). All cell transfections and treatments were performed at 37°C.
Following infection with RRV or Wa rotavirus for the indicated times, trans-
fected cells were treated for the indicated times with or without IFN-� (500
U/ml; Calbiochem, La Jolla, CA) or IFN-� (50 ng/ml; BD Pharmingen, San
Diego, CA). Luciferase expression was measured using the Luciferase assay
system (Promega, Madison, WI) in a Topcount NXT scintillation and lumines-
cence counter (Packard Bell, Wijchen, The Netherlands) and normalized for
�-galactosidase levels measured with the �-galactosidase enzyme assay (Pro-
mega).

For NF-�B-responsive reporter assays, cells were cotransfected with 0.4 �g of
pNF-�B-Luc (Clontech), consisting of the firefly luciferase gene under the con-
trol of a promoter containing multiple NF-�B binding sites, and 0.1 �g of
pRL-TK (Promega), comprising the Renilla luciferase gene under the control of
the herpes simplex virus thymidine kinase promoter. Following rotavirus infec-
tion for the indicated times, cells were either left untreated or treated with
TNF-� (20 ng/ml; eBioscience, San Diego, CA) for 4 h. Firefly and Renilla
luciferase levels were measured using the dual-luciferase reporter assay system
(Promega) in the Topcount NXT instrument. For each sample, the expression of
firefly luciferase was normalized for Renilla luciferase levels.

Real-time PCR. Following MA104 cell infection for 4 or 8 h and then IFN-�
treatment (500 U/ml) for an additional 4 h, total cellular RNA was extracted as
reported previously (28). cDNA was generated by reverse transcription using
random hexamers with Multiscribe reverse transcriptase (Applied Biosystems,
Foster City, CA). Real-time PCRs were carried out using ABI TaqMan PCR
master mix with gene expression assays for MxA (unique identifier
Hs00182073_ml), ISG56 (unique identifier Hs00356631_g1), and 18S rRNA
(unique identifier Hs99999901_s1). Data were collected and analyzed as previ-
ously described (28) or using an MX3000P real-time PCR system and MxPro
software (Stratagene, La Jolla, CA). Relative gene expression was calculated
using the comparative threshold cycle method, employing 18S rRNA as the
reference.

Western blotting. Confluent MA104 cell monolayers were mock or RRV
infected for the indicated times and then left untreated or treated with IFN-�
(500 U/ml), IFN-� (50 ng/ml), or TNF-� (20 ng/ml) for 30 min. Cell lysis and

Western blotting were performed as described previously (28). Blots were
probed with rabbit polyclonal antibodies directed to STAT1, phospho-STAT1
(Tyr701), STAT2, phospho-p65 (Ser536), and �-actin (Cell Signaling Technol-
ogy, Beverly, MA); phospho-STAT2 (Tyr689) (Upstate/Millipore, Billerica,
MA); and p65 and IRF-3 (Santa Cruz Biotechnology, Santa Cruz, CA). The
anti-FLAG M2 mouse monoclonal antibody was from Sigma.

Cell staining and confocal microscopy. Caco-2 cells were seeded onto glass
coverslips that had been coated overnight at 4°C with human placental type I
collagen, which was used according to the manufacturer’s protocol (50 �g/ml;
Sigma). MA104 cells were grown on uncoated coverslips. Cells were infected
with RRV, Wa, SA11, or UK rotavirus for 6 h, left untreated or treated with
IFN-�, IFN-�, or TNF-� for 30 min, and fixed with 3.7% (wt/vol) formaldehyde
(Sigma) in phosphate-buffered saline (PBS) for 10 min, followed by permeabi-
lization with acetone-methanol (1:1, vol/vol) at �20°C for 15 min. Fixed cells
were blocked in 3% (wt/vol) bovine serum albumin (Sigma) in PBS for 30 min
and reacted at 20°C for 1 h with a combination of polyclonal rabbit antibody (2
�g/ml; Santa Cruz) to STAT1 (SC-345), STAT2 (SC-476), or p65 (SC-109) and
mouse monoclonal antibody RVA to rotavirus VP6 (14). Cells washed with PBS
were incubated for 30 min with a combination of Alexa Fluor 488-conjugated
anti-mouse immunoglobulin G and Alexa Fluor 594-conjugated anti-rabbit im-
munoglobulin G (10 �g/ml each; Invitrogen, Carlsbad, CA). Coverslips washed
in PBS were mounted on microscope slides with Prolong Gold containing 4	,6-
diamidino-2-phenylindole (DAPI; Invitrogen). Images were obtained with an
LSM 510 META confocal microscope (Carl Zeiss, Göttingen, Germany) at 630

magnification with an optical slice thickness of 1.2 to 1.6 �m.

Cloning of rotavirus NSP cDNA and functional assays. Viral double-stranded
RNA was extracted from RRV as previously described (20) and was used as a
template for cDNA synthesis using the Superscript first-strand synthesis system
(Invitrogen) and gene-specific primers. Following amplification by PCR using
Phusion polymerase (Finnzymes; Keilaranta, Espoo, Finland), cDNA was in-
serted into pCMV-3Tag-6 (Stratagene) using standard cloning techniques to
yield plasmids expressing proteins fused to three N-terminal copies of the FLAG
epitope (DYKDDDDK). Plasmid integrity was confirmed by DNA sequencing.
The predicted amino acid sequence of each of the encoded NSPs was identical
to the GenBank sequences (accession numbers AY117048, AY065842, and
L41247; Entrez Database, NCBI, NIH), except for the substitution of Val for
Leu at position 50 of NSP1. To assess the potential role of each rotavirus NSP
in the inhibition of IFN signaling, 0.7 �g of empty pCMV-3Tag-6 or plasmids
expressing RRV NSP1, NSP3, and NSP4 were cotransfected with 0.2 �g of
ISRE-Luc and 0.1 �g pCMV-� into 293T cells in 24-well trays. As a positive
control, a plasmid expressing the parainfluenza virus 5 (PIV5) V protein also was
included (17). At 24 h after transfection, cells were left untreated or treated with
IFN-� for 7 h and assayed as described above for luciferase and �-galactosidase
levels. Cell lysates from transfected cells, without IFN treatment, were assayed by
Western blotting as described above for levels of FLAG-tagged protein, IRF-3,
and �-actin.

RESULTS

Rotavirus infection blocked expression of IFN-dependent
reporter genes. The effect of rotavirus infection on ISG expres-
sion was examined in permissive MA104 and Caco-2 epithelial
cells. Following the mock infection of ISRE-Luc/pCMV-�-
transfected cells for 4 h, treatment with IFN-� for 4 h pro-
duced a 9.5-fold increase in luciferase levels (Fig. 1A). In
contrast, the infection of identically transfected cells with RRV
or Wa for 4 h at a multiplicity of infection (MOI) of 5 or 10,
respectively, decreased IFN-�-stimulated luciferase expression
by 73 and 53%, respectively, compared to that of stimulated,
mock-infected cells (Fig. 1A). Unstimulated RRV- and mock-
infected cells showed similar low levels of luciferase expres-
sion, while unstimulated Wa-infected cells showed a 2.1-fold
increase in luciferase levels. RRV infection for 8 h prior to
IFN-� addition completely abolished IFN-�-stimulated lucif-
erase expression, while Wa infection at this time reduced lu-
ciferase expression by 61% (Fig. 1A). In unstimulated cells at
8 h postinfection (PI), luciferase levels were reduced by 50%
by RRV but were increased 2.4-fold by Wa. These data indi-
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cate that although both viruses can reduce IFN-stimulated
gene expression in MA104 cells, RRV is more effective than
Wa. In addition, Wa induced a low level of IFN-stimulated
gene expression. The RRV infection of Caco-2 cells (MOI, 10)
for 8 h, followed by 4 h of stimulation with IFN-�, also reduced
IFN-�-stimulated luciferase expression by 78% compared to
that of mock-infected cells (Fig. 1B), showing that the ability of
rotavirus to block IFN-induced gene expression is maintained
in an intestinal cell line. When the length of IFN-� stimulus
was increased to 16 h in Caco-2 cells, the block to luciferase
expression caused by RRV essentially was lost. At this time,
untreated RRV-infected cells showed no alteration in lucifer-
ase levels.

The effect of rotavirus infection on IFN-�-stimulated gene
expression also was examined. Infection with RRV or Wa for
4 h in GAS-Luc/pCMV-�-transfected MA104 cells reduced the
level of luciferase expression stimulated through 4 h of treat-
ment with IFN-� by 79 and 70%, respectively, compared to
those of controls (Fig. 1C). At 8 h after infection with RRV or
Wa, IFN-�-stimulated luciferase expression was reduced by 95
and 90%, respectively. In the absence of stimulation, infection

with Wa or RRV had no effect on luciferase expression. These
results clearly show that RRV is able to efficiently block both
IFN-�- and IFN-�-dependent gene expression and strongly
suggest that rotavirus uses this as a means to evade innate
immune responses, particularly early in the replication cycle.

Rotavirus infection reduced the levels of endogenous ISG
mRNA. To determine if the block to ISG expression following
rotavirus infection is at the level of transcription or translation,
the effect of infection on the IFN-stimulated transcription
of the endogenous ISGs MxA and ISG56 was assessed. Fol-
lowing the mock infection of MA104 cells for 4 h, IFN-�
treatment for 4 h produced a 181-fold increase in MxA mRNA
levels (Fig. 1D). In line with the effects on reporter gene
expression, this increase was reduced by 83% in RRV-infected
cells. After the mock infection of MA104 cells for 8 h, 4 h of
IFN-� stimulation induced a 300-fold increase in ISG56
mRNA levels (Fig. 1E). RRV or Wa infection reduced this
response by 79 and 60%, respectively. In line with ISRE re-
porter assays, unstimulated RRV-infected cells showed no al-
teration in ISG56 mRNA levels compared to those of unin-
fected cells, while ISG56 mRNA increased 120-fold in
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FIG. 1. Effect of rotavirus infection on IFN-induced gene expression. (A) MA104 cells were cotransfected with the ISRE-Luc and pCMV-�
constructs and mock infected or infected with RRV (MOI, 5) or Wa (MOI, 10) for 4 or 8 h, followed by incubation for 4 h in the presence or
absence of IFN-�. Data are provided as the means � ranges of luciferase (Luc) activity normalized for �-galactosidase levels from two independent
experiments. (B) Normalized luciferase activity in Caco-2 cells cotransfected as described for panel A and mock infected or infected with RRV
at an MOI of 10 for 8 h, followed by incubation for 4 or 16 h in the presence or absence of IFN-�. Data represent the means and ranges of two
independent experiments. (C) MA104 cells were cotransfected with the GAS-Luc and pCMV-� constructs and infected as described for panel A,
followed by incubation for 4 h in the presence or absence of IFN-�. Data are provided as the means � ranges of luciferase activity normalized for
�-galactosidase levels from two independent experiments. (D) MA104 cells were mock infected or infected with RRV at an MOI of 5 for 4 h,
followed by incubation for 4 h in the presence or absence of IFN-�. Total cellular RNA was extracted and analyzed for MxA mRNA and 18S rRNA
expression by real-time PCR. The means � standard deviations of MxA mRNA levels, normalized for 18S rRNA levels, are provided from triplicate
analyses. (E) MA104 cells were mock infected or infected with RRV (MOI, 5) or Wa (MOI, 10) for 8 h, followed by incubation for 4 h in the
presence or absence of IFN-�, and analyzed for ISG56 mRNA and 18S rRNA levels by real-time PCR. Data represent the means � ranges of
ISG56 mRNA levels, normalized for 18S rRNA levels, from duplicate analyses.
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unstimulated Wa-infected cells. Furthermore, the stimulation
of Wa-infected cells did not change ISG56 mRNA levels com-
pared to those of unstimulated infected cells. Overall, these
data demonstrate that the block to IFN-dependent gene ex-
pression is at the level of transcription or mRNA stability, and
it occurs for multiple endogenous ISGs.

Rotavirus infection did not cause STAT degradation or in-
terfere with IFN-induced STAT activation. Many viruses block
ISG expression by interfering with STAT signaling. For PIV5,
this is achieved by targeting STAT1 for proteasome-mediated
degradation (17), while West Nile virus prevents STAT1 and
STAT2 activation without degradation (32). The ability of
RRV and Wa to affect STAT molecules similarly was exam-
ined by Western blotting for activated (phosphorylated) and
total levels of cellular STAT1 and STAT2. Irrespective of
IFN-� stimulation, total STAT1 and STAT2 levels remained
constant in uninfected cells (0 h) and mock- or RRV-infected
cells at 2 to 12 h PI (Fig. 2A). Bands corresponding to activated
STAT1 and STAT2 were detected following the IFN-� stimu-
lation of uninfected cells. Similar levels of activated STAT1
and STAT2 were observed following the IFN-� stimulation of
mock- or RRV-infected cells at 2 to 12 h PI. The IFN-�
treatment of MA104 cells also produced STAT1 activation that
was unaffected by RRV infection (Fig. 2A). In unstimulated
MA104 cells, infection with Wa rotavirus for 4 h led to the
activation of STAT1 (Fig. 2B). The level of activated STAT1 in
these infected cells increased at 8 and 12 h PI. Particularly in
cells stimulated at 8 h after infection, it was evident that Wa
infection synergized with IFN-� to increase STAT1 activation.
The RRV infection of Caco-2 cells had no effect on IFN-�-
stimulated STAT1 and STAT2 activation (data not shown).
These findings indicate that the rotavirus-mediated block to
ISG expression is not due to STAT1 or STAT2 degradation or
the inhibition of their activation.

Rotavirus infection blocked IFN-stimulated STAT1 and
STAT2 nuclear accumulation. The observed integrity of IFN-
induced STAT activation suggests that IFN-activated STAT1
and STAT2 are prevented from accumulating in the nucleus of
rotavirus-infected cells. This possibility was assessed by deter-
mining the localization of immunofluorescently stained STAT1
and STAT2 in infected cells before and after IFN treatment.
Infection at low MOI and costaining for viral antigen allowed
the assessment of STAT localization in infected and uninfected
cells in the same sample.

As expected, STAT1 and STAT2 localized predominantly to
the cytoplasm and were largely excluded from the nucleus in
uninfected and unstimulated MA104 cells, as identified by
DAPI staining (Fig. 3A and B). RRV infection of unstimulated
cells did not affect STAT1 or STAT2 localization. IFN-� stim-
ulated nuclear accumulation in 99 (STAT1) and 98% (STAT2)
of uninfected cells. In striking contrast, IFN-� induced nuclear
accumulation in only 6 (STAT1) and 2% (STAT2) of RRV-
infected cells, as identified by VP6 staining (Fig. 3A and B).
IFN-� stimulated STAT1 nuclear accumulation in 99% of un-
infected cells but in only 7% of RRV-infected cells (Fig. 3A).
Importantly, the RRV infection of Caco-2 cells also prevented
the IFN-�-mediated nuclear accumulation of STAT2 and
STAT1 (Fig. 3C and data not shown). IFN-�-stimulated
STAT2 nuclear accumulation also was blocked in �95% of
MA104 cells infected with SA11, Wa, or UK rotavirus (Fig.
3D). In line with reporter assays, the infection of MA104 cells
with RRV at an MOI of 5 inhibited IFN-�-stimulated STAT2
nuclear accumulation in nearly all cells viewed, apart from the
few that remained uninfected. STAT2 remained in the cyto-
plasm in unstimulated cells (Fig. 3E). Taken together, these
findings demonstrate that the prevention of STAT1 and
STAT2 nuclear accumulation can account for the RRV-medi-
ated block to IFN-�- and IFN-�-stimulated gene expression,

FIG. 2. Rotavirus infection did not affect STAT1 and STAT2 protein levels or the IFN-induced activation of STAT1 and STAT2. (A) MA104
cells were left untreated (0 h), mock infected or infected with RRV (MOI, 5) for 2, 4, 8, or 12 h, and then incubated for 30 min in the presence
or absence of IFN-� or IFN-�. Cell lysates were analyzed by Western blotting for total levels of STAT1 and STAT2 and for levels of activated
(tyrosine-phosphorylated) STAT1 and STAT2 (pSTAT1 and pSTAT2). (B) MA104 cells were mock infected or infected with Wa (MOI, 10) for
4 or 8 h, treated with IFN-� for 30 min, and analyzed for levels of STAT1 and pSTAT1.
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which occurs at the transcriptional level. The ability of SA11,
Wa and UK rotaviruses to block STAT nuclear accumulation
indicates that this property is highly conserved among rotavi-
ruses.

Rotavirus infection blocked expression of an NF-�B-driven
reporter gene without reducing NF-�B activation. To examine
whether rotavirus could interfere with signaling pathways that
are distinct from the IFN pathway, an NF-�B-driven luciferase
reporter system was employed with exogenous TNF-� as the

stimulus. In cells that had been mock infected for 8 h, the
addition of TNF-� for 4 h resulted in a 10.7-fold increase in
luciferase expression (Fig. 4A). In cells infected with RRV
(MOI, 5) or Wa (MOI, 10), the level of TNF-�-stimulated
luciferase expression, compared to that of mock-infected cells,
was reduced by 83 and 78%, respectively. Interestingly, a small
increase in luciferase expression was observed in RRV-in-
fected (1.5-fold) and Wa-infected (2.5-fold) cells without
TNF-� stimulation, suggesting that rotavirus can activate

FIG. 3. Rotavirus inhibition of IFN-induced STAT1 and STAT2 nuclear accumulation. (A) MA104 cells were infected with RRV at an MOI
of 0.05 for 6 h, followed by incubation for 30 min in the presence or absence of IFN-� or IFN-�. Cells were fixed, permeabilized, and stained with
antibodies to STAT1 and rotavirus VP6, as described in Materials and Methods. (B) MA104 cells infected, treated with IFN-�, fixed, and
permeabilized as described for panel A were stained for STAT2, VP6, and nuclear DNA. (C) Caco-2 cells were infected, treated, and stained as
described for panel B. (D) MA104 cells were infected with SA11, Wa, or UK rotavirus at an MOI of 0.1 for 6 h and then treated and stained as
described for panel B. (E) MA104 cells were infected with RRV at an MOI of 5 and treated as described for panel A. Nuclear DNA was stained
with DAPI, and images were obtained using confocal microscopy. Arrowheads indicate nuclei of infected cells. Asterisks indicate a representative
uninfected cell.
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NF-�B during the infection of MA104 cells. This was con-
firmed by the Western blot analysis of infected cells (Fig. 4B).
In cells mock infected for 4 h, stimulation with TNF-� led to an
increase in levels of phosphorylated p65 (pp65) compared to
those of unstimulated cells. After 4 h of RRV infection, a
similar increase in TNF-�-stimulated pp65 levels was observed.
Both unstimulated and stimulated Wa-infected cells showed a
small increase in pp65 above that seen in mock- and RRV-
infected cells. Total levels of p65 were unaltered by infection or
stimulation by TNF-� at this time. Levels of unstimulated and
TNF-�-stimulated pp65 were similar at 4 and 8 h after mock
inoculation. However, in the absence of stimulation, RRV
infection increased pp65 to a level similar to that of stimulated,
mock-infected cells. The TNF-� stimulation of RRV-infected
cells further enhanced the pp65 level. Wa infection enhanced
pp65 levels in both unstimulated and stimulated cells to an
even higher degree than RRV. Again, total levels of p65 were
unchanged by infection with RRV or Wa. Taken together with
the reporter assay data, these results suggest that although
rotavirus can robustly activate NF-�B during infection, the
ability of this activated transcription factor to enhance gene
expression is efficiently blocked in MA104 cells.

Rotavirus infection blocked the nuclear accumulation of
NF-�B. The mechanism by which rotavirus can reduce NF-�B-
dependent gene expression was examined by assessing the nu-
clear localization of p65 in infected MA104 cells by confocal
microscopy (Fig. 5). In unstimulated mock-infected cells, p65
was localized primarily to the cytoplasm, whereas TNF-� stim-
ulation led to p65 nuclear accumulation in 93% of cells. In
unstimulated cells infected with RRV for 6 h at an MOI of 5,
p65 again was largely absent from the nucleus. However,
TNF-� treatment induced the nuclear accumulation of p65 in
only 6% of cells expressing rotavirus antigen at this MOI, while
p65 was observed in the nucleus of the few cells that remained
uninfected. In contrast, the stimulation of cells infected with
RRV at an MOI of 0.2 resulted in p65 nuclear accumulation in
84% of infected cells (data not shown). Interestingly, cell cul-
tures infected with Wa for 6 h at an MOI of 0.4 and stimulated
with TNF-� showed nuclear accumulation of p65 in only 5% of
infected cells (Fig. 5). It therefore appears that at 6 h PI with
RRV or Wa, transcriptional enhancement by p65 is blocked
through the prevention of its nuclear accumulation. However,

RRV is less efficient at producing this effect, as it requires a
higher MOI than Wa.

Intracellular expression of RRV NSP1, NSP3, or NSP4 did
not inhibit IFN-�- or TNF-�-stimulated reporter gene expres-
sion. Viral NSPs often are responsible for antagonizing IFN
signaling. Therefore, plasmids expressing FLAG-tagged NSP1,
NSP3, and NSP4 were constructed to allow the testing of these
proteins for their effect on IFN-stimulated reporter gene ex-
pression. The expression of the RRV NSPs in 293T cells was
confirmed by Western blotting using anti-FLAG antibodies
(Fig. 6A), with protein sizes approximating predicted values
(FLAG-NSP1, 57 kDa; FLAG-NSP3, 38 kDa; and FLAG-
NSP4, 32 kDa). The functional integrity of NSP1 also was
confirmed by a blot showing the degradation of IRF-3 in 293T
cells expressing NSP1 (Fig. 6B). Lower IRF-3 levels were not
observed in cells transfected with the other constructs, and the
equal loading of the blot was confirmed by reprobing for �-ac-
tin. In 293T cells cotransfected with empty vector and ISRE-
Luc/pCMV-�, IFN stimulation increased luciferase levels by
19-fold (Fig. 6A). Transfection with constructs expressing
NSP1, NSP3, and NSP4 had no impact on IFN-stimulated
luciferase levels. In contrast, under identical conditions the
expression of a well-characterized inhibitor of IFN signaling,
the PIV5 V protein, completely abolished IFN-stimulated lu-
ciferase expression. It also was found that NSP1, NSP3, or
NSP4 did not reduce TNF-�-induced reporter gene expression
(data not shown). These findings show that under the condi-
tions used, the expression of RRV NSP1, NSP3, or NSP4 could
not account for the block to IFN-�-stimulated or NF-�B-
driven gene expression observed during RRV infection.

DISCUSSION

This study clearly shows that rotavirus infection can block
the nuclear accumulation of STAT1, STAT2, and NF-�B and
reduce their ability to act as transcriptional enhancers. It is
likely that this rotavirus function facilitates the virus evasion of
the antiviral effects of IFN and reduces the expression of cy-
tokines that are required for effective innate and adaptive
immune responses.

In reporter assays, rotavirus strains RRV and Wa were ef-
fective in reducing IFN-responsive gene expression. It is known

FIG. 4. Effect of rotavirus infection on NF-�B signaling and activation. (A) MA104 cells cotransfected with the NF-�B-Luc and pRL-TK
constructs were mock infected or infected with RRV (MOI, 5) or Wa (MOI, 10) for 8 h, followed by incubation for 4 h in the presence or absence
of TNF-�. Data show the means � ranges of firefly luciferase (Luc) activity normalized for Renilla luciferase levels from two independent
experiments. (B) MA104 cells were mock infected (M) or infected with RRV (R) or Wa (W) as described for panel A for 4 or 8 h, followed by
incubation for 30 min in the presence or absence of TNF-�. Cell lysates were analyzed by Western blotting for levels of activated (serine-
phosphorylated) p65 (pp65) and total p65.
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that RRV, but not Wa, can block cellular translation, so trans-
lational inhibition cannot account for the reductions we ob-
served in reporter protein levels (13, 43). This suggests that
rotavirus reduces mRNA abundance, a conclusion supported
by the reduced levels of transcripts from the IFN-inducible
genes MxA and ISG56 that we observed in rotavirus-infected
cells following IFN stimulation. Interestingly, Wa rotavirus
also induced a low level of ISG expression in the absence of
exogenous IFN, suggesting the induction of IFN production by
the virus. Supporting IFN induction by Wa, our data show that
STAT1 activation occurs in Wa-infected cells in the absence of

added IFN. It may be that Wa, in contrast to RRV, cannot
efficiently degrade IRF-3, although this needs to be formally
tested. Another possible explanation is that the partially puri-
fied Wa used, in contrast to the purified RRV, contains repli-
cation-defective particles that might induce IFN production. In
any case, it is apparent that the rotavirus-induced block to ISG
expression does not result from interference with the activa-
tion of STAT molecules or upstream components of the IFN
pathway.

In our studies, NF-�B-dependent gene expression also was
blocked by rotavirus infection. This effect was similar to the
rotavirus-mediated block to IFN-induced gene expression, as
p65 activation by TNF-� was not affected but its nuclear accu-
mulation was inhibited. NF-�B was found to be activated dur-
ing the RRV and Wa infection of MA104 cells, supporting
previous studies showing NF-�B activation, DNA binding, and
the NF-�B-dependent expression of IL-8 in infected HT-29
cells (10, 42). It is reasonable to propose that rotavirus infec-
tion also blocks NF-�B nuclear accumulation in HT-29 cells.
The efficient production of IL-8 by rotavirus-infected HT-29
cells in the face of a probable reduction in nuclear NF-�B
levels requires explanation. It is feasible that any effect on

FIG. 5. Rotavirus infection inhibited the TNF-�-induced nuclear
accumulation of p65. (A) MA104 cells mock infected or infected with
RRV or Wa at the indicated MOI for 6 h were incubated for 30 min
in the presence or absence of TNF-�. Fixed and permeabilized cells
were stained with antibodies to p65 and rotavirus VP6, as described in
the text. Nuclear DNA was stained with DAPI. Images were obtained
using confocal microscopy, as described in Materials and Methods.
Arrowheads indicate nuclei of Wa-infected cells. Asterisks indicate
one representative uninfected cell in the RRV-inoculated cell
population.

FIG. 6. Effect of RRV NSP expression on IFN-induced gene ex-
pression. 293T cells were cotransfected with ISRE-Luc, pCMV-�, and
empty vector (empty) or constructs expressing FLAG-tagged RRV
NSP1, NSP3, NSP4, or untagged PIV5 V protein. At 24 h posttrans-
fection, cells were incubated for 7 h in the presence or absence of
IFN-�. (A) Cells (without IFN treatment) were lysed and analyzed by
Western blotting with antibodies to the FLAG epitope, IRF-3, and
�-actin. Asterisks indicate bands corresponding to FLAG-tagged
NSPs. The positions of molecular mass markers are shown in kilodal-
tons. (B) Cells were analyzed for luciferase (Luc) and �-galactosidase
expression. Data show the means � ranges of luciferase activity nor-
malized for �-galactosidase levels from two independent experiments.
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nuclear accumulation could be preceded by a rapid burst of
IL-8 production that is inhibited once virus replication is fully
established. Interestingly, evidence exists showing the activa-
tion of STAT1 and STAT2 early during the rotavirus infection
of HT-29 cells but not of MA104 or Caco-2 cells (42 and T. T.
Truong, G. Holloway, and B. S. Coulson, unpublished data).
This suggests that these infected HT-29 cells also produce type
I IFN, despite efficient IRF-3 degradation. Indeed, the tran-
sient production of IFN-� mRNA was detected in RRV-
infected HT-29 cells, and IFN-� mRNA has been found in
rotavirus-infected mouse intestine (42). The production of cy-
tokines in rotavirus-infected cells would depend on the relative
timing of the response of the cell to infection and the rotavirus
disruption of gene expression, both of which may vary between
cell types. In contrast to our findings in MA104 cells, NF-�B
has been shown translocate to the nucleus at 6 h after the RRV
infection of mouse embryonic fibroblasts (18). It is possible
that NF-�B is activated in mouse embryonic fibroblasts before
RRV can inhibit its nuclear accumulation, or that RRV does
not inhibit the nuclear accumulation of NF-�B in cells of
mouse origin.

NF-�B is required for optimal IFN-� production. Therefore,
in addition to the degradation of IRF-3, the reduction of
NF-�B nuclear accumulation may be a strategy used by rota-
virus to reduce IFN expression (2, 47). A proportion of the
antiviral effect of IFN requires NF-�B (19), so this part of the
IFN signaling cascade also might be blocked in rotavirus-in-
fected cells. As Wa is more efficient than RRV in blocking
NF-�B nuclear accumulation, based on the MOI required, it
may be that different rotavirus strains have evolved to prefer-
entially target distinct pathways of the host response. It has
been demonstrated that TNF-� can synergize with type I and
II IFN to produce an elevated antiviral state (4, 22). As TNF
levels are elevated in the serum and stools of rotavirus-infected
children (1, 29), blocking NF-�B nuclear accumulation also
might prevent the antiviral action of TNF-� in infected cells.

When the profile of cellular gene expression during the
RRV infection of Caco-2 cells was analyzed by microarray,
only 0.5% of genes were upregulated by �4-fold (15). Few of
the many genes known to be responsive to IFN stimulation
were upregulated, suggesting that either IFN production did
not occur efficiently or IFN signaling was blocked (16). In a
recent study of expression profiles in human PIV type 1-in-
fected cells, mutant viruses that were highly attenuated by the
loss of a functional C protein induced a far greater transcrip-
tional response than wild-type virus (8). IFN-responsive genes
and those containing transcription factor binding sites for
NF-�B were upregulated, suggesting that the wild-type virus
was largely restricting innate cellular responses. It can be hy-
pothesized that a mutant rotavirus lacking the ability to antag-
onize signaling through IFN and NF-�B also would induce a
much greater transcriptional response in infected cells than
wild-type rotavirus.

The mechanism used by rotaviruses to inhibit STAT and
NF-�B nuclear accumulation is unknown. STAT1, STAT2, and
p65 remain intact and can be activated efficiently in infected
cells, so it is possible that rotavirus mediates the sequestration
of these activated proteins in the cytoplasm. This strategy is
used by measles virus for STAT (37), although the viral se-
questration of NF-�B has not been reported to date. Another

plausible explanation is that rotavirus interferes with compo-
nents of the cellular machinery required for STAT and NF-�B
nuclear import or export. Proteins expressed by Ebola virus
and the severe acute respiratory syndrome coronavirus affect
STAT1 in this way by interacting with karyopherins, proteins
involved in nuclear import (24, 41). At least for STAT1, DNA
binding is required for its retention in the nucleus following
translocation (35). It may be that rotavirus blocks STAT nu-
clear accumulation by disrupting STAT/DNA binding. The
nuclear import of both STAT and NF-�B has been reported to
require interactions between nuclear localization signals within
these proteins and importin molecules that mediate nuclear
entry via the nuclear pore complex (21, 34). Interference with
importins by rotavirus could affect the nuclear import of
STAT1/STAT2 and NF-�B during infection. Alternatively, the
interaction of rotavirus with proteins that make up the nuclear
pore complex, known as nucleoporins, could affect the nuclear
import of multiple factors. In this manner, poliovirus has the
ability to induce the relocalization of many cellular proteins
(27). It is possible that rotavirus causes a general block to
nuclear accessibility and global transcription; however, this
remains to be tested. Although RRV efficiently blocked IFN-
induced gene expression in Caco-2 cells, the effect was greatly
reduced when IFN treatment was sustained for long periods.
It is conceivable that the rotavirus-induced block to gene
expression is more important early in infection, or that a
sustained block to cellular transcription would be detrimen-
tal to either virus production or cell survival and thus is
avoided by rotavirus.

The antagonism of IFN signaling by other viruses often is
mediated by nonstructural proteins, such as the V proteins of
paramyxoviruses (17, 38). This might be the case for rotavi-
ruses, although the involvement of structural proteins also is
possible. The expression of tagged RRV NSP1, NSP3, and
NSP4 did not inhibit IFN-�- or TNF-�-induced gene expres-
sion in our assays. In the case of NSP1, the expression of a
functional protein was confirmed by its ability to reduce IRF-3
levels. It remains possible that the inhibition of IFN or TNF-�
signaling requires higher levels of NSP expression than IRF-3
degradation. The presence of multiple FLAG tags also may
differentially affect NSP1 functions and affect the functions of
NSP3 and NSP4.

Recent evidence shows that IFN-� and IFN-� signaling is
required for the resolution of viral replication and extraintes-
tinal pathology in mice infected with certain strains of rotavirus
but not others (23, 48). Taken together with our current data,
this suggests that the control of rotavirus replication and
spread in vivo depends on overcoming the rotavirus-mediated
blockade of both IFN induction and signaling. Although the
degree to which the IFN system is antagonized probably varies
between different virus strain and host combinations, it is likely
that the inhibition of STAT and p65 nuclear accumulation will
be of importance, particularly in light of the conservation of
these functions between human and animal rotaviruses.

The demonstrated ability of rotavirus to reduce cellular gene
expression requiring STAT and NF-�B nuclear accumulation
significantly enhances our understanding of the immune eva-
sion strategies of rotavirus. As the ability to evade host de-
fenses likely is a major determinant of virulence, the manipu-
lation of a viral gene responsible for blocking STAT or NF-�B
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signaling could be used in the design of a rationally attenuated,
second-generation rotavirus vaccine. Drugs targeting a viral
protein responsible for the block to gene expression could
enhance innate and adaptive immunity against rotaviruses.
Peptide drugs based on a novel rotavirus antagonist of IFN or
NF-�B also could be used to treat diseases involving dysregu-
lated IFN production, such as systemic lupus erythematosus
(7) or uncontrolled inflammation.

ACKNOWLEDGMENTS

We thank Steven Goodbourn and Richard Randall for permission to
use the ISRE and GAS luciferase reporter constructs and the PIV5 V
protein expression vector and Alexander Khromykh for their provi-
sion. We are grateful to Fiona Fleming for rotavirus propagation and
purification.

This work was supported by project grants 350252 and 509006 from
the National Health and Medical Research Council of Australia
(NHMRC) and NHMRC Senior Research Fellowship 350253 (B.S.C.).

ADDENDUM IN PROOF

Recently, Graff and coworkers reported the inhibition of NF-�B
signaling by NSP1 of bovine and porcine rotavirus strains (J. W. Graff,
K. Ettayebi, and M. E. Hardy, PLoS Pathog. 5:e1000280, 2009).
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