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Secretion of interferon (IFN) by virus-infected cells is essential for activating autocrine and paracrine
pathways that promote cellular transition to an antiviral state. In most mammalian cells, IFN production is
initiated by the activation of constitutively expressed IFN regulatory factor 3, IRF3, which in turn leads to the
induction of IRF7, the “master regulator” of IFN type I synthesis (alpha/beta IFN). Previous studies estab-
lished that rotavirus NSP1 antagonizes IFN signaling by inducing IRF3 degradation. In the present study, we
have determined that, in comparison to wild-type rotaviruses, rotaviruses encoding defective NSP1 grow to
lower titers in some cell lines and that this poor growth phenotype is due to their failure to suppress IFN
expression. Furthermore, we provide evidence that rotaviruses encoding wild-type NSP1 subvert IFN signaling
by inducing the degradation of not only IRF3, but also IRF7, with both events occurring through proteasome-
dependent processes that proceed with similar efficiencies. The capacity of NSP1 to induce IRF7 degradation
may allow rotavirus to move across the gut barrier by enabling the virus to replicate in specialized trafficking
cells (dendritic cells and macrophages) that constitutively express IRF7. Along with IRF3 and IRF7, NSP1 was
found to induce the degradation of IRF5, a factor that upregulates IFN expression and that is involved in
triggering apoptosis during viral infection. Our analysis suggests that NSP1 mediates the degradation of IRF3,
IRF5, and IRF7 by recognizing a common element of IRF proteins, thereby allowing NSP1 to act as a
broad-spectrum antagonist of IRF function.

In the immunologically naïve individual, the ability of the
innate immune system to recognize and respond to a pathogen
can represent a life or death event (10). Triggering of the
innate immune system is based on the recognition of pathogen-
associated molecular patterns (PAMP) by cellular receptor
factors (5, 31). The major downstream effect of pathogen-
PAMP receptor interaction is the activation of constitutively
expressed cellular transcription factors that mediate the early
phase of the host response (25). Included in this set of tran-
scription factors is interferon (IFN) regulatory factor 3 (IRF3),
one of the nine structurally related members of the IRF family
that, as a group, exhibit a broad range of functions in regulat-
ing the immune system (14). IRF3 accumulates in its inactive
monomeric form within the cytosol of the cell. PAMP recog-
nition activates kinases that lead to the phosphorylation,
dimerization, and translocation of IRF3 to the nucleus, where
the factor activates genes expressing beta interferon (IFN-�)
(21). Secretion of IFN-� by virus-infected cells activates the
Jak/Stat pathway in neighboring uninfected cells, an event in-
ducing the expression of transcription factors of broader ac-
tion, such as IRF7. IRF7 is the primary regulator of type I IFN
(IFN-� and IFN-�) production in the local and systemic reac-
tion of the host to viral infections (30). Although cells typically
contain little or no IRF7, expression of the factor is strongly
upregulated in the presence of type I IFN (13). After phos-
phorylation and dimerization, IRF7 moves to the nucleus,

where it interacts with promoters inducing the expression of
IFN-�, a signaling molecule critical to triggering the expression
and activation of the broad array of antiviral factors involved in
establishing the antiviral state (15). Secretion of IFN-� is also
essential for the efficient development of adaptive immunity
(10). The fact that viruses have evolved multiple mechanisms
of antagonizing activation of the innate immune system em-
phasizes the critical nature of this pathogen-host interface as a
potential barrier to productive infection (12).

Rotaviruses, members of the family Reoviridae, contain seg-
mented double-stranded RNA (dsRNA) genomes. Rotavi-
ruses are an important cause of gastroenteritis in numerous
species of animals, including humans (28), where these viruses
represent the primary causative agent of life-threatening de-
hydrating diarrhea in children under the age of 5 (20). Early
studies revealed that the growth of rotavirus is restricted in
IFN-treated cells, but less so than other viruses, such as vesic-
ular stomatitis virus (VSV) and reovirus (19), which are noted
for their increased susceptibility to the antiviral effects of IFN.
Vanden Broecke et al. found that the production of IFN was
delayed in newborn calves infected with low doses of rotavirus
and that this lag period was characterized by severe but tran-
sient diarrhea (35). In contrast, animals infected with high
doses of virus produced IFN very early and were free of severe
diarrhea. These and other studies were the first to raise the
possibility that while rotaviruses are susceptible to IFN, they
also may have a mechanism to suppress the IFN signaling
pathway at least during early stages of infection.

Recent studies have indicated that the rotavirus nonstruc-
tural protein NSP1 interacts with IRF3 and that this interac-
tion results in the proteasome-mediated degradation of IRF3
(4, 11). Due to the loss of IRF3, the expression of IFN-� is
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suppressed, thereby perturbing the establishment of the anti-
viral state. NSP1 is a nonessential viral protein, localizing to
the cytoskeleton, that contains a highly conserved N-terminal
arrangement of cysteine residues typical of RING fingers (16).
The presence of similar RING fingers in E3 ubiquitin-protein
ligases suggests that NSP1 may induce the degradation of IRF3
through ubiquitination activity reminiscent of E3 ligases (17).
Although NSP1 exhibits a high degree of sequence variability
at its C terminus, it is nonetheless through this region that
NSP1 interacts with IRF3 (4, 11, 16).

IRF3 and the other members of the IRF family contain
related features, including an N-terminal DNA-binding do-
main (34). These shared features led us to investigate the
possibility that NSP1 could direct the turnover of IRF proteins
in addition to IRF3. Through this analysis, we have determined
that NSP1 induces the proteasome-mediated degradation of
multiple members of the IRF family, including IRF3, IRF5,
and IRF7. The effect of NSP1 on IRF7 is particularly signifi-
cant, since this factor represents the primary regulator of type
I IFN expression and is essential for the activation of IFN-�
genes. By inducing the degradation of IRF5, NSP1 can down-
regulate the activation of genes producing proinflammatory
cytokines and that initiate events leading to apoptosis. We
conclude that NSP1 represents a broad-spectrum antagonist of
innate immune mechanisms meant to limit virus spread.

MATERIALS AND METHODS

Cells and viruses. The monkey kidney epithelial (MA104) cell line was grown
in Medium 199 (Invitrogen) supplemented with 5% fetal bovine serum (FBS).
The rhesus fetal lung (FRhL2), human colon (Caco-2), and human renal (293T)
epithelial cell lines were grown in Dulbecco modified Eagle medium (BioWhit-
taker) supplemented with 10% FBS (complete media). Rotaviruses strains UK,
BRV, and SA11-4F, -5S, -30-19, and -30-1A were propagated on MA104 cells.
Virus titers were determined by plaque assay (32). The recombinant vesicular
stomatitis virus, VSV-green fluorescent protein (GFP), was kindly provided John
Hiscott (McGill University, Montreal, Quebec, Canada) (33). The virus, which
constitutively expresses green fluorescent protein (GFP), was propagated and
titers were determined on baby hamster kidney cells (6).

Expression vectors. The plasmids pCI-NSP1 and pCI-NSP1�C17 contain a
cytomegalovirus (CMV) immediate-early promoter that drives the expression of
SA11 wild-type (wt) NSP1 and a C-terminal 17-residue truncated form of SA11
NSP1 (NSP1�C17), respectively (4). The pA2-SAP and the pCMVSport-IRF7H
plasmids were kindly provided by Paula Pitha-Rowe (John Hopkins School of
Medicine, Baltimore, MD). pA2-SAP contains an A2 IFN-� virus responsive
element upstream of a thymidine kinase minimal promoter that directs the
expression of secreted alkaline phosphatase (SAP) (36). pEGFP-IRF3 (20),
pCMV6-IRF5 (OriGene), and pCMVSport-IRF7H (1) express human IRF3,
IRF5, and IRF7, respectively, under the control of a CMV promoter. The
plasmids psiRNA-hIRF3, psiRNA-hIRF7, and psiRNA-scramble have a CMV
promoter that expresses GFP and an RNA polymerase III promoter that ex-
presses a short-hairpin RNA (shRNA) that induces the silencing of IRF3
(psiRNA-hIRF3) or IRF7 (psiRNA-hIRF7) or that expresses an irrelevant
shRNA (psiRNA-scramble) (InvivoGen). Plasmids were purified by isopycnic
centrifugation in CsCl gradients.

VSV-GFP-based IFN detection assay. Monolayers of FRhL2 cells grown in
six-well plates were mock treated or treated with 20 �g per ml of poly(I:C)
(Sigma) or were mock infected or infected with rotavirus at a multiplicity of
infection (MOI) of 3. Afterward, the inoculum was removed, and trypsin-free
medium containing 10% FBS was placed on the cells. The medium was collected
from the cells at 24 h postinfection (p.i.), a time at which the cells displayed no
cytopathic effects. One-fourth of the medium recovered from the cells at 24 h p.i.
was transferred onto fresh monolayers of FRhL2 cells grown in six-well plates.
After incubation for 24 h, the cells were washed with medium and either mock
infected or infected with VSV-GFP at an MOI of 1. The cells were detached
from plates at 24 h p.i. by incubation with a trypsin-EDTA mixture (1 part of
0.05% trypsin-0.1% EDTA solution [Quality Biological] to 3 parts of 0.2 mg per

ml of EDTA solution [BioWhittaker]). The cells were collected by low-speed
centrifugation, suspended in Sorter media (Quality Biological), and subjected to
fluorescence-activated cell sorting using a Becton Dickinson FACScan instru-
ment. The data were analyzed by using Flowjo software (Tree Star).

In some cases, specific anti-globulin to human IFN-� (NIAID Reference
Reagent G028-501-568) or corresponding control serum globulin (G029-501-
568) was included in the culture medium (dilution of 1:10,000). Plaque reduction
assays indicated that this antiserum was free of SA11-4F neutralizing antibody
(data not shown).

IP. Monolayers of 293T cells grown in poly-L-lysine coated 10-cm dish plates
were transfected with 12 �g in total of equivalent amounts of various plasmid
DNAs by using Lipofectamine 2000 (Invitrogen). Where necessary, the pCI
vector (Promega) was added to transfection mixtures to adjust total plasmid
levels to 12 �g. At 48 h posttransfection, the cells were lysed in immunoprecipi-
tation (IP) buffer (20 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 5 mM MgCl2, 0.5%
Triton X-100, and Complete protease inhibitor cocktail [Roche]). After sonica-
tion, the lysates were clarified by centrifugation at 10,000 � g for 10 min. IP
assays were performed on the clarified lysates by using a ProFound Mammalian
Co-Immunoprecipitation kit (Pierce). Briefly, the clarified lysates were pre-
cleared by incubation with the control gel component for 4 h at 4°C and then
incubated with gel-immobilized anti-IRF7 antisera (SC-9083; Santa Cruz) for
16 h at 4°C. Immunoprecipitates were washed four times with the IP buffer and
once with IP buffer containing 125 mM NaCl prior to elution.

Western blot assay. Cells were scraped into cold phosphate-buffered saline
containing Complete protease inhibitor cocktail, pelleted, and resuspended in
radioimmunoprecipitation assay buffer (150 mM NaCl, 150 mM Tris-HCl [pH
8.0], 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate,
and Complete protease inhibitor cocktail). After three cycles of freeze-thawing,
large debris were removed from the lysates by low-speed centrifugation. Subse-
quently, the proteins in the samples were resolved by electrophoresis under
denaturing-reducing conditions on 10% Tris-glycine gels (Invitrogen). After the
proteins were transferred from the gels onto nitrocellulose membranes, the blots
were incubated with solutions of phosphate-buffered saline containing 5% milk,
0.1% Tween 20, and either rabbit antisera specific for IRF3 (1:500, Santa Cruz
SC-9082), rabbit antisera specific for IRF7 (1:500, Santa Cruz SC-9083), prolif-
erating cell nuclear antigen (PCNA; 1:1,000, Santa Cruz SC-7907), SA11 NSP1
(C19, 1:2,000) (16), mouse anti-human IRF5 monoclonal antibody (1:500, Ab-
cam ab33478), or guinea pig antisera specific for VP6 (1:2,000). Primary anti-
bodies were detected by using appropriate horseradish peroxidase-conjugated
secondary antibody (1:10,000). Blots were developed with SuperSignal West Pico
chemiluminescent substrate (Pierce) and exposed to BioMax MR film.

Nucleofection of Caco-2 cells. Caco-2 cells were grown to ca. 80% confluence
in 150-cm2 flasks. After being washed, the cells were detached by using a trypsin-
EDTA mixture, pelleted, and resuspended in Dulbecco modified Eagle medium
containing 10% FBS. The viability and concentration of the cells was determined
by using a Beckman Coulter Vi-CELL XR 2.03 analyzer. One million Caco-2
cells were centrifuged for 10 min at 90 � g, resuspended in 100 �l of Cell Line
Nucleofector Solution T (Amaxa Biosystems), and mixed with 2 �g of equivalent
amounts of various plasmid DNAs. Where necessary, the pCI vector was added
to nucleofection mixtures to adjust the total plasmid levels to 2 �g. The DNA was
nucleofected into the cells by using setting B-24 of an Amaxa Biosystems Nucleo-
fector I apparatus. After incubation of the cell-DNA suspension for 5 min at
room temperature, 1 ml of complete media was added, and the cells were equally
distributed in three wells of a 12-well plate.

Detection of SAP activity. At 24 h after nucleofection, Caco-2 cells containing
the pA2-SAP plasmid were mock treated, treated with 20 �g per ml of poly(I:C),
or infected with rotavirus at an MOI of 3. After 10 h, the cell supernatants were
heated to 65°C for 20 min to selectively inactivate endogenous alkaline phos-
phatase (SAP is heat stable). SAP activity was detected by using a Phospha-Light
SEAP reporter gene assay system (Applied Biosystems) and a Wallac Trilux 1450
Microbeta counter.

RESULTS

Loss of NSP1 function is associated with restriction of rotavi-
rus growth in some cell lines. Rotavirus variants have been iso-
lated that encode C-truncated forms of NSP1 (e.g., SA11-5S,
SA11-30-19, brvA) (Fig. 1A) (26). Unlike wt NSP1, the C-trun-
cated NSP1 product of these variants is defective in inducing the
degradation of IRF3 (4). Characteristically, such variants (NSP1-
defective [NSP1-def] rotaviruses) have plaque phenotypes that

4474 BARRO AND PATTON J. VIROL.



are smaller than counterpart rotaviruses encoding wt NSP1 (wt
rotaviruses) (26). A comparison of NSP1-def rotaviruses
(SA11-5S and SA11-30-1A) and their wt counterparts (SA11-4F
and SA11-30-19, respectively) also reveals that these viruses grow
to different titers in vitro depending on host cell type (Fig. 1B).
Most notably, while NSP1-def rotaviruses and wt rotaviruses grow
to similar titers in the MA104 monkey-kidney cell line (26), wt
rotaviruses grow to titers at least 1 log greater than NSP1-def
rotaviruses in the Caco-2 human colon cell line and in the FRhL2

rhesus lung diploid cell line.

Expression of IFN is suppressed in FRhL2 cells infected
with wt rotaviruses but not in cells infected with NSP1-def
rotaviruses. To understand the importance of NSP1 on IFN
expression and, in turn, on rotavirus growth, we used a VSV-
GFP-based assay system to compare the levels of IFN pro-
duced in FRhL2 cells infected with wt rotaviruses and NSP1-
def rotaviruses. Similar to the Newcastle disease virus-based
assay system (23), the VSV-GFP system relies on the growth
sensitivity of the GFP-expressing reporter virus, VSV-GFP, to
IFN as an analytical tool for detecting whether infection with
a test virus (in this case, rotavirus) results in IFN expression. In
our assays, monolayers of FRhL2 cells were mock infected or
were infected with rotaviruses encoding wt NSP1 or C-trun-
cated NSP1 for 1 h. Afterward, the inoculum was replaced with
trypsin-free culture media containing 10% FBS, conditions
inhibiting the protease-dependent activation of any released
progeny virus. The culture medium was collected from the cells
at 24 h p.i., a time at which the cells displayed no obvious
cytopathic effect and that precedes the time of maximum virus
yield in FRhL2 cells by 24 h (data not shown). Portions of the
collected media were transferred onto fresh monolayers of
FRhL2 cells, which were infected 24 h later with VSV-GFP.
Flow cytometry showed that the percentage of GFP-positive
cells in FRhL2 monolayers treated with media from wt rotavi-
rus-infected cells (SA11-4F, SA11-30-19, and UK) reached
levels nearly as high as that reached by monolayers treated
with media from mock-infected cells (Fig. 2A). In contrast, the
percentage of GFP-positive cells in monolayers treated with
media from NSP1-def rotavirus-infected cells (SA11-5S, SA11-
30-1A, and brvA) was low, approximating the level reached by
cells treated with poly(I:C) to induce IFN expression (Fig. 2A).
These results show that the efficient growth of the IFN-sensi-
tive VSV-GFP virus is correlated with the expression of wt
NSP1, and not truncated NSP1, by rotavirus.

To determine whether rotavirus encoding wt NSP1 pro-
moted the growth of VSV-GFP by subverting IFN expression,
FRhL2 cells were mock infected or were infected with wt
rotavirus (SA11-4F) or NSP1-def rotavirus (SA11-5S). Culture
media collected from these cells were either directly trans-
ferred onto fresh FRhL2 monolayers or transferred after first
mixing them with IFN-� neutralizing antisera or control anti-
sera lacking such neutralizing antibodies. After infection with
VSV-GFP, the percentage of GFP-positive cells in the mono-
layers was determined by flow cytometry (Fig. 2B). Consistent
with the results presented above (Fig. 2A), a high percentage
of GFP-positive cells was detected in monolayers treated with
media from mock-infected cells and from cells infected with wt
rotavirus (SA11-4F). Although culture media from cells in-
fected with NSP1-def rotavirus (SA11-5S) was associated with
only a low percentage of GFP-positive cells in FRhL2 mono-
layers (Fig. 2B), the addition of neutralizing IFN-� antisera to
this media increased the percentage of GFP-positive cells to a
point that it was �60% of monolayers treated with media from
mock-infected cells. These data indicate that wt rotaviruses
promote the growth of VSV-GFP through a mechanism me-
diated by the capacity of wt NSP1 to suppress IFN-� expres-
sion.

wt NSP1 expression is correlated with reduced levels of
IRF7 accumulation. Although IRF3 contributes to type I IFN
induction, its effect is largely targeted toward inducing IFN-�

FIG. 1. In vitro growth of rotaviruses encoding wt and defective
forms of NSP1. (A) Representation of the NSP1 forms made by dif-
ferent rotavirus isolates (strain name in parentheses), including the
location of putative RING and IRF3-binding domains, and cytoskel-
eton localization signal. The variants SA11-5S, SA11-30-1A, and brvA
encode C-truncated forms of NSP1 and are sister strains of the wt
viruses SA11-4F (SA11g4“O”), SA11-30-19, and bovine UK (26, 32a).
GenBank accession numbers for the gene 5 sequences: AAK14071
(SA11-4F), AAK14072 (SA11-5S), AAK14069 (SA11-30-19),
AAK14070 (SA11-30-1A), AAA18011 (UK), and AAA18012 (brvA).
(B) Virus titers produced by infecting the indicated cell lines at an
MOI of 3 with rotavirus strains encoding wt and defective NSP1. Cells
were harvest at times of maximum virus yield (24 h p.i. for MA104 cells
and 48 h p.i. for Caco-2 and FRhL2 cells). Titers were determined by
plaque assay on MA104 cells and represent the averaged values ob-
tained for replicate parallel infections.
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expression. In comparison, IRF7 has broader effects since this
factor not only stimulates further IFN-� expression but also
triggers the expression of IFN-�. The importance of IRF7 to
the IFN signaling pathway raises the possibility that viruses
may have evolved mechanisms of inactivating IRF7 in addition
to IRF3. Because IRF3 and IRF7 sequences show extensive
similarity, we postulated that rotaviruses might direct the deg-
radation of IRF7 through the same NSP1-dependent mecha-
nism that it uses to degrade IRF3. To probe this possibility, we
mock infected or infected Caco-2 cells with wt rotavirus (SA11-
4F) or NSP1-def rotavirus (SA11-5S) and then analyzed the
levels of IRF7 in the cells at 18 h p.i. by using a Western blot
assay. The cells were also examined for wt NSP1, the viral
capsid protein VP6, and PCNA (Fig. 3). The results showed
that, in contrast to mock-infected cells, in which no IRF7 was
detected, high levels of IRF7 were present in cells infected with
the NSP1-def virus. Thus, as demonstrated using SA11-5S,
rotavirus infection has the potential for strongly upregulating
expression of IRF7, the primary inducer of type I IFN. How-

ever, as demonstrated using SA11-4F, rotaviruses expressing
wt NSP1 subvert pathways that lead to IRF7 induction.

NSP1 expression induces proteasome-mediated degradation
of IRF7. The decreased levels of IRF7 in wt rotavirus-infected
cells may result from two alternative actions of NSP1. (i) NSP1
could induce the proteasome-mediated degradation of IRF7,
as it does IRF3, or (ii) by inducing IRF3 degradation, NSP1
could suppress the expression of IFN-�, an activator of the
IRF7 gene. To address these possibilities, 293T cells were
transfected with vectors encoding IRF7 (pCMV-IRF7) and
either wt NSP1 (pCI-NSP1) or the defective form of NSP1
made by SA11-5S (pCI-NSP1�C17). Lysates prepared from
the cells at 48 h posttransfection were analyzed by Western
blot assay for IRF7, wt NSP1, and PCNA. The results show
that coexpression with wt NSP1 reduced IRF7 accumulation to
barely detectable levels (Fig. 4A). In contrast, IRF7 accumu-
lated to levels higher when coexpressed with defective NSP1
than occurred upon expression of IRF7 by itself. These results
indicate that wt NSP1, and not the defective form of NSP1,
induces the degradation of IRF7. The mechanism by which the
defective form of NSP1 causes an increase in IRF7 levels is not
clear, but the effect is reproducible. One possible explanation
is that the defective protein interacts with and ties up cellular
proteins involved in ubiquitination and/or proteasome func-
tion, thereby inhibiting the degradation of IRF7, a protein
typically with a short half-life (27).

The potential involvement of the proteasomal degradation
system in the failure of IRF7 to accumulate in cells containing
wt NSP1 was evaluated using the proteasome inhibitor
MG132. The analysis showed that the addition of MG132 to
293T cells coexpressing IRF7 and wt NSP1 resulted in the
accumulation of significant levels of IRF7 (Fig. 4B, lane 4). In
contrast, cells expressing these same proteins but in the ab-
sence of MG132 contained barely detectable levels of IRF7
(lane 2). We conclude from these data that wt NSP1 induces
the proteasome-mediated degradation of IRF7 and thus likely
uses the same mechanism to degrade IRF7 that it does IRF3.

To address the possibility that the effect of NSP1 on IRF7

FIG. 2. Induction of IFN associated with rotavirus infection.
(A) Culture media from FRhL2 cells that were mock infected or
infected with the indicated strains of rotavirus or treated with poly(I:C)
were transferred onto fresh FRhL2 monolayers. After 24 h, the mono-
layers were infected with VSV-GFP, an IFN-sensitive virus expressing
GFP. Flow cytometry was used to analyze cells for GFP fluorescence
and cell size. Plots of the data indicate the percentage of cells express-
ing GFP (upper right quadrant) beyond the background level of fluo-
rescence associated with uninfected control cells. (B) Same as in panel
A, except that in some cases, neutralizing IFN-� antisera and control
antisera were added to the culture media of SA11-5S-infected cells
prior to transfer to fresh FRhL2 monolayers. The monolayers were
later infected with VSV-GFP, and the percentage of cells expressing
GFP was determined by flow cytometry.

FIG. 3. IRF7 levels in rotavirus-infected cells. Lysates prepared at
18 h p.i. from Caco-2 cells infected with SA11-4F or SA11-5S were
examined for IRF7, full-length NSP1, VP6, and PCNA by Western blot
assay. The SA11 NSP1(C19) antiserum was prepared against a peptide
representing the last 19 amino acids of wt NSP1 (15). As a result, the
antiserum does not recognize the C-truncated NSP1 (NSP1�C17) en-
coded by SA11-5S.
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involved a direct interaction between the proteins, wt NSP1
was expressed alone or in combination with IRF7 in 293T cells
maintained in the presence or absence of MG132. Clarified
lysates were prepared from the cells at 24 h posttransfection, a
point prior to the 48 h posttransfection time when IRF7 is no
longer detectable in cells coexpressing wt NSP1 and IRF7 (Fig.
4A). The lysates were incubated with IRF7-specific antisera,
and the immunoprecipitates recovered from the samples were
analyzed for IRF7 and wt NSP1 by Western blot assay. The
analysis showed that wt NSP1 was present in the IRF7 immu-
noprecipitates regardless of whether or not the coexpressing
cells were maintained in MG132 (Fig. 4C, lanes 1 and 3).
Wild-type NSP1 was not recovered in immunoprecipitates pre-
pared from cell lysates not expressing IRF7 (lane 2). These
results indicate that the mechanism by which NSP1 induces
IRF7 degradation may involve the physical interaction of the
proteins. The similarity in amounts of IRF7 recovered from
cellular lysates containing NSP1 and IRF7, with or without

MG132 (Fig. 4C, lanes 1 and 3), results from the saturation of
the IRF7 antibody added to the immunoprecipitation assays.

IRF3 and IRF7 expression restricts the growth of NSP1-
defective rotaviruses. Our results suggest that wt rotaviruses
grow to higher titers than NSP1-def rotaviruses in Caco-2 and
FRhL2 cell lines because wt NSP1, unlike defective NSP1, can
subvert IFN production by inducing IRF3 and IRF7 degrada-
tion. To further validate this possibility, we analyzed rotavirus
growth in Caco-2 cells in which the expression of IRF3 or IRF7
was suppressed by treatment with appropriate gene-specific
small interfering RNAs (siRNAs). As shown in Fig. 5A, the
introduction of vectors producing IRF7- and IRF3-specific
siRNAs into Caco-2 cells was effective in suppressing the ex-
pression of IRF7 and IRF3, respectively, upon subsequent
exposure of the cells to the triggering factor, IFN-�.

Analysis of Caco-2 cells expressing either IRF3- or IRF7-
specific siRNAs showed that the cells supported growth of wt
rotaviruses to titers indistinguishable from that reached in cells
expressing a control (scramble) siRNA (Fig. 5B). In contrast,
Caco-2 cells expressing either IRF3- or IRF7-specific siRNAs
supported the growth of NSP1-def rotaviruses to a titer close to

FIG. 4. Proteasome-dependent effect of NSP1 on IRF7 levels.
(A) 293T cells were cotransfected with equal amounts of pCMV-IRF7
and pCI-NSP1�C17 or pCI-NSP1. Where necessary, the empty pCI
vector was also added to normalize amounts of plasmid DNA con-
tained in transfection mixtures. Lysates prepared from the cells were
examined at 48 h posttransfection for IRF7, wt NSP1, and PCNA by
Western blot assay. (B) Same as in panel A, except that at 48 h
posttransfection the culture media over some monolayers was adjusted
to 10 �M MG132, an inhibitor of proteasome function. Lysates were
prepared 12 h later and analyzed by Western blot assay. (C) Same as
in panel B, except that immunoprecipitates were recovered by using
IRF7-antibody linked to agarose beads from cellular lysates prepared
at 24 posttransfection. The immunoprecipitates were analyzed for
IRF7 and wt NSP1 by Western blot assay.

FIG. 5. Importance of IRF3 and IRF7 expression on rotavirus
growth. (A) Vectors producing IRF7- or IRF3-specific siRNAs
(psiRNA-IRF7 and -IRF3, respectively) or a control irrelevant siRNA
(psiRNA-scramble) were nucleofected into Caco-2 cells. After incu-
bation with 103 U of IFN-� per ml for 10 h, the cells were analyzed for
IRF3, IRF7, and PCNA by Western blot assay. (B) Vectors producing
IRF7- or IRF3-specific siRNAs or a control irrelevant siRNA were
nucleofected into Caco-2 cells. After 24 h, the cells were infected with
SA11-4F or SA11-5S at an MOI of 3. The infected Caco-2 cells were
harvested at 48 h p.i., a time by which SA11-4F has reached maximum
titers in this cell line. Virus titers were determined by plaque assay on
MA104 cells. The titers shown reflect the averaged results of two
separate experiments, with plaque assays performed in duplicate.
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1 log higher than cells expressing the control siRNA. These
results indicate that both IRF3 and IRF7 can trigger antiviral
effects in rotavirus-infected cells that limit virus growth and
that wt NSP1, but not defective NSP1, has activities that help
the virus overcome these limitations. The results also indicate
that the growth restriction observed for NSP1-def rotaviruses
in Caco-2 cells can be assigned, at least in part, to the inability
of these viruses to induce the degradation of IRF3 or IRF7.

Effect of NSP1 on the transactivation of IRF7-dependent
promoter elements. Activated IRF7 dimerizes and translocates
to the nuclei, where it becomes part of a multiprotein complex
that interacts with the promoter of the IFN-� gene, triggering
its expression (29). To probe the effect of NSP1 on the activa-
tion of the IFN-� gene, Caco-2 cells were transfected with
pA2-SAP, a reporter plasmid that contains an IRF7-activated
promoter element that controls the expression of SAP. Along
with pA2-SAP, the cells were cotransfected with various com-
binations of vectors, some producing siRNAs that suppressed
the expression of endogenous IRF3 (psiRNA-hIRF3) or IRF7
(psiRNA-hIRF7), one directing the expression of exogenous
IRF7 (pCMVSport-IRF7H), and others directing the expres-
sion of wt NSP1 (pCI-NSP1) or C-truncated NSP1 (pCI-
NSP1�C17) (Fig. 6). To stimulate IFN expression, the trans-
fected cells were subsequently treated with poly(I:C) or
infected with NSP1-def rotavirus (SA11-5S) and then assayed
10 h later for levels of SAP. The results showed that the activity
of the IFN-� promoter element was greatest in stimulated cells
expressing both IRF7 and NSP1�C17 (Fig. 6, bar pair 3). In
contrast, expression of IRF7 with wt NSP1 (bar pair 4) reduced

the activity of the IFN-� promoter element to levels similar to
those in stimulated cells that lacked IRF3 and IRF7 due to
siRNA knockdown (bar pairs 1 and 2). Thus, wt NSP1 is
effective in preventing the activation of the IRF7-dependent
IFN-� promoter.

IRF3 expression did not increase the activity of the IFN-�
promoter element in stimulated cells expressing wt NSP1 or
NSP1�C17 (Fig. 6, bar pairs 5 and 6) beyond that of cells that
lacked both IRF3 and IRF7 (pair 1 and 2). This result is
expected given that activation of the IFN-� promoter is driven
by IRF7 and not by IRF3.

Basal levels of IFN-� promoter activity were detected even
in stimulated cells transfected with vectors producing siRNAs
designed to knockdown IRF3 and IRF7 expression (Fig. 6, bar
pair 1). This is mostly likely due to transfection efficiencies
being �100%, leaving some percentage of the cells within the
population capable of producing IRF3 and IRF7 upon treat-
ment with poly(I:C) or infection with SA11-5S. We also ob-
served that infection of cells with SA11-5S generally resulted in
greater activity of the IFN-� promoter element than occurred
upon treating the cells with poly(I:C) (Fig. 6, bar pairs 1, 2, 5,
and 6). This may best be explained by considering that
poly(I:C) is probably only able to induce IFN expression
through a single dsRNA-detector, TLR3, whereas viral infec-
tion is likely to induce IFN expression through multiple
dsRNA detectors and receptors (e.g., TLR3, RIG-I, and
MDA5), thereby making viral infection a stronger stimulus of
IRF7 expression and SAP activity.

NSP1-dependent degradation of multiple members of the
IRF family, including IRF5. Cotransfection of 293T cells with
vectors expressing IRF3 (pEGFP-IRF3), IRF7 (pCMV-IRF7),
and wt NSP1 (pCI-NSP1) indicates that NSP1 can simulta-
neously and, without obvious preference for one factor over
the other, induce the intracellular degradation of IRF3 and
IRF7 (Fig. 7C). Given the overall similarity in the organization
and sequence of the members of the IRF family (Fig. 7A and
B) and the fact that NSP1 has been shown to target two of the
members of the family, it could be reasoned that NSP1 is a
broad-spectrum antagonist of the innate immune system, tar-
geting not just IRF3 and IRF7 but also multiple IRF members.
To examine this hypothesis, we tested whether wt NSP1 could
induce the degradation of IRF5, an IRF family member that is
constitutively expressed in B lymphocytes and dendritic cells
and that plays a role not only in the expression of type I IFN
but also in cell cycle regulation and apoptosis (2, 3). As shown
in Fig. 7D, cotransfection of 293T cells with vectors encoding
IRF5 and wt NSP1 (pCI-NSP1) or C-truncated NSP1 (pCI-
NSP1�C17) showed that the expression of wt NSP1, relative to
C-truncated NSP1, was correlated with decreased IRF5 accu-
mulation. The effect of wt versus truncated NSP1 on IRF5
levels mirrors the effect of these NSP1 species on IRF7 and
IRF3 levels (Fig. 7C), indicating that NSP1 subverts the innate
immune response by targeting multiple members of the IRF
family for degradation. Addition of the proteasome inhibitor,
MG132, to 293T cells coexpressing wt NSP1 and IRF5 resulted
in a partial recovery in IRF5 accumulation in comparison to
similar cells not treated with MG132 (Fig. 7E, lanes 2 and 4).
This result implies that NSP1 uses the same proteasome-de-
pendent mechanism to induce the degradation of IRF5 that it
uses in inducing the degradation of IRF3 and IRF7.

FIG. 6. Effect of NSP1 on the activation of the IFN-� promoter
element. Caco-2 cells were nucleofected with combinations of vectors
expressing IRF3- or IRF7-specific siRNAs, wt NSP1 or NSP1�C17,
IRF7, and pA2-SAP, a reporter plasmid containing an IFN-� response
element that drives the expression of SAP. After 24 h, the cells were
treated with poly(I:C) or infected with SA11-5S to stimulate IFN
expression. Subsequently, cell supernatants were analyzed for the pres-
ence of SAP activity. Relevant proteins present in the cells are indi-
cated below the row defining bar pairs 1 to 6. wt, wild-type NSP1; �,
NSP1�C17.
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DISCUSSION

Serial passage of rotavirus at a high MOI in cell culture
relieves the pressure on the virus to spread efficiently from one
cell to another. Under such passage conditions, variants appear
in the rotavirus population with aberrant genotypes due to
intragenic sequence rearrangements occurring within the gene
5 RNA (26). Such rearrangements typically interrupt the NSP1
open reading frame in the gene 5 RNA, creating rotaviruses
that produce C-truncated forms of NSP1. Previous studies
have shown that these NSP1-def rotaviruses have a small
plaque phenotype in comparison to their wt rotavirus counter-
parts (13). As described here, we have also found that rotavi-
ruses encoding defective NSP1 grow to lower titers in some cell
types (FRhL2 and Caco-2) than rotaviruses encoding wt NSP1.
Based on IFN detection assays performed with VSV-GFP, the

relatively poor growth characteristics of NSP1-def rotaviruses
was linked to the failure of these variant viruses to prevent IFN
expression. These results provide direct experimental evidence
that NSP1 plays a critical role in preventing IFN expression in
rotavirus-infected cell and that this function is dependent upon
the C-terminal region of NSP1.

In an earlier study, we showed that infection with wt rota-
virus leads to a rapid and nearly complete loss of the consti-
tutively expressed transcription factor IRF3 (4). Here we
showed that infection with wt rotavirus also prevents the ac-
cumulation of the inducible transcription factor IRF7. Given
the role of IRF3 as the initial trigger of IFN-� expression and
IRF7 as the “master regulator” of type I IFN (15), infection
with wt rotavirus would thus interfere with the ability of the
host to activate IFN-dependent autocrine and paracrine path-

FIG. 7. Members of the IRF family as targets of NSP1. (A) Schematic representation of the structural domains of the IRF3 protein: DBD
DNA-binding domain; NES, nuclear export signal; RD, regulatory domain; and SRR, serine-rich region. (B) Sequence alignment of human IRF3
(accession number Q14653), IRF5 (Q92985), and IRF7 (NM_032643). The DNA-binding domains and regulatory domains are overlined in green
and red, respectively. Conserved residues are highlighted in dark blue. Residues present in two of the three sequences are shown in light blue.
(C) EGFP-IRF3 and IRF7 were transiently expressed individually or in combination with NSP1 in 293T cells by transfection with the indicated
plasmids. The levels of EGFP-IRF3, IRF7, wt NSP1, and PCNA were determined by Western blot assay. After 48 h, the cells were examined for
levels of IRF3, IRF7, wt NSP1, and PCNA by Western blot assay. (D) IRF5 and IRF7 were individually expressed with wt NSP1 or NSP1�C17
in 293T cells by transfection with the indicated plasmids. After 48 h, the cells were examined for levels of IRF5, IRF7, wt NSP1, and PCNA by
Western blot assay. (E) 293T cells were transfected with pCMV-IRF5 alone or in combination with pCI-NSP1. At 48 h posttransfection, the culture
medium was adjusted to 10 �M MG132. Cell lysates were prepared 12 h later and then analyzed by Western blot assay for IRF5, wt NSP1, and
PCNA.
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ways required to establish an antiviral state. Our analysis indi-
cates that wt NSP1 can interact with both IRF3 and IRF7 in
the infected cell and that this interaction results in the degra-
dation of these factors through a proteasome-dependent pro-
cess. Unlike wt NSP1, C-truncated forms of NSP1 (e.g.,
NSP1�C17) cannot induce the degradation of IRF3 and IRF7.
This inactivity of the C-truncated forms is consistent with the
results of previous yeast two-hybrid experiments, which indi-
cated that the C terminus of NSP1 is required for the interac-
tion with IRF3 (11). Our analysis indicates that NSP1 is equally
effective in inducing the degradation of IRF3 and IRF7. In toto
these data indicate that NSP1 uses a similar mechanism to
induce the turnover of IRF3 and IRF7.

In most mammalian cells, activation of IRF3 leads to the
expression of IFN-�, which in turn induces the expression of
IRF7. By targeting IRF3 for degradation, NSP1 removes an
upstream transcription factor needed for IRF7 expression,
thereby subverting the production of type I IFN. Thus, the low
levels of IRF7 present in some rotavirus-infected cells (e.g.,
Caco-2) likely reflects not only the ability of NSP1 to induce
IRF7 degradation but also the ability of NSP1 to induce the
degradation of IRF3. The dual mechanism of NSP1 in subvert-
ing IRF7 function may be crucial for successful virus replica-
tion in the host at later stages of infection, where the virus may
be challenged with replicating in cells that have transitioned
from a naive to an antiviral status due to exposure to cytokines
or debris from neighboring infected cells. In such activated
cells, successful rotavirus replication may rely largely on the
capacity of NSP1 to induce the degradation of preexisting
IRF7. For rotaviruses encoding defective NSP1, infection re-
sults not only in the induction of IRF3 and IRF7 but also in the
activation of IFN-�- and IFN-�-dependent promoter elements
(4) (Fig. 6). Hence, infection with NSP1-def rotaviruses leads
to the expression of both IFN-� and IFN-� and, as a conse-
quence, activation of the complete IFN signaling pathway.

Recent reports have established that rotavirus infection can
lead to a viremic phase in the host, with a number of organs
becoming positive for viral antigen and RNA (8, 9). The spread
of rotavirus from the gut to the circulatory system may be
mediated by the trafficking of dendritic cells and macrophages,
cell types indicated to be capable of supporting rotavirus rep-
lication (24). Unlike most cells, IRF7 is maintained at high
levels in dendritic cells and macrophages due to its constitutive
expression (1). The ability of NSP1 to target IRF7 for degra-
dation may be essential for the growth of rotavirus in such
trafficking cells and therefore for the movement of the virus
across the gut barrier to produce a viremia.

Comparative analysis of the NSP1 sequences of rotaviruses
recovered from different animal species shows evidence of a
highly conserved N-terminal RING finger-like motif. However,
the C-terminal half of the protein, including the IRF-interac-
tive domain, is remarkably poorly conserved. The fact that the
NSP1 sequence is much more conserved among virus strains
originating from common animal species suggests that the pro-
tein has evolved such that it may be somewhat species specific
in its function. Hence, different varieties of NSP1 may show
considerable variability in the capacity to induce the degrada-
tion of any one IRF, depending on how close that IRF comes
to the natural target of the NSP1 protein. Such species speci-
ficity of NSP1 function may explain the variation seen in the

ability of different rotaviruses to grow and spread in animal
model systems.

The observation that NSP1 can induce the degradation of
IRF3 and IRF7 led us to investigate the possibility that NSP1
targeted multiple members of the IRF family for degradation.
Indeed, our analysis indicates that NSP1 can induce the deg-
radation of IRF5, a transcription factor that is constitutively
expressed in dendritic cells and B lymphocytes, that stimulates
the expression of subtypes of IFN-�, and that is regulated by
type I IFN (2, 22). Evidence exists that IRF5 also has roles in
stimulating the expression of cytokines and chemokines that
cause the recruitment of T lymphocytes, regulating the cell
cycle, triggering apoptosis, and acting as a p53-controlled tu-
mor suppressor (3, 7). The ability of NSP1 to induce the deg-
radation of IRF3, IRF5, and IRF7 suggests that NSP1 recog-
nizes a common element in all three factors, with the likeliest
being the conserved N-terminal DNA-binding domain or one
or more shared islands of sequence conservation located in its
regulatory domain (Fig. 7A).

Our results provide evidence that rotavirus NSP1 represents
a broad-spectrum antagonist of the function of IRFs. Based on
these results, we can predict that the origin and nature of NSP1
expressed by any particular vaccine strain of rotavirus may
have a bearing on the behavior and efficacy of the vaccine
within the vaccinee. Instead of relying on reassortants formed
by animal and human rotaviruses to generate vaccine strains,
mutation of the NSP1 gene of human rotavirus strains may give
rise to attenuated vaccine candidates that are more suitable in
inducing relevant and broadly protective B- and T-cell re-
sponses in the vaccinee (18).
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