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Rotavirus NSP1 Mediates Degradation of Interferon Regulatory
Factors through Targeting of the Dimerization Domain

Michelle M. Arnold,* Mario Barro,* John T. Patton

Rotavirus Molecular Biology Section, Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
Maryland, USA

Rotavirus nonstructural protein NSP1 can inhibit expression of interferon (IFN) and IFN-stimulated gene products by inducing
proteasome-mediated degradation of IFN-regulatory factors (IRFs), including IRF3, IRF5, and IRF7. All IRF proteins share an
N-terminal DNA-binding domain (DBD), and IRF3, IRF5, and IRF7 contain a similar C-proximal IRF association domain (IAD)
that mediates IRF dimerization. An autoinhibitory domain (ID) at the extreme C terminus interacts with the IAD, burying resi-
dues necessary for IRF dimerization. Phosphorylation of serine/threonine residues in the ID induces charge repulsions that un-
mask the IAD, enabling IRF dimerization and subsequent nuclear translocation. To define the region of IRF proteins targeted for
degradation by NSP1, we generated IRF3 and IRF7 truncation mutants and transiently expressed each with simian SA11-4F
NSP1. These assays indicated that the IAD represented a necessary and sufficient target for degradation. Because NSP1 did not
mediate degradation of truncated forms of the IAD, NSP1 likely requires a structurally intact IAD for recognition and targeting
of IRF proteins. IRF9, which contains an IAD-like region that directs interactions with signal inducer and activator of transcrip-
tion (STAT) proteins, was also targeted for degradation by NSP1, while IRF1, which lacks an IAD, was not. Analysis of mutant
forms of IRF3 unable to undergo dimerization or that were constitutively dimeric showed that both were targeted for degrada-
tion by NSP1. These results indicate that SA11-4F NSP1 can induce degradation of inactive and activated forms of IAD-contain-
ing IRF proteins (IRF3 to IRF9), allowing a multipronged attack on IFN-based pathways that promote antiviral innate and adap-

tive immune responses.

The interferon (IFN)-regulatory factor (IRF) family of transcrip-
tion factors consists of nine members (IRF1 to IRF9) that have
crucial roles in activating innate and adaptive immune responses to
viral infection (1, 2). Several of the IRF proteins, notably IRF3, IRF5,
and IRF7, are particularly important for triggering the expression of
type I IFN and IFN-stimulated gene (ISG) products (3, 4). Of these
three IRF proteins, IRF3 is constitutively synthesized in most cells
types (e.g., fibroblasts), where it accumulates in an inactive form
within the cytoplasm (1). In contrast, IRF5 and IRF7 are constitu-
tively synthesized in only a limited number of cell types (e.g., plasma-
cytoid dendritic cells [DCs]); more typically their expression is in-
duced by type I IFN (5). Nonetheless, inactive forms of IRF5 and
IRF7, like IRF3, accumulate in the cytoplasm. Interaction of viral
RNAs with cytosolic pattern recognition receptors (PRRs) (6, 7), such
as retinoic acid-inducible gene I (RIG-I) and melanoma differentia-
tion-associated gene 5 (MDAD5), triggers a complex signaling cascade
thatleads to the phosphorylation and dimerization of IRF proteins (8,
9). The dimers translocate to the nucleus, where they bind to IFN-
stimulated response element (ISRE) promoter sequences, stimulat-
ing the transcription of genes encoding IFN and ISG products
(10, 11).

The IRF proteins all share an N-terminal DNA-binding do-
main (DBD) with a unique helix-turn-helix signature that in-
cludes five tryptophan repeats (Fig. 1A) (12-15). The C-terminal
regions of IRF proteins are more diverse and can include elements
that have regulatory function (1, 5). The C-terminal regions of
IRF3 to IRF9 contain a structurally related IRF association do-
main (IAD), which mediates homodimer and, in some cases, het-
erodimer (e.g., IRF3/IRF7) formation (12, 16). Instead of func-
tioning in IRF dimerization, the role of the C-terminal region of
IRF9 is to promote interactions with the signal transducer and
activator of transcription proteins, STAT1 and STAT2, enabling
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the formation of the ISGF3 heterotrimeric complex (17, 18). In
the nucleus, ISGF3 uses the IRF9 DBD to interact with ISRE pro-
moter sequences.

An autoinhibitory domain (ID) at the extreme C terminus of
IRF3, IRF5, and IRF7 suppresses the transactivation function of
the TAD (19-21). The ID interacts with the IAD to form a con-
densed hydrophobic core that masks key residues of the IAD re-
quired for IRF dimerization (Fig. 1B) (16, 22). Phosphorylation of
conserved serine and threonine residues within the ID introduces
charge repulsions, causing the ID to adopt an extended conforma-
tion. This structural change unmasks the IAD, allowing contacts
to be made between IRF monomers, creating a dimer with a func-
tional DBD that, upon translocation to the nucleus, can bind to
IFN and ISG enhancer elements (23, 24).

Rotaviruses, members of the family Reoviridae, have genomes
consisting of 11 double-stranded RNA segments that are encapsi-
dated within a nonenveloped icosahedral virion (25). The group A
rotaviruses (RVAs) are an important cause of gastroenteritis in
many animal species, including humans (25, 26), with the villous
tips of the small intestine representing the primary site of virus
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FIG 1 Shared domains of representative IRF proteins. (A) All IRF family members contain a well-conserved DNA-binding domain (DBD; green) at the N
terminus of the protein. Most IRF proteins contain an IRF association domain (IAD; teal), which facilitates dimerization, and an inhibitory domain (ID;
magenta), which is a regulatory element that keeps IRFs in an inactive monomeric state until activated by phosphorylation. Sites of phosphorylation (P) are
indicated in yellow. IRF9 contains a STAT binding domain (STAT-BD; white) that is similar to the IAD. (B) Schematic of IRF activation. Ribbon diagram of the
C-terminal domain of IRF3 (Protein Data Bank [PBD] code IQWT) (16) in the inactive monomeric state. Phosphorylation causes the ID to extend away from
the IAD, and this extended domain participates in formation of the active dimeric IRF (IRF5 shown; PDB 3DSH) (23). Domains are colored as described for panel

A. The illustration was prepared using Chimera (44).

replication. Replication of RVA RNAs is sensed by RIG-I and
MDAS, which triggers an IFN-mediated innate immune response
that leads to the activation of IRF3 and expression of ISG products
(27-29). The RVA nonstructural protein, NSP1, antagonizes the
response by interacting with and, in some cases, inducing the deg-
radation of proteins connected to IFN and ISG expression (30—
32). Through these mechanisms, NSP1 may function as a viru-
lence determinant, influencing the ability of the virus to replicate
and cause disease in its host and, possibly, to spread from the gut
to secondary sites of replication (27, 30, 32). Most human RVA
NSP1 proteins contain a C-terminal recognition motif (DSGxS)
for B-transducing repeat-containing protein (3-TrCP) (33), sug-
gesting that this type of NSP1 antagonizes IFN signaling pathways
by interacting with a factor that controls NF-kB activation (34). In
contrast, many animal (nonhuman) RVAs encode NSP1 proteins
that lack the B-TrCP recognition motif and that induce the deg-
radation of IRF3, IRF5, and IRF7; these include the simian NSP1s
of the SA11-4F and RRYV strains and the bovine NSP1s of the
NCDYV and UK strains (35-40).

The variation in NSP1 activities is correlated with the extensive
sequence diversity noted for the C-terminal end of the protein
(41-43). Indeed, as revealed by yeast two-hybrid assays, the NSP1
C terminus includes the recognition domain for cellular protein
targets (35). The importance of the C terminus in target interac-
tions is further supported by studies of animal RVAs that encode
C-truncated forms of NSP1; these viruses fail to induce IRF deg-
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radation or prevent IFN expression (37, 38). IRF degradation as-
says performed in vitro with NSP1 proteins bearing C-terminal
deletions or domain swaps have further verified the contribution
of the C terminus to the interaction of NSP1 and its targets (40).
Because all NSP1 proteins share an N-terminal RING domain and
treatment of cells with proteasome inhibitors prevents NSP1-me-
diated degradation of its targets, NSP1 has been proposed to func-
tion as an E3 ubiquitin ligase (34, 38).

The capacity of NSP1 proteins of many animal RVs to induce
the degradation of IRF3, IRF5, and IRF7 suggests that their NSP1s
recognize a common element within these targets (36, 39). To
explore this possibility, mutagenesis was used to define the region
of IRF3 and IRF7 recognized and targeted for degradation by
SA11-4F NSP1. The results indicate that a structurally intact IAD
represents the minimal target for NSP1, and that the IAD is sub-
ject to degradation irrespective of its conformation (monomeric
or dimeric). Given that NSP1 has induced the degradation of all
IRF proteins with IAD-like regions tested so far (IRF3, IRF5, IRF7,
and IRF9) (38, 39) but the IAD-free IRF1 protein has not, it is
possible that NSP1 targets the entire subset of [AD-containing IRF
family members (IRF3 to IRF9). Through this mechanism, RVA
may inhibit the antiviral activities of multiple antiviral pathways,
including those resulting from IFN-stimulated ISG expression,
apoptosis induction, or CD4" and CD8™" lymphocyte differenti-
ation.
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MATERIALS AND METHODS

Cells and antibodies. Human 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Quality Biological) supplemented with
10% fetal bovine serum (FBS) (Invitrogen) and 1% nonessential amino acids
(Lonza). Rabbit polyclonal antiserum to simian SA11-5S NSP1 was used at a
dilution of 1:1,000 (39). Rabbit polyclonal antibodies to human IRF1 (1:250;
5c-497), IRF3 (1:2,000; sc-9082), and IRF9 (1:250; sc-496), as well as PCNA
(1:1,000; sc-7907) and green fluorescent protein (GFP) (1:1,000; sc-8334),
were purchased from Santa Cruz Biotechnology.

Expression vectors. To generate vectors expressing truncated IRF3
proteins, start and stop codons and restriction sites were introduced into a
human IRF3 gene sequence at specific sites by PCR amplification using
AccuPrime Pfx Supermix (Invitrogen). Reaction mixtures included pEGFP-
IRF3 (kindly provided by John Hiscott, McGill University) (37) as the tem-
plate and primers designed to amplify the fragment of interest while adding
terminal EcoRI and Mlul restriction sites. PCR products were digested with
EcoRI and Mlul and ligated into the pAcGFP vector (Clontech) digested with
the same enzymes. To generate full-length GFP-IRF3 with S396 and S398
mutated to alanine (pEGFP-IRF3-2A), outward PCR amplification was per-
formed using pEGFP-IRF3 as the template and suitable primers. To generate
full-length IRF3 with $396, $398, $402, S405, and T404 each mutated to ala-
nine (pEGFP-IRF3-5A), outward PCR amplification was performed using
PEGFP-IRF3-2A as the template and suitable primers. To generate full-length
GFP-IRF3 with residues S396, $398, 5402, S405, and T404 replaced with as-
partic acid, pPCMV-IRF3-5D (provided by John Hiscott) was digested with
the restriction enzymes Xbal and Pvull. The fragment containing the aspartic
acid mutations was ligated into the pPEGFP-IRF3 (1-427) vector digested with
the same enzymes. To generate full-length GFP-IRF3-5D with R285 changed
to glutamic acid or alanine (pEGFP-IRF3-5D R285E or R285A), outward
PCR amplification was performed using pEGFP-IRF3-5D as the template
and suitable primers. To generate full-length GFP-IRF3-5D with L1362
changed to aspartic acid or alanine (pEGFP-IRF3-5D L362D or L362A), out-
ward PCR amplification was performed using pEGFP-IRF3-5D as the tem-
plate and suitable primers.

Vectors expressing truncated human IRF7 proteins were constructed
in a manner similar to that for vectors expressing truncated IRF3 proteins
(described above). PCR mixtures included pCMVSport-IRF7H (kindly
provided by Paula Pitha-Rowe, Johns Hopkins University) (34) as the
template and primers that amplified defined regions of the IRF7 gene
sequence and that added terminal HindIII and BamHI restriction sites.
PCR products were digested with HindIII and BamHI and ligated into
PACGFP that had been digested with the same enzymes. Sequences of
plasmid inserts were verified using an Applied Biosystems 3100 genetic
analyzer. Primer sequences used in generating constructs are available
upon request.

Expression vectors containing the NSP1 open reading frame (ORF) of
RVA strains SA11-4F(pCI-NSP1:4F), SA11-5S(pCI-NSP1AC17:5S), and
human WI61(pcDNA-NSP1:WI61) have been previously described (39).
The WI61 NSP1ACI3 expression vector was prepared by PCR amplifica-
tion of pcDNA-NSP1:WI61 using a reverse primer that introduced a stop
codon 13 amino acids upstream from the end of the protein. The PCR
product was digested with the applicable restriction enzymes and inserted
into pcDNA3.1 vector (Invitrogen). The expression vectors for human
IRF1 (pCMV6-XL5-IRF1) and human IRF9 (pCMV6-AC-IRF9) were
purchased from Origene (Rockville, MD).

Transfections. Approximately 2.0 X 10° 293T cells in 6-well plates
were transfected with vector DNA using 8 pl of Lipofectamine 2000 (In-
vitrogen) per well. To analyze IRF3 proteins containing C-terminal dele-
tions and point mutations, transfection mixtures contained 2 g of NSP1
expression vector and 0.2 pg of an IRF3 expression vector. To analyze
IRF3 proteins containing N-terminal deletions, transfection mixtures
contained 2.0 g of NSP1 expression vector and 2.0 pg of an IRF3 expres-
sion vector. To analyze IRF1, IRF7, and IRF9 proteins, transfection mix-
tures contained 2.0 pg of NSP1 expression vector and 0.5 g of an IRF1,
0.2 pg of an IRF7, and 0.5 pg of an IRF9 expression vector. At 24 h
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posttransfection (p.t.), cells were harvested in 200 pl radioimmunopre-
cipitation assay (RIPA) buffer containing 150 mM NaCl, 150 mM Tris-
HCI (pH 8.0), 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS), and 1 X Complete protease inhibitor cocktail
(Roche) and then were assayed for protein content by immunoblot anal-
ysis.

Quantitative immunoblot analysis. Whole-cell lysates were briefly
sonicated and then diluted 1:1 in 2X Novex Tris-glycine SDS sample
buffer (Invitrogen). Proteins were resolved by electrophoresis on 10%
Tris-glycine gels (Invitrogen) and transferred onto nitrocellulose mem-
branes. The membranes were blocked with Odyssey blocking buffer
(LI-COR Biosciences) and then incubated with primary antibody in Od-
yssey blocking buffer containing 0.1% Tween 20. Afterwards, blots were
washed with Tris-buffered saline (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl) containing 0.1% Tween 20 (TBS-T) and incubated with IRDye
680- or IRDye800-conjugated secondary antibodies in TBS-T and 1%
milk. Blots were then washed with TBS-T, and fluorescent bands were
imaged and quantified with the Odyssey infrared imaging system. Bands
of interest were normalized to PCNA levels to control for loading.

Native PAGE analysis. At 24 h p.t., 293T cells were washed and resus-
pended using phosphate-buffered saline (PBS), transferred into a micro-
centrifuge tube, and pelleted. Cell pellets were lysed on ice in buffer con-
taining 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 1%
Nonidet P-40, and 1X Complete protease inhibitor cocktail. Afterwards,
cellular debris was pelleted and the supernatant was transferred to a new
centrifuge tube. Sodium deoxycholate was added to a 1% final concentra-
tion, and 2 X Tris-glycine sample buffer (SDS free) was added toa 1 X final
concentration. No heating step was performed. Proteins were resolved by
electrophoresis on Novex 8% Tris-glycine gels in Novex 1X Tris-glycine
native running buffer (Invitrogen) and transferred onto nitrocellulose
membranes. Monomeric and dimeric forms of EGFP-IRF3 proteins were
probed with anti-GFP antibody, and signal was detected using an Odyssey
infrared imaging system.

Molecular graphics. Molecular graphics and analyses were performed
with the UCSF Chimera package (version 1.7) (44). Chimera was devel-
oped by the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco (supported by NIGMS P41-
GM103311).

Nucleotide sequence accession numbers. Sequences of the human
IRF1 (NM_002198), IRF3 (NM_001571), IRF5 (NM_032643), IRF7
(AF076494), and IRF9 (NM_002198) genes examined in this study are
available in GenBank.

RESULTS

IAD of IRF3 is targeted for degradation by NSP1. To locate the
region of IRF3 necessary for NSP1-mediated degradation, vectors
were constructed that expressed human IRF3 proteins with N- or
C-terminal truncations of various lengths fused to an N-terminal
GFP tag (Fig. 2). The use of the GFP tag allowed quantitation of
transiently expressed EGFP-IRF3 proteins by immunoblot analy-
sis and resolution of endogenous forms of IRF3 from transiently
expressed forms. Each GFP-IRF3 expression vector was cotrans-
fected into human 293T cells with an expression vector for simian
wild-type NSP1 (strain SA11-4F) or an isogenic form of the same
protein that contains a C-terminal 17-amino-acid truncation
(AC17NSP1 of strain SA11-5S) (37). Previous studies have shown
that SA11-4F NSP1 induces the degradation of IRF3, IRF5, and
IRF7 but not B-TrCP, and it restricts IFN expression, while
SA11-5S AC17 NSP1 fails to induce IRF degradation or prevent
IFN expression (37, 38). The SA11-5S isolate was recovered from
a high-passage-number stock of the SA11-4F virus (45, 46). 293T
cells expressing GFP-IRF3 and NSP1 constructs were harvested at
24 h p.t., and their lysates were subjected to SDS-PAGE, followed
by immunoblot analysis with anti-GFP antibody. For each con-
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FIG 2 Region of IRF3 necessary for NSP1-induced degradation. (A) Sum-
mary of IRF3 deletion constructs. The full-length IRF3 protein is indicated by
a horizontal black bar spanning amino acids 1 to 427 (positions are numbered
above the bars). IRF3 contains a DNA-binding domain (DBD), an IRF-inter-
active domain (IAD), and an inhibitory domain (ID), as indicated at the top.
IRF3 truncation mutants are also represented by black bars spanning the ap-
proximate portion that each represents. The outcome of IRF3 expression in the
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struct, protein levels were quantified and calculated as a percent-
age of GFP-IRF3 coexpressed with SA11-4F NSP1 relative to GFP-
IRF3 coexpressed with SA11 AC17 NSP1 (which was set to 100%).
SDS-PAGE and immunoblot analysis were used to verify the ex-
pression of appropriately sized GFP-IRF3 products (Fig. 2) and
NSP1 proteins (data not shown) from constructs.

Protein levels of full-length GFP-IRF3 (construct 1-427) coex-
pressed with SA11-4F NSP1 were reduced by greater than 50%
than during coexpression with AC17 NSP1, indicating that GFP-
tagged IRF3 was degraded in the presence of wild-type NSP1 (Fig.
2B). C-terminal truncations of GFP-IRF3 of up to 42 amino acids
(corresponding to IRF3 1-385) had similarly low levels of protein
in the presence of SA11-4F NSP1 (Fig. 2B). This suggests that the
ID of IRF3 (amino acids 382 to 414), including the sites of phos-
phorylation, is not required for degradation by wild-type NSP1.
When truncations from the C terminus of GFP-IRF3 were greater
than 64 amino acids (such as IRF3 1-357), SA11-4F NSP1 no lon-
ger reduced the levels of GFP-IRF3 to less than that of AC17 NSP1,
suggesting the target was no longer degraded. In all experiments,
loss of the endogenous form of IRF3 was also detected, indicating
that NSP1 actively targeted both the full-length and C-truncated
forms of IRF3 for degradation (data not shown). Interestingly,
expression of SA11-4F NSP1 caused some nondegraded GFP-
IRF3 targets to accumulate to levels above that reached when the
targets were expressed with AC17 NSP1 (Fig. 2B, 1-357 target).
This phenomenon was described before in studies examining the
effects of NSP1 on a B-TrCP target (39), and it raises the possibil-
ity that full-length NSP1 has an as-yet undefined activity that can
upregulate protein expression.

Levels of GFP-IRF3 with N-terminal truncations of up to 202
amino acids (including IRF3 203-427) were reduced by greater
than 50% when coexpressed with SA11-4F NSP1 (Fig. 2C). When
truncations from the N terminus extended beyond 203 amino
acids (such as IRF3 221-427), levels of GFP-IRF3 were approxi-
mately equivalent when coexpressed with wild-type or defective
NSP1. This suggests that the DBD of IRF3 (amino acids 1 to 150)
and the region linking the DBD to the IAD are not required for
degradation by NSP1. Thus, by deletion analysis we identified the
minimal region of human IRF3 necessary for degradation by
NSP1 to be amino acids 203 to 385, corresponding to the IAD,
which is the domain responsible for dimerization of IRF proteins.

The IAD of human IRF3 and IRF?7 is sufficient for degrada-
tion by NSP1. To determine if the region of IRF3 encompassing
the IAD was sufficient for degradation by NSP1, a GFP-tagged
IRF3 gene construct was engineered to express IRF3 residues 203
to 385 (Fig. 3A). This was cotransfected with a plasmid expressing
the wild-type SA11-4F NSP1 or the defective SA11-5S NSP1 into
293T cells. Cells were harvested at 24 h p.t. and lysates were sub-
jected to SDS-PAGE, followed by quantitative immunoblot anal-

presence of SA11-4F NSP1 is indicated as degraded (+) or not degraded (—).
(B and C) 293T cells were cotransfected with a vector encoding GFP-tagged
IRF3 protein with C-terminal (B) or N-terminal (C) truncation and a vector
encoding wild-type (SA11-4F; 4F) or defective (SA11-5S; 5S) NSP1. Proteins
in cell lysates were resolved by SDS-PAGE and analyzed by immunoblotting
for GFP and PCNA. Proteins were quantified with the Odyssey infrared imag-
ing system. Band intensities were normalized to the loading control PCNA and
are given as the percentage of protein in cells expressing defective NSP1. Bar
graphs represent the mean values from two experiments; ranges are indicated
with error bars. Representative immunoblots are shown below each bar graph.
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FIG 3 TAD of IRF3 and IRF7 is sufficient for NSP1-induced degradation. (A)
Schematic of minimal regions of IRF3 and IRF7 tested. (B) 293T cells were
cotransfected with a vector encoding GFP-tagged wild-type IRF3 (construct
1-427) or IRF7 (1-516), IRF3 mutant 190-385 or 203-385, or IRF7 mutant
289-484 or 301-484 and a vector encoding SA11-4F (wild-type), SA11-5S (de-
fective), WI61 (wild-type), or WI61AC13 (defective) NSP1. Proteins in cell
lysates were resolved by SDS-PAGE and analyzed by immunoblotting for GFP
and PCNA. Proteins were quantified with the Odyssey infrared imaging sys-
tem. Band intensities were normalized to the loading control PCNA and are
given as the percentage of the protein in cells expressing defective NSP1.
Shown are the mean values from two experiments; ranges are indicated with
error bars.

ysis with anti-GFP antibodies. The results showed that IRF3 resi-
dues 203 to 385 were not sufficient for degradation in the presence
of wild-type NSP1 (Fig. 3B). When a GFP-tagged IRF3 expressing
residues 190 to 385 was coexpressed with the wild-type NSP1,
GFP-IRF3 protein levels were reduced by greater than 50%, sug-
gesting a region of IRF3 including the IAD was sufficient for deg-
radation by wild-type NSP1. The basis for the slight difference in
the N-terminal boundary of the IRF3 target defined by the two
deletion analyses (Fig. 2, 203-385 and 3, 190-385) is not clear but
may result from a partially misfolded determinant in the 203-385
target that is corrected when residues 190 to 203 are present. Al-
ternatively, it is possible that the NSP1-binding site extends
slightly upstream and downstream of the 203-385 region of IRF3,
and when both are missing, as in the IRF3 203-385 target, NSP1
can no longer efficiently interact with and induce its degradation.
In contrast, the presence of extra downstream sequence in the
IRF3 203-427 target (Fig. 2B) could enhance NSP1 interaction,
thereby promoting target degradation.

Because the activity of NSP1 can vary between proteins isolated
from different RVA strains (34, 39), GFP-IRF3 (190-385) and
GFP-IRF3 (203-385) were also coexpressed with human WI61
NSP1, which is known to induce the degradation of IRF3, IRF5,
and IRF7 proteins. Protein levels were quantified and calculated as
a percentage of GFP-IRF3 coexpressed with the active wild-type
WI61 NSP1 relative to that in the presence of a C-terminally trun-
cated, i.e., defective, WI61 NSP1 (WI61 NSP1ACI13). Protein lev-
els of the GFP-tagged IRF3 construct expressing residues 203 to
385 and 190 to 385 were reduced by greater than 50% in the pres-
ence of wild-type WI61 NSP1 (Fig. 3B), indicating that the IAD of
IRF3 is the region targeted by NSP1 for degradation.
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FIG 4 IRF9 is degraded in the presence of NSP1, but IRF1 is not. 293T cells
were cotransfected with a vector encoding full-length IRF1 (A) or IRF9 (B) and
a vector encoding SA11-4F (wild type), SA11-5S (defective), WI61 (wild-
type), or WI61AC13 (defective) NSP1. Proteins in cell lysates were resolved by
SDS-PAGE and analyzed by immunoblotting for IRF1 or IRF9 and PCNA.
Protein levels were visualized and quantified with the Odyssey infrared imag-
ing system. The samples shown in panel A were run on the same gel, as were the
samples in panel B.

IRF3 and IRF7 share common biological features, as well as
structural homology, and heterodimerize in cells when stimulated
by pathogens to drive IFN-3 expression (16, 22). To determine
whether the region of IRF7 homologous to IRF3 residues 203 to
385 was also degraded in the presence of wild-type NSP1, a human
IRF7 gene construct was engineered to express residues 301 to 484
N-terminally tagged with GFP (Fig. 3A). This was cotransfected
with a plasmid expressing either wild-type SA11-4F NSP1 or de-
fective SA11-5S NSP1 into 293T cells. The cell lysates were sub-
jected to SDS-PAGE, followed by quantitative immunoblotting.
In comparison to cells cotransfected with the defective NSP1, pro-
tein levels of IRF7 residues 301 to 484 were reduced by more than
50% when cotransfected with wild-type NSP1 (Fig. 3B). The re-
sults showed that IRF7 residues 301 to 484 were sufficient for
degradation, indicating that SA11-4F NSP1 targets the homolo-
gous IAD of IRF7. Similar results were found with WI61 NSP1
(Fig. 3B). Taken together, these results indicate that the IRF DBD
and inhibitory domain are not required, and the IAD is sufficient
for NSP1-mediated degradation.

IRF9, but not IRF1, is targeted by NSP1. All nine IRF proteins
contain a DBD, but IRF1 and IRF2 lack the characteristic IAD of
IRF3-IRF9 (12). To confirm that the IAD was the region targeted
by NSP1, a human IRF1 expression construct was cotransfected
with a plasmid expressing either wild-type NSP1 (SA11-4F or
WI61) or defective NSP1 (SA11-5S or WI61AC13) into 293T cells.
The cell lysates were subjected to SDS-PAGE, followed by immu-
noblotting. IRF1 protein levels were equivalent in cells expressing
the wild-type or defective NSP1 protein (Fig. 4A), indicating that,
as predicted, IRF1 was not targeted for degradation by NSP1. The
C-terminal region of IRF9 is known to bind STAT proteins and

jviasm.org 9817


http://jvi.asm.org

Arnold et al.

A_ Mutant IRF3 Phenotypes

IRF3-5A* monomeric, non-phosphoryable
IRF3-5D* dimeric, phosphomimetic
5D/R285A monomeric, phosphomimetic,
dimeric interactions disrupted
5D/L362A monomeric, phosphomimetic,

dimeric interactions disrupted

*Mutated residues: S396, S398, S402, T404, S405

B 5D/ 5D/
) WT 5A 5D R285A  L362A

WT AC WT AC WT AC WT AC WT AC

NSP1
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FIG 5 Monomeric and dimeric IRF3 are targets of NSP1-induced degrada-
tion. (A) Phenotype of mutant IRF3 proteins and location of critical residues.
(B) 293T cells were cotransfected with a vector encoding GFP-tagged IRF3 or
mutant IRF3-5A, IRF3-5D, IRF3-5D/R285A, or IRF3-5D/L362A and a vector
encoding SA11-4F (wild type; WT) or SA11-5S (defective; AC) NSP1. Proteins
in cell lysates were resolved by SDS-PAGE and analyzed by immunoblotting
for GFP and PCNA. Proteins were quantified with the Odyssey infrared imag-
ing system. (C) Depiction of IRF dimer with one monomer diagrammed as a
ribbon and the other as a surface-filled model (PDB code 3DSH). The location
of conserved IRF3 R285 and 1362 residues are noted in red. (D) 293T cells were
transfected with a vector encoding GFP-tagged IRF3, IRF3-5D or IRF3-5D/
L362A. Cell lysates were resolved by native PAGE; GFP-IRF3 proteins were
detected by immunoblot assay with anti-GFP antibody.

form a heterotrimeric complex known as ISGF3. When a human
IRF9 expression construct was cotransfected with a plasmid ex-
pressing either wild-type NSP1 (SA11-4F or WI61) or defective
NSP1 (SA11-5S or WI61ACI13) into 293T cells, the wild-type
NSP1 proteins induced degradation of IRF9 (Fig. 4B). These find-
ings support the conclusion that the IAD is important for NSP1-
mediated degradation of IRF proteins.

The monomeric and dimeric forms of IRF3 are both targeted
for degradation by NSP1. In uninfected cells, IRF3 resides in the
cytoplasm in an inactive, monomeric state. Upstream stimulation
by pathogen-activated signaling pathways activates IRF3 by post-
transcriptional phosphorylation and subsequent dimerization. To
determine which form of IRF3, monomeric or dimeric, is targeted
for degradation by NSP1, we mutated the key sites of phosphory-
lation (S396, S398, S402, T404, and S405) in the ID (Fig. 5A) (24,
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47). Alanine substitution at these sites prevents phosphorylation,
resulting in the production of an inactive monomeric form of
IRF3 (GFP-IRF3-5A) (11, 24, 47). Alteration at the sites of phos-
phorylation with aspartic acid, a phosphomimetic, drives the for-
mation of a constitutively activated dimeric form of IRF3 (GFP-
IRF3-5D) (11, 22, 24, 47).

To determine if monomeric IRF3 was targeted for degradation
by NSP1, the GFP-IRF3-5A construct was cotransfected with a
plasmid expressing either wild-type SA11-4F NSP1 or defective
SA11-5S NSP1 into 293T cells. The cell lysates were subjected to
SDS-PAGE, followed by quantitative immunoblot analysis. The
results showed that GFP-IRF3-5A protein levels were reduced by
greater than 50% when coexpressed with wild-type NSP1, indicat-
ing that monomeric IRF3 is a degradation target of NSP1 (Fig.
5B). To determine if dimeric IRF3 was similarly targeted by NSP1,
the GFP-IRF3-5D construct was likewise cotransfected with plas-
mids expressing SA11-4F NSP1 or defective SA11-5S NSP1. The
results showed that GFP-IRF3-5D protein levels were reduced by
greater than 50% when coexpressed with wild-type NSP1, indicat-
ing that dimeric IRF3 is also targeted by NSP1 (Fig. 5B).

X-ray crystallography of the IRF5 dimer has defined the exten-
sive intermolecular interface that mediates interactions between
monomeric subunits (23). Several key interface residues are con-
served among the IRF3 to IRF9 proteins, including the surface-
exposed residues IRF3 R285 and L362 (Fig. 5C) (23). Mutation of
either residue prevents IRF3 dimerization, even when conserved
serine and threonine residues of the ID are replaced with dimer-
favoring phosphomimetics (23). To disrupt dimer formation in
the context of IRF3 proteins containing phosphomimetics, con-
structs for GFP-IRF3-5D were generated that contained an R285A
or an L362A mutation. As confirmed by native gel electrophoresis
(Fig. 5D), the IRF3-5D protein accumulated in transfected cells as
a dimer, while IRF3-5D with an L362A mutation accumulated as a
monomer. Constructs expressing IRF3-5D/R285A or IRF3-5D/
L362A were cotransfected with plasmids expressing either wild-
type SA11-4F NSP1 or defective SA11-5S NSP1 into 293T cells.
Analysis of the cell lysates showed that wild-type NSP1 reduced
levels of both forms of the IRF3-5D by greater than 50% relative to
defective SA11-5S NSP1 (Fig. 5B). These results show that NSP1
mediates the degradation of both monomeric and dimeric forms
of IRF3.

DISCUSSION

The signaling cascade induced by activated host PRRs culminates
in the phosphorylation of IRF proteins, which then form homo-
or heterodimeric complexes that translocate to the nucleus to in-
duce IFN and ISG expression (1). RVA NSP1 inhibits the expres-
sion of these antiviral products by interacting with and, in some
cases, inducing the proteasome-mediated degradation of IRFs
and/or B-TrCP (34, 37, 38, 40). Those NSP1 proteins that target
B-TrCP are suggested by the presence of a C-terminal B-TrCP
recognition motif, and likely phosphodegron, DSGxS (33). The
NSP1 proteins of many animal RVAs lack the DSGxS motif and
appear to rely on the degradation of IRFs as a principal mecha-
nism for inhibiting IFN and ISG expression (unpublished results).
In this study, we have examined the targeting activity of NSP1
proteins (strains SA11-4F and WI61) that are known to induce the
degradation of IRFs. The results identified the IAD, or dimeriza-
tion domain, of IRF3 and IRF7 as the region both necessary and
sufficient for these NSP1 proteins to induce degradation. Consis-

Journal of Virology


http://jvi.asm.org

tent with these results, NSP1 also mediated the degradation of two
other IAD-containing IRF proteins (IRF5 and IRF9) but failed to
induce the degradation of IRF1, a transcription factor thatlacks an
IAD-like dimerization domain. Because the IAD domains of IRF3
to IRF9 are structurally similar (12, 16, 22), it may be predicted
that NSP1 targets the entire subset of IAD-containing IRF pro-
teins for degradation, including the untested IRF4, IRF6, and IRF8
proteins. Given the importance of IRF4 and IRFS to the differen-
tiation of CD4™ DCs and to CD8a™ and plasmacytoid DCs, re-
spectively, the degradation of these targets by NSP1 could signif-
icantly delay adaptive immune responses to RVA infection (1, 48).

Interestingly, a recent study by Holloway et al. (49) indicated
that RVA interferes with host antiviral responses by preventing the
nuclear accumulation of STAT1 and STAT?2, despite the fact that
activated forms of these factors are present in the cytoplasm. We
propose that the failure of activated STAT to translocate from the
cytoplasm to the nucleus in RVA-infected cells stems from NSP1-
mediated degradation of IRF9. As a result, STAT1 and STAT2
cannot interact with IRF9 to form the heterotrimeric ISGF3 com-
plex, which, when present, translocates to the nucleus and induces
ISG transcription. Holloway et al. (49) suggested that NSP1 was
not responsible for the failure of STAT to accumulate in the nu-
cleus, but results were not provided for assessing the potential of
their form of NSP1 to induce IRF9 degradation.

The formation of the ISGF3 complex via the Jak/STAT path-
way is triggered not only by interaction of type I IFNs (IFN-a and
IFN-B) with the cellular heterodimeric IFN-aR1/R2 receptor
complex but also by interaction of type III IEN (IFN-\) with the
IFN-1R1/interleukin-10R2 receptor complex (50). Because RVA
infection stimulates the production of both type I and III IFNs (51
and unpublished results), receptor interactions with either type of
IFN could lead to the formation of ISGF3 complexes in RVA-
infected cells. However, stemming from the capacity of NSP1 to
degrade IRF9 and thereby prevent ISGF3 formation, it is possible
that the virus can undermine the capacity of either type of IFN (I
or III) to stimulate ISG expression. Moreover, the IFN-\ pro-
moter region, like those of IFN-a and -8, contains binding sites
for IRF3 (52). The fact that IRF3 is a target of NSP1 provides the
virus with yet another mechanism (IRF3 degradation) for antag-
onizing the signaling pathways of type I and III IFNs. The essential
role for IRF3 in controlling RVA replication was demonstrated in
a study showing that viral RNA accumulates to much higher levels
in IRF3™/~ mouse embryo fibroblasts than in IRE3™/ fibroblasts
(29).

There are many different circulating and laboratory-adapted
strains of RVA, and the capacity of NSP1 proteins to induce IRF
degradation has been shown to differ depending on the strain (39,
40). In order to determine if more than one NSP1 protein induced
degradation of the IAD, we examined the NSP1 activity from two
RVA strains, SA11-4F and WI61. Both were capable of inducing
degradation of the IAD of IRF3 and IRF7 (Fig. 3), suggesting that
the mechanism of recognition and degradation is common among
types of NSP1 proteins that target IRFs. We did observe some
variation in the size of the fragment of IRF3 recognized by the
different NSP1 proteins. NSP1 from the SA11-4F strain was capa-
ble of inducing degradation of IRF3 (190-385) but not IRF3 (203-
385), suggesting that NSP1 partially interacts with IRF3 in the
region spanning amino acids 190 to 203. SA11-4F NSP1 is 10
amino acids longer than WI61 NSP1 (496 versus 486 amino acids,
respectively). The additional length of SA11-4F NSP1 is found at
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the C terminus of the protein, corresponding to the region that is
known to interact with IRF3 (35, 37); thus, it is possible that the
extra amino acids are important to binding IRF3. The region of
IRF proteins sufficient for NSP1-induced degradation was nar-
rowed down to approximately 180 amino acids (Fig. 3), which is
probably larger than the actual binding site of NSP1.

The inactive form of IRF proteins is held in a monomeric state
by the autoinhibitory domain, which folds back onto the IAD (Fig.
1). Phosphorylation of key serine residues causes the autoinhibi-
tory domain to unfold, exposing key residues that are required for
two monomers to interact and form a dimer. Deletion of the IRF3
ID did not alter the capacity of NSP1 to induce degradation (Fig. 2
and 3), suggesting that monomeric (ID present) and possibly di-
meric (ID absent) forms of IRF3 both were recognized by NSP1.
Alanine replacement of the key phosphorylation sites in the C-
terminal autoinhibitory domain of IRF3 (IRF3-5A) prevents
dimerization, while aspartic acid replacement of the same amino
acids results in a constitutively dimeric form of IRF3 (IRF3-5D)
(24). Expression of proteins with such mutations confirmed that
NSP1 targeted both monomeric and dimeric forms of IRF3 for
degradation (Fig. 5). We also introduced into the constitutively
dimeric IRF3-5D a point mutation that disrupted dimer forma-
tion and found again that this monomeric form of IRF3 was de-
graded by NSP1. An earlier study showed that NSP1-mediated
degradation of IRF3 was enhanced by poly(I-C) activation, sug-
gesting that the stage of IRF3 signaling interrupted by NSP1 is
postphosphorylation (40). In contrast, our experiments did not
reveal an obvious preference for NSP1 to induce degradation of
monomeric or dimeric IRF proteins. However, we did not per-
form a quantitative assessment that would have better revealed
whether NSP1 preferred one form over another. Given that IRF9
is not known to form a dimer via its IAD-like domain, the ability
of NSP1 to induce the IRF9 degradation supports the conclusion
that monomeric forms of IRF proteins are targets of NSP1.

We speculate that NSP1 broadly affects IRF protein levels dur-
ing RVA infection by targeting any IAD-containing IRF that it
comes into contact with, regardless of form (monomeric or di-
meric). NSP1 has several characteristics that suggest it functions as
a viral E3 ubiquitin ligase. Primarily, NSP1 contains a RING do-
main similar to that of some E3 ligases (41, 53, 54), and the protein
induces the proteasomal degradation of target proteins, such as
IRF3 and IRF7 (37, 53). Although the features of NSP1 indicate it
functions as an E3 ubiquitin ligase, direct evidence in support of
this has not yet been obtained. This study supports the hypothesis
that NSP1 proteins from different RVA strains share a similar
mechanism of activity; however, we are unable to reconcile why
NSP1 proteins can show variation in their ability to degrade the
various IRF proteins given the similarity (but not identity) of their
IAD domains (16, 22).

Identification of the region of IRF3 targeted for degradation by
NSP1 lays the groundwork for structural studies of NSP1, possibly
in association with IRF3. The structural and electrostatic surface
properties of the IAD are similar to those of the MH2 domain of
Smad proteins (16, 55). In response to transforming growth factor
B (TGEF-B) signaling, Smad proteins are activated by phosphory-
lation and heterotrimerize before translocating to the nucleus,
where they regulate transcription of target genes (56-58). One
recent report revealed a direct physical and functional interaction
between Smad3 and IRF7, suggesting IRF7 could replace one of
the Smad3 subunits to form a Smad3/Smad4/IRF7 complex (59).
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The similarity between the Smad MH2 domain and the IRF IAD
suggests that NSP1 can interfere with transcription factors other
than IRFs, broadening their effect on host responses.

Indeed, recent reports indicate that NSP1 can interfere with
innate immune responses through other activities. Perhaps most
notable are results indicating that animal RVA NSP1 proteins can
interact with and induce the degradation of p53, a transcription
factor that promotes apoptosis in stressed cells (60). Animal NSP1
proteins may also interact with the p85 subunit of the phospho-
inositide 3-kinase (P13K), promoting activation of the prosur-
vival P13K/Akt pathway (61, 62). Moreover, NSP1 appears to have
affinity for RIG-I, an interaction that interferes with the ability of
RIG-I to stimulate IFN-[3 expression (63). The fact that NSP1 has
RNA-binding activity raises the possibility that the protein also
antagonizes interactions between viral RNAs and PRRs or ISG
products (64). Based on the discovery that RVA VP3 has a special-
ized domain that functions to suppress the antiviral oligoadeny-
late synthetase (OAS)/RNase L pathway, viral proteins in addition
to NSP1 may play key roles in suppressing innate immune re-
sponses (65).
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