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Virus Infection Triggers SUMOylation of IRF3 and IRF7,
Leading to the Negative Regulation of Type I Interferon
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Viral infection activates Toll-like receptor and RIG-I (retinoic
acid-inducible gene I) signaling pathways, leading to phospho-
rylation of IRF3 (interferon regulatory factor 3) and IRF7 and
stimulation of type I interferon (IFN) transcription, a process
important for innate immunity. We show that upon vesicular
stomatitis virus infection, IRF3 and IRF7 are modified not only
by phosphorylation but by the small ubiquitin-related modifiers
SUMO1, SUMO2, and SUMO3. SUMOylation of IRF3 and IRF7
was dependent on the activation of Toll-like receptor and RIG-I
pathways but not on the IFN-stimulated pathway. However,
SUMOylation of IRF3 and IRF7 was not dependent on their
phosphorylation, and vice versa. We identified Lys'>> of IRF3
and Lys®® of IRF7 to be their sole small ubiquitin-related
modifier (SUMO) conjugation site. IRF3 and IRF7 mutants
defective in SUMOylation led to higher levels of IFN mRNA
induction after viral infection, relative to the wild type IRFs,
indicating a negative role for SUMOylation in IFN transcrip-
tion. Together, SUMO modification is an integral part of IRF3
and IRF7 activity that contributes to postactivation attenuation
of IFN production.

Invading pathogens are recognized by Toll-like receptors
(TLRs)®> and/or RNA helicases (i.e. RIG-I/MDA-5 (retinoic
acid-inducible gene I/melanoma differentiation-associated
gene 5)) (1-5). Binding of pathogen components to these mol-
ecules activates downstream signaling pathways, which results
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in the production of various proinflammatory cytokines,
important for the establishment of innate and adaptive immu-
nity (3). Among them, type I interferons (IFNs) play a major role
in conferring antiviral and antimicrobial activities (6 —8). Pro-
duction of type I IFN depends on activation of IRF3 (interferon
regulatory factor 3) and IRF7 (3,9-11). IRF3 and IRF7 are phos-
phorylated by TBK-1 (TANK-binding kinase 1) and IKKe (IkB
kinase €), dimerized, translocated into the nucleus, and finally
stimulate IFN gene transcription (3, 9-11).

Ubiquitin-like proteins (Ubls), including the small ubiquitin-
related modifiers (SUMO) and ISG15 (interferon stimulated
gene 15), among others, modify many proteins to regulate var-
ious biological processes (12—15). Ubls are conjugated to target
proteins by an enzymatic cascade involving an activating
enzyme (E1), a conjugating enzyme (E2), and a ligase (E3) (15—
17). Ubl modification of signaling molecules and transcription
factors has a large impact on gene expression (13, 14). Type I
IFN induction involves ubiquitin and Ubl modifications of mul-
tiple signaling molecules. For example, RIG-I is modified by
ubiquitin by at least two independent E3 ligases, TRIM25 and
RNF125, to positively and negatively regulate type I I[FN pro-
duction, respectively (18 —20). RIG-I is also modified by ISG15
(19, 21, 22). Furthermore, IRF7 is ubiquitinated by TRAF6, an
event believed to be important for type I IEN transcription (23).
IRF7 is reported to interact with the TNF receptor-associated
adaptor protein RIP in the presence of an EBV oncoprotein,
which enhances IRF7 ubiquitination and activation (24).

The SUMO proteins, ~12 kDa in size, covalently attach to
many proteins (13, 14, 25). In mammals, there are at least three
SUMO isoforms (SUMOI, -2, and -3). SUMO2 and SUMO3
form a distinct subgroup known as SUMOZ2/3. They are very
similar to each other in the amino acid sequence, differing in
only 3 residues, but are different from SUMO1 with which they
share only 50% amino acid identity (14). SUMO1 and
SUMO2/3 appear to modify both common and different sub-
strates, including a number of transcription factors (13, 14).
Many SUMOylated proteins possess the consensus motif,
YKXE, where is a hydrophobic residue, X is any residue, and K
is the SUMO acceptor lysine (26). The unique SUMO E2 con-
jugating enzyme, Ubc9, recognizes the consensus motif and
transfers SUMO to the acceptor lysine residue in the substrate
(12). SUMOylation of transcription factors is generally associ-
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ated with transcriptional repression, although there are some
exceptions (13, 14).

Transcription factors of the IRF family regulate the entire
type I IEN system from induction of IFNs to diverse IFN
responses (9, 11, 27). Among IRF members, IRF1 is shown to be
covalently conjugated to SUMOI1, and this SUMOylation
appears to be linked to transcriptional inhibition (28).
Prompted by this report, we asked whether other members of
the IRF family are also SUMOylated. In this paper, we show
that, indeed, IRF3 and IRF7 are covalently conjugated to
SUMO1, SUMO?2, and SUMO3, and the SUMOylation of IRF3
and IRF7 was markedly increased following virus infection.
Virus-induced SUMOylation of IRF3 and IRF7 was a conse-
quence of TLR and RIG-I activation but not of IFN signaling.
We also found that prevention of SUMOylation from IRF3 and
IRF7 through the mutation of SUMOylation sites leads to
increased IFNo4 and IFNSB mRNA expression following viral
infection. Our findings support the view that virus-mediated IRF3
and IRF7 SUMOylation represents postactivation attenuation of
IEN gene transcription.

EXPERIMENTAL PROCEDURES

Reagents—Mouse monoclonal antibodies against FLAG M2,
a-tubulin, anti-FLAG-agarose beads, and protein A-agarose
beads were purchased from Sigma. Mouse monoclonal anti-
body for the V5-tag and rabbit and mouse antibodies for the
T7-tag were purchased from Invitrogen, Abcam (Cambridge,
MA), and Novagen (Gibbstown, NJ), respectively. Antibodies
against STAT1, STAT2, and PKR were from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA), and those against SUMO1
and murine IRF3 were from Zymed Laboratories Inc. (South
San Francisco, CA). Mouse monoclonal antibody against Ubc9
was from Transduction Laboratories (Lexington, KY), and
recombinant human IFNS was from Toray Industries, Inc.
(Tokyo, Japan). Calf intestine alkaline phosphatase was
obtained from New England Biolabs (Ipswich, MA).

Cell Culture and Virus Infection—Human embryonic kidney
293T cells and human 2fTGH, U3A, U4A, U5A, and U6A cells
(gifts from Dr. G. Stark of Lerner Research Institute, Cleveland
Clinic) were grown in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum. Murine NIH3T?3 cells were
cultured in Dulbecco’s modified Eagle’s medium containing
10% calf serum. For virus inoculation, medium was removed
from the culture dish, and cells were infected with vesicular
stomatitis virus (VSV) or encephalomyocarditis virus (EMCV)
at an MOI of 1 for 1 h. Then fresh medium was added to the
cells, and the culture was allowed to continue for the indicated
periods of time.

Constructs—cDNA fragments of IRF3, IRF7, VISA, TRIF,
SUMO?2, and SUMO3 were generated from total RNA prepared
from NIH3T3 cells by RT-PCR and cloned into pcDNA3.1 with
a FLAG tag at the C terminus or a V5 tag at the N terminus. To
construct mutants for IRF3 and IRF7, appropriate substitutions
were introduced into the pcDNA3.1-IRF7-FLAG and
pcDNA3.1-IRF3-FLAG using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). A plasmid express-
ing a T7-tagged SUMOL1 (pCGT-T7-SUMOL1) was a gift from
Dr. H. Yokosawa of Hokkaido University. A T7-tagged SUMO2
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expressing plasmid, pCGT-T7-SUMO2, was constructed by
substitution of the SUMO1 open reading frame with SUMO2.
For constructing an shRNA retroviral vector targeting Ubc9, an
oligonucleotide fragment (5'-ggtccgagcacaagcgaagaa-3') was
inserted into pSUPER.retro (Oligoengine, Seattle, WA). Retro-
viral preparations were produced according to the manufactur-
er’s instructions. As a control, a retroviral vector with a scram-
bled oligonucleotide fragment was prepared and tested in
parallel.

Detection of SUMO-conjugated Proteins—To detect SUMO
conjugation of IRF3 and IRF7, 293T cells (3 X 10°) or 2fTGH
cells (4 X 10°) were transfected with a total of 3.3 or 2.5 pg of
plasmid DNA using Lipofectamin 2000 and Lipofectamin LRX
(Invitrogen), respectively. Twelve h later, cells were stimulated
with VSV or IFN for indicated time periods. Cells were
washed and lysed in Lysis buffer, containing 150 mm NaCl, 50
mM Tris-HCl (pH 7.5), 4 mM EDTA, 0.1% NaDOC, 1% Nonidet
P-40, 0.1% SDS, complete protease inhibitor mixture (Roche
Applied Science), and 20 mm N-ethylmaleimide (Sigma).
Lysates were centrifuged, and supernatants were incubated
with anti-FLAG-agarose overnight with gentle rotation at 4 °C.
Immune complexes were washed 4 times with Lysis buffer, and
separated on SDS-PAGE and subjected to immunobblot anal-
ysis. For detecting SUMOyated IRF3 and IRF7, NIH3T3 cells
(5 X 107) expressing control or Ubc9 shRNA were infected by
VSV atan MOI of 1 for the indicated periods of time. Whole cell
extracts were incubated with 5 ug of anti-mouse IRF3 antibody
and protein A-agarose overnight at 4 °C. Immune complexes
were washed six times with Lysis buffer and analyzed by immu-
noblot using the indicated antibodies.

Phos-tag SDS-PAGE—293T cells were transiently trans-
fected with pcDNA3.1-IRF3-FLAG together with a serial dilu-
tion of V5-VISA expression plasmid. Twenty-four h after trans-
fection, cells were lysed in Lysis buffer without EDTA. Whole
cell extracts were separated on SDS-PAGE with or without 75
mM phos-tag acrylamide AAL-107 (NARD institute, Hyogo,
Japan) according to the manufacturer’s suggestions. For
dephosphorylation experiments, extracts were incubated with
or without calf intestine alkaline phosphatase in calf intestine
alkaline phosphatase buffer (50 mm Tris-HCI, pH 9.0, 10 mm
MgCl,) at 37 °C for 30 min. Samples were diluted with lysis
buffer and separated on SDS-PAGE with or without 75 mMm
phos-tag acrylamide.

Quantitative Reverse Transcription-PCR—NIH-3T3 cells
(2 X 10°) were transfected with 2.5 ug of indicated plasmids
using Lipofectamine LTX. Twelve h after transfection, cells
were infected with VSV or EMCYV at an MOI of 1 for the indi-
cated periods. Total RNA prepared with the Trizol reagent
(Invitrogen) was reverse transcribed with the Transcriptor First
Strand ¢cDNA synthesis kit (Roche Applied Sciences). The
amount of IFN, IFNa4, and hypoxanthine guanine phospho-
ribosyltransferase cDNA were measured by using Universal
ProbeLibrary and LightCycler 480 (Roche Applied Science)
according to the manufacturer’s instructions. Primers for quan-
titative reverse transcription-PCR were designed by the Probe-
Finder software (Roche Applied Science).
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FIGURE 1. SUMO conjugation of IRF7 and IRF3. 293T cells were transfected with plasmids for FLAG-IRF7 (A
and B) or FLAG-IRF3 (Cand D) along with T7-SUMO1 (A and C) or V5-SUMO3 (B and D). Whole cell extracts (WCE)
were immunoprecipitated (/P) with anti-FLAG antibody-agarose beads, and SUMO-conjugated proteins were
detected with anti-T7, anti-V5, or anti-SUMO1 antibody in Western blot (WB) (top). Expression of transfected
proteins was verified by Western blot analysis of whole cell extracts using the indicated antibody (bottom).

RESULTS

IRF3 and IRF7 Are Modified by SUMOI, -2, and -3—To
investigate whether IRF7 has a potential to be conjugated to
SUMO molecules, FLAG-tagged IRF7 was introduced into
293T cells together with T7-tagged SUMOL1 (Fig. 14). Whole
cell extracts were immunoprecipitated with anti-FLAG anti-
body-bound agarose beads, and precipitates were tested for
T7-SUMO by immunoblot analysis. A band of ~70 kDa that
reacted with antibody for SUMOI1 was detected in samples
transfected with FLAG-IRF7 and T7-SUMOL (open arrowhead
in Fig. 1A, top). This band was not detected in cells transfected
with SUMOL1 alone. Assuming the size of SUMOL1 to be ~12
kDa and that of IRF7 to be 55 kDa, this 70 kDa band was most
likely to be a SUMOylated IRF7. Similarly, when FLAG-IRF7
was co-expressed with V5-tagged SUMOS3, IRF7 precipitates
showed a ~70 kDa band with V5 SUMO3 reactivity (Fig. 1B,
top). Likewise, FLAG-IRF3, when co-introduced with
T7-SUMOL1 or V5-SUMOS3 precipitated a ~70-kDa band with
a respective SUMO reactivity (Fig. 1, C and D, fop). Similarly,
we observed SUMOylation of IRF7 and IRF3 by SUMO2 (Fig.
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S1A, lane 6; data not shown). These
results indicate that both IRF3 and
IRF7 can be modified by SUMO1,
-2, and -3.

Identification of SUMO Acceptor
Sites in IRF3 and IRF7—The
SUMOplot prediction program
(available on the World Wide Web)
revealed two putative SUMOylation
sites in IRF7 that carried the yKXE
motif and five in IRF3 (Fig. 2A4). To
test if these sites are functional
SUMO conjugation sites, a Lys —
Arg mutation was introduced into
each of these sites in IRF3 and IRF7,
and the mutants were tested for
SUMO conjugation. As shown in
Fig. 2B, the IRF7 K406R mutant
failed to conjugate SUMOL1 (top),
whereas wild type (WT) IRF7 and
the K43R mutant were clearly
SUMOylated. IRF7 K406R was
expressed at levels comparable with
WT IRF7 as well as K43R, indicating
that the lack of SUMOylation in this
mutant was not due to a reduced
protein expression. For IRF3, all
mutants except K152R produced
bands conjugated to SUMO1 (Fig.
2C). This was true for IRF3 K359R,
in which the mutation was placed in
the position equivalent to that of
IRF7 K406R. This mutant was
SUMOylated as well as WT IRF3.
Similar results were obtained when
IRF7 and IRF3 mutants were co-ex-
pressed with SUMO2 or SUMO3
(Fig. S1, A-C; data not shown).
These results indicate that Lys**® of IRF7 and Lys'®* of IRF3
serve as a conjugation site for SUMOI, -2, and -3.

Virus Infection Increases SUMOylation of IRF3 and IRF7—
Having found that IRF3 and IRF7 can conjugate SUMOLI, -2,
and -3, it was of interest to assess events that may trigger
SUMOylation of IRF3 and IRF7. Given that IRF3 and IRF7 are
activated upon virus infection, we tested whether their
SUMOylation is stimulated by virus infection. In Fig. 3, A and B,
293T cells expressing FLAG-IRF7 and T7-SUMO1 or
V5-SUMO3 were infected with VSV, and IRF7 SUMOylation
was tested by immunoprecipitation and immunoblot analysis.
Little SUMO conjugation was observed without viral infection.
However, IRF7 showed a clear increase in SUMO1 and SUMO3
conjugation at 12 and 24 h after virus infection. Similarly, VSV
infection led to SUMOylation of IRF3 both with SUMO1 and
SUMO?3 (Fig. 3, C and D). Interestingly, the levels of SUMO-
ylation were the greatest at 12 h after viral infection for both
IRF3 and IRF7; little SUMO conjugation was seen at 3 h for
IRF3. Increased SUMOylation observed after viral infection
was not due to changes in the expression levels for IRF3/IRF7 or
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FIGURE 2. Identification of SUMO conjugation sites in IRF3 and IRF7. A, a
schematic presentation of murine IRF7 and IRF3. The positions of lysine resi-
dues that conform to the putative SUMO conjugation sites are indicated by
arrows. IRF3 and IRF7 mutants contained an Arg substitution at each of the
Lys residues. Lys>*® corresponds to Lys*°® of IRF7 (in parenthesis). DBD, DNA
binding domain; IAD, IRF association domain; RD, regulatory domain. Band C,
293T cells were transfected with mutant FLAG-IRF7 (B) or mutant FLAG-IRF3
(C) along with T7-SUMO1 for 48 h. Extracts were immunoprecipitated (/P) with
anti-FLAG-agarose beads, and precipitates were tested by Western blotting
(WB) with the indicated antibodies (top). ns, nonspecific band. Whole cell
extracts were tested for expression of transfected proteins.

SUMO1/3, since they remained constant for 12 h after viral
infection (Fig. 3, A-D, bottom).

We felt it important to determine whether endogenous
IRF3 and IRF7 are SUMOylated in a natural setting. To this
end, NIH3T3 cells were infected with VSV, and IRF3 immu-
noprecipitates were tested for reactivity with SUMO1 (Fig.
3E, left in top panel). A very low level of SUMOylated IRF3
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was observed before infection, and SUMOylated IRF3 was
markedly increased at 6 and 12 h after VSV infection (see the
~70 kDa band in the top panel). The level of SUMO conju-
gation was greater at 12 h than 6 h, consistent with the data
in Fig. 3, A-D. These results demonstrate that VSV infection
triggers SUMOylation of endogenous IRF3. To further sub-
stantiate the authenticity of the virus-induced IRF3 SUMO-
ylation, we tested the effect of sShARNA for Ubc9, a sole E2
enzyme for SUMO conjugation (12—14). Expression of the
shRNA drastically reduced Ubc9 expression without affect-
ing IRF3 expression (Fig. 3E, right in top panel). IRF3
SUMOylation was completely abrogated in these cells, indi-
cating that this SUMOylation was dependent on Ubc9 and
the endogenous SUMOylation cascade. It should be noted
here that it was not possible to test SUMOylation of endog-
enous IRF7 or SUMO3 modifications due to their very low
expression levels.

SUMOylation of IRF3 and IRF7 Represses Type I IFN Gene
Expression—Virus-mediated SUMOylation observed above
pointed to the possibility that SUMO modification regulates
functional activity of IRF3 and IRF7. To test this possibility, we
examined whether mutations in SUMOylation sites in IRF3 and
IRF7 affect virus-induced type I IFN induction. NIH3T3 cells
transfected with WT IRF7 or the SUMOylation-defective
mutant IRF7 K406R were stimulated with VSV for 9 h. Then
IFN and IFNa4 mRNA levels were measured by quantitative
reverse transcription-PCR (Fig. 4A, top left and middle).
Expression of WT IRF7 markedly increased both [IFN mRNAs
upon VSV infection. Importantly, overexpression of IRF7
K406R mutant led to a further increase in the expression of
both IFNB mRNA and [FNa4 mRNAs. Similarly, this mutant
gave increased IFNB mRNA following EMCV infection relative
to WT IRF7 (Fig. 4B). Expression of WT IRF7 and the K406R
mutant was comparable throughout 9 h of viral infection (Fig.
4A, right). Considering that transfection efficiency monitored
by immunofluorescent staining of FLAG-IRF7 was consistently
~50% (data not shown) and that the endogenous IRF7 partici-
pated in IFN induction, the increase in IFN mRNA expression
detected by the Lys**® mutant probably represents an underes-
timate. Results with WT IRF3 and the K152R mutant are shown
in Fig. 4, C and D. In agreement with the data for IRF7, the
K152R mutant yielded substantially higher levels of IFNf
mRNA and IFNa4 mRNA compared with WT IRF3 upon VSV
infection. Similarly, the mutant gave higher IFNS induction
upon infection with EMCV than WT IRF3. Interestingly, the
enhanced type [ IFN mRNA expression by the mutant was evi-
dent at 9-12 h after infection and was not seen at 6 h, which
appeared in line with delayed IRF3 and IRF7 SUMOylation
after virus infection (compare with data in Fig. 3). These results
indicate that SUMOylation of IRF3 and IRF7 negatively regu-
late virus-induced type I IFN expression.

TLR and RIG-I/MDA-5 Signaling Mediates SUMOylation of
IRF3 and IRF7—The above data indicate that virus induced
SUMOylation of IRF3 and IRF7 leads to inhibition of type I IFN
transcription. We next investigated signaling pathways that
may mediate SUMOylation of IRF3 and IRF7. VISA (also called
Cardif, MAVS, or IPS-1) is a signaling molecule involved in the
RIG-I/MDA-5-activated pathway (3, 29), and exogenously
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FIGURE 3. Increased SUMOylation of IRF3 and IRF7 following virus infection. A-D, 293T cells were transfected with FLAG-IRF7 (A and B) or FLAG-IRF3 (Cand
D) with or without T7-SUMO1 (A and C) or V5-SUMOS3 (B and D) for 12 h. Cells were infected with VSV at an MOI of 1 for the indicated periods. Extracts were
immunoprecipitated (/P) with anti-FLAG-agarose beads and tested for SUMO conjugation by Western blotting (WB) with the indicated antibodies. £, NIH3T3
cells expressing control shRNA or Ubc9 shRNA were infected with VSV atan MOl of 1, and cells were allowed to proceed for the indicated periods. Extracts were
immunoprecipitated with anti-IRF3 antibody and tested in Western blotting with anti-SUMO1 antibody (top). Expression of endogenous IRF3, SUMO1, Ubc9,
and tubulin « (tub) was tested by Western blot analysis of whole cell extracts (WCE).

expressed VISA can activate IRF3 and IRF7 (30-33). In Fig. 54,
co-transfection of V5-tagged VISA led to SUMOylation of IRF3
in a VISA dose-dependent manner. SUMOylation of IRF7 was
also increased by co-expression of VISA (Fig. S2). TRIF is an
adaptor molecule contributing within the TLR signaling path-
way, and ectopic TRIF expression results in activation of IRF3
and IRF7 (34, 35). Similar to VISA, co-expression of V5-TRIF
markedly increased SUMOylated IRF3 (Fig. 5B). These results
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indicate that IRF3 and IRF7 are SUMOylated as a result of TLR
and RIG-I/MDA-5 signaling.

VISA-induced SUMOylation Does Not Affect Phosphoryla-
tion of IRF3—IRF3 and IRF7 are phosphorylated in response to
TLR and RIG-I/MDA-5 signaling, marking their activation (3,
11). We sought to address whether phosphorylation and
SUMOylation of IRF3 and IRF7 were internally coupled and
take place in a mutually dependent manner. To this end, we first
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FIGURE 4. Mutation of the SUMOylation site in IRF7 and IRF3 increases type | IFN production. NIH3T3 cells
were transfected with WT IRF7 or IRF7/K406R (A and B) or with WT IRF3 or IRF3/K152R (C and D) for 12 h. For A
and B, cells were infected with VSV or EMCV at an MOI of 1 for 9 h prior to harvest. For C and D, cells were
harvested at varying periods after infection. The amounts of IFNS or IFNa4 mRNAs were quantified by quan-
titative reverse transcription-PCR by normalizing with hypoxanthine guanine phosphoribosyltransferase
mMRNA. The values represent the average of three samples = S.D. Comparable expression of WT IRF3/IRF7 and
the mutants was verified by Western blotting (WB) of whole cell extracts (WCE) (right and bottom).

examined whether WT IRF3 and IRF3 K152R, the SUMO-
ylation-defective mutant, could be phosphorylated upon VISA
stimulation. To detect phosphorylated IRF3, the phos-tag SDS-
PAGE was employed, in which phosphorylated proteins
migrate more slowly than unphosphorylated counterparts (36).
As shown in Fig. 64 (fop), when co-expressed with VISA, both
WT IRF3 and IRF3 K152R produced multiple slower migrating
IRF3 bands, in addition to the unphosphorylated IRF3 band in a
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These serine residues are phospho-
rylated after TLR/RIG-I activation,
and their mutation blocks the sub-
sequent activation events (37-40).
We also generated constitutively
active forms of IRF3 and IRF7 by
replacing additional serine and
threonine residues with aspartic
acid (see 5D and 6D in Fig. 6B), as
described (37-40). As expected, VISA treatment did not pro-
duce slowly migrating bands both in IRF3/]J2A and IRF3/J2A/
K152R in the phos-tag SDS-PAGE, confirming the inability of
these mutants to be phosphorylated (supplemental Fig. S3, B
and C). However, both WT IRF3 and IRF3/]J2A were SUMO-
conjugated in the presence of SUMO1, in a VISA dose-depend-
ent manner (Fig. 6C). SUMOylation was not observed when
WT IRF3 and IRF3/J2A contained the K152R mutation. Con-
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FIGURE 5. Induction of IRF3 and IRF7 SUMOylation by VISA and TRIF. 293T cells were transfected with FLAG-IRF3 along with increasing amounts of V5-VISA
(A) or V5-TRIF (B) plus a constant amount of T7-SUMO1 for 12 h. SUMOylated IRF3 was detected by immunoprecipitation (/P) with anti-FLAG-agarose, followed
by Western blot analysis (WB) with the indicated antibodies. WCE, whole cell extract.

jugation of SUMO1 and SUMOS3 to the IRF3/J2A mutant was
also observed after VSV infection in a manner similar to WT
IRF3 (Figs. 6D and S3D), whereas the bands for the SUMO-
ylated form of WT IRF3 and IRF3/J2A were eliminated by
K152R mutation (Fig. 6E). Similarly for IRF7, IRF7/]2A was
SUMOylated as well as the WT IRF7 in the presence of
SUMOL1, whereas WT IRF7/K406R and IRF7/J2A/K406R
mutants were not (Fig. 6F). These results indicate that
SUMOylation of IRF3 and IRF7 does not depend on their
phosphorylation. Consistent with phosphorylation-inde-
pendent SUMOylation of IRF3 and IRF7, the constitutively
activated forms of IRF3 and IRF7 (IRF3/5D and IRF7/6D,
respectively, in Fig. 6B) were SUMOylated in a similar man-
ner as the wild type proteins (supplemental Fig. S4, A and B).
These data indicate that SUMOylation of IRF3 and IRF7
takes place independently of their phosphorylation.

The Type I IFN-responsive JAK/STAT Pathway Does Not
Contribute to IRF3 and IRF7 SUMOylation—SUMOylation of
IRF3 and IRF7 occurs downstream of TLR and RIG-I/MDA-5
pathways (Fig. 5). Given that activation of these pathways leads
to type I IEN production (3, 11), it was possible that type I [IFN
signaling causes SUMOylation of IRF3 and IRF7. In a similar
vein, since IFNs stimulate expression of many genes through
the activation of JAK/STAT pathway (41), an IFN-induced fac-
tor(s) may be responsible for SUMOylation of IRF3 and IRF7.
To test these possibilities, we examined whether IFNf treat-
ment itself causes SUMOylation of IRF3 and IRF7. In Fig. 7, A
and B, 293T cells were transfected with T7-SUMO1 and FLAG-
IRF3 or FLAG-IRF7, and SUMOylation of IRF3 or IRF7 was
tested at varying times after [IFN 3 treatment. Whereas IRF3 and
IRF7 were both SUMOylated in the presence of SUMOL1, IFNf3
treatment up to 24 h did not increase SUMOylation of IRF3 and
IRF7. After 24 h of IFNf treatment, levels of IFN-stimulated
genes, STAT1a, STAT1B, STAT2, and PKR, were increased,
verifying that the IFN-signaling pathway was activated in these
cells (Fig. 7, A and B, bottom). These data support the notion

25666 JOURNAL OF BIOLOGICAL CHEMISTRY

that induction of IFNs and activation of the JAK/STAT signal-
ing pathway are not involved in the SUMOylation of IRF3 and
IRF7. To substantiate this notion, we tested mutant cell lines
defective in JAK/STAT pathway activation (42, 43). In Fig. 7C,
the parental 2fTGH cells, the STAT1-deficient U3A cells, and
the STAT2-deficient U6A cells were transfected with IRF3 and
SUMOL1 and tested for SUMOylation after VSV infection. IRF3
was SUMOylated in all three cells in a similar manner at 6 and
12 h following virus infection (top). Levels of STAT1 and
STAT?2 were increased only in 2fTGH cells, not in U3A or U6A
cells (middle), confirming that JAK/STAT signaling was func-
tional only in the parental cells and not in mutant cells. IRF3
was similarly SUMOylated in other JAK/STAT pathway
mutants, such as U4A and U5A cells (data not shown). Like-
wise, IRF7 was SUMOylated in U3A cells when co-expressed
with SUMO3, following VSV infection (Fig. 7D). These results
indicate that SUMOylation of IRF3 or IRF7 occurs as a conse-
quence of activation of TLR and RIG-I/MDA-5 pathways and
does not depend on the IFN-activated JAK/STAT pathway.

DISCUSSION

We report here that IRF3 and IRF7 are SUMOylated in
response to virus infection, each through a single residue at
Lys'®? and Lys*®, respectively. We identified the signaling
pathways that trigger this SUMOylation, since SUMOylation of
IRF3 and IRF7 was an event downstream of TLR and RIG-I
pathway activation. TLR pathways are activated by a wide range
of pathogen components, whereas RIG-1 is activated by double-
stranded RNA and single-stranded RNA with 5'-triphosphate
(3,44). Significantly, IFN activated JAK/STAT pathway was not
involved in the SUMOylation of IRF3 and IRF7, indicating that
this SUMOylation is coupled directly to the pathogen recogni-
tion events rather than indirectly to host cytokine responses.
Thus, the virus-induced SUMOylation of IRF3 and IRF7 is
likely to be a part of complex host innate responses against
pathogens. Our finding that blocking SUMOylation enhanced
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FIGURE 6. Independence of SUMOylation of IRF3 and IRF7 from the phosphorylation. A, 293T cells were transfected with WT FLAG-IRF3 or FLAG-IRF3/
K152R along with increasing doses of V5-VISA for 24 h. Whole cell extracts (WCE) were tested in the phos-tag SDS-PAGE (top panel) or normal SDS-PAGE (lower
panels) by Western blot analysis (WB). B, the serine/threonine cluster phosphorylation sites involved in the activation of type | IFN genes. Phosphorylated Ser
and Thr are in boldface type and underlined. Alanine or aspartic acid substitutions were placed in the indicated residues to create IRF7/J2A, IRF7/6D, IRF3/J2A,
and IRF3/5D. C, cells were transfected with WT IRF3 or IRF3/J2A along with T7-SUMO1 and increasing amounts of V5-VISA. SUMOylated IRF3 was detected by
immunoprecipitation (/P) and Western blotting as in Fig. 1. D, cells transfected with WT IRF3 or IRF3/J2A along with T7-SUMO1 for 12 h were infected with VSV
at an MOI of 1. Cells were harvested at the indicated period, and SUMOylated IRF3 was detected by immunoprecipitation (IP) and Western blot analysis as
above. E and F, cells were transfected with WT IRF3, WT IRF7, or mutants with indicated substitutions along with T7-SUMO1. SUMOylated IRF3 or IRF7 was

detected by immunoprecipitation and Western blot analysis as above.

type I IFN induction for both IRF3 and IRF7 points to the idea
that SUMOylation plays a role in the discontinuation of IFN
transcription after activation. Additional data indicating that
pronounced SUMOylation of IRF3 and IRF7 was detected rel-
atively late, 12 h after viral stimulation, also favor this idea.
Proper down-regulation of inflammatory cytokine expression
is necessary for the host to avoid excessive cytotoxicity and
tissue injury after infection. There are multiple mechanisms
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that allow timely attenuation of inflammatory reactions. For
example, cytokine signaling by JAK/STAT pathways is nega-
tively regulated by the proteins of the SOCS (suppressors of
cytokine signaling) family, that are responsible for feedback
inhibition of cytokine induction (45). The PIAS family of
SUMO E3 ligases also represses cytokine signaling by inhibiting
the activity of factors belonging to the STAT and NF«B families
(46 —48). Ubiquitin-mediated destabilization of IRF3 and RIG-1I
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FIGURE 7. The lack of requirement of IFN signaling for SUMOylation of IRF7 and IRF3. A and B, 293T cells were transfected with FLAG-IRF3 (A) or FLAG-IRF7
(B) along with T7-SUMO1 for 12 h and treated with 1000 units/ml human IFN for the indicated periods. SUMOylated IRF3 and IRF7 were detected by
immunoprecipitation (/P), followed by Western blot (WB) (top). Whole cell extracts (WCE) were analyzed for the IFN-stimulated expression of STAT1, STAT2, and
PKR by Western blotting (bottom). C and D, the parental 2fTGH, STAT1-deficient U3A, and STAT2-deficient U6A cells were transfected with FLAG-IRF3 and
FLAG-IRF7, along with T7-SUMO1 or V5-SUMO3, and infected with VSV at an MOI of 1 for the indicated periods. SUMOylated IRF3 and IRF7 were detected by
immunoprecipitation, followed by Western blot analysis (top). Whole cell extracts (WCE) were analyzed for expression STAT1a, STAT13,and STAT2 as above. ns,
nonspecific band.

25668 JOURNAL OF BIOLOGICAL CHEMISTRY ,}3@@; VOLUME 283 -NUMBER 37+SEPTEMBER 12, 2008



also plays a role in down-regulation of innate immunity,
although ubiquitination of RIG-I has an opposite role as well
(20, 21, 49). Further, IFN-stimulated ISGylation of RIG-I inhib-
its activation of downstream target genes (18, 19). The multi-
plicity of negative feedback regulation indicates the presence of
diverse mechanisms that collectively safeguard timely cessation
of cytokine induction. SUMOylation of IRF3 and IRF7 may
contribute to the overall feedback inhibition by introducing a
distinct mechanism that acts at the level of IFN transcription
(see below) (13, 14).

It is possible that SUMOylation of IRF3 and IRF7 occurs as a
result of TLR/RIG-I-mediated activation of a SUMO E3
ligase(s). Conversely, this SUMOylation may be a result of inhi-
bition of a SUMO-specific protease(s). Although signal-
dependent activities of SUMO ligases or proteases have not
been fully elucidated, it has been reported that PIAS1 is phos-
phorylated by TLR and other stress signals through the activa-
tion of IKKa (48). IKKa-mediated PIAS1 phosphorylation is
apparently linked to its function, since it is required for tran-
scriptional repression.

At present, however, the E3 ligase that mediates SUMO-
ylation of IRF3 and IRF7 after virus stimulation has not been
identified. Among the known SUMO E3 ligases, including the
PIAS family proteins, RanBP2, and Pc2, PIAS proteins are
shown to play a critical role in regulating innate immunity (46,
47,50-52). They control IFN-responsive JAK/STAT pathways
and NFkB-dependent transcription. In addition, IRF1, another
member of the IRF family, is reported to be SUMOylated by
PIAS3 (28). Thus, a ligase within the PIAS family may be a
plausible candidate for the SUMOylation of IRF3 and IRF7
observed after viral infection.

SUMO-mediated regulation of IFN transcription may
involve not only IRF3 and IRF7 but other transcription factors.
For IFNR, in addition to IRF3/IRF7, AP-1 and NF«B participate
in transcription (53). c-Jun, components of the AP-1 transcrip-
tion complex, are targets of modification by SUMO1-SUMO3,
and this SUMOylation is associated with reduced transcription
(54, 55). Furthermore, IkBa that binds to NF«B is also SUMO-
ylated (56). SUMOylated IkBa blocks NF«B activation by pre-
venting ubiquitination and degradation of IkBa. It may be of
interest to test whether virus stimulation causes increased
SUMOylation of c-Jun and IkBa along with that of IRF3 and
IRF7.

Our study found that SUMOylation of IRF3 and IRF7 is an
event independent of their phosphorylation. Similarly, IRF3
and IRF7 were phosphorylated irrespective of their capacity to
be SUMOylated. These results support the view that SUMO
modification of IRF3 and IRF7 is not restricted to the already
activated IRF3 or IRF7 molecules, but it can occur in fresh,
unactivated molecules as well. The broad availability of IRF3
and IRF7 for SUMOylation may suggest that this modification
causes long lasting inhibition of IRF3 and IRF7 activity, which
may help in reinforcing transcriptional repression required
after activation. It is of note here that although phosphorylation
is important for SUMOylation of some proteins, such as HSF1,
HSF4b, and GATA-1 (57), the relationships between phospho-
rylation and SUMOylation are complex, and there are examples
where these modifications antagonize with each other as
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reported for p53 and c-Fos (54, 58). It has been shown that
ubiquitin and SUMO modifications have extensive cross-talk,
and in some cases they are seen in a mutually exclusive manner
(56). It has been shown that IRF7 is ubiquitinated through
TRAF6 in response to TLR stimulation, and this modification is
believed to be important for IFN transcription (23). At present,
it is not clear whether SUMOylation of IRF7 regulates its ubiq-
uitination or vice versa. On the other hand, it is reported that
activated IRF3 interacts with PIN1 and is degraded by a protea-
some-mediated mechanism, presumably by ubiquitination
(49). Based on our observation that IRF3 is SUMOylated irre-
spective of its phosphorylation, IRF3 degradation does not
seem to be directly linked to its SUMOylation.

Our finding that SUMOylation mutants increased expres-
sion of both IFNa and IFN3 following virus infection is consist-
ent with a number of studies showing that SUMOylation of
transcription factors results in repressed transcription (13, 14,
59). In some cases, SUMO-mediated transcriptional repression
coincides with the recruitment of histone deacetylases
(HDAC:). It has been shown that SUMOylated peroxisome
proliferator-activated receptor-y recruits HDAC3 via co-re-
pressor NCoR to repress NF«B target genes (60). Similarly,
SUMOylated ELK1 binds to HDAC2 and reduces acetylation of
chromatin, leading to repressed promoter activity (61). Further,
the coactivator p300 is SUMOylated through the CRD1 domain
and binds to HDACS, correlating with transcriptional repres-
sion (62). Supporting a possible role of HDACs in SUMO-me-
diated repression, HDACI1 itself is modified by SUMO (63). By
analogy with these examples, SUMO modification of IRF3 and
IRF7 may recruit HDACs to IFN promoters in a timely manner,
leading to changes in chromatin environment to cause stable
transcriptional repression. Since the IFN promoter is shown
to undergo increased histone acetylation upon viral stimulation
(64), it is possible that SUMOylated IRF3 and IRF7 may help
reverting an open chromatin configuration to a repressed chro-
matin by recruiting HDACs. SUMO-mediated transcriptional
repression is also associated with changes in subnuclear local-
ization of transcription factors, as reported for Sp3 (65) and
SATB2 (66). SUMO-mediated factor relocalization and HDAC
recruitment may not be mutually exclusive events, however. It
would be of importance to study how SUMO-modified IRF3
and IRF7 change local chromatin architecture.

In conclusion, IRF3 and IRF7 are modified by SUMO follow-
ing viral infection, and this modification restricts the extent and
duration of virus-stimulated IEN transcription, thereby con-
tributing to down-regulation of IFN production postactivation.
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