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Retinoic acid-inducible protein I (RIG-I) and melanoma differentiation-associated gene 5 (MDAS5) are
cytosolic viral RNA sensors that induce type I interferon production (IFN). In this study, we found that
MDAS5 undergoes inducible SUMOylation by small ubiquitin-like modifier-1 (SUMO-1) in response to
polyl:C stimulation. Enhanced SUMOylation of MDA5 by exogenously expressed SUMO-conjugating
enzyme Ubc9 correlated with upregulation of IFN expression and repressed virus replication. Conversely,
overexpression of a SUMOylation-deficient mutant of Ubc9 or knockdown of endogenous Ubc9 reduced

gﬁﬁvgr?;ion IFN production. Furthermore, we showed that PIAS2[3, a SUMOylation E3 ligase, could specifically interact
IFNs i with and enhance the SUMOylation of MDA5. Consequently, PIAS2[3 knockdown reduced the SUMOyla-
MDA5 tion of MDA5 and the IFN production. Collectively, these findings suggest that SUMO-1 modification of

Ubiquitylation

MDAS possibly via PIAS2[3 may play a role in the MDA5-mediated IFN response to viral infections.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Type I interferon (IFN) plays a key role in mediating antiviral
innate immunity. Mammalian cells have developed two distinct
pathways to recognize viral nucleic acids and trigger the pro-
duction of IFN. One pathway is mediated by Toll-like receptors
(TLRs), which mainly recognize extracellular viral nucleic acids. The
other pathway utilizes the retinoic acid-inducible gene I (RIG-I)-like
helicase (RLH), which contains RIG-I and melanoma differentiation-
associated gene 5 (MDAD5, also referred as helicard or IFNH1) to
recognize intracellular nucleic acids (Andrejeva et al., 2004; Perry
et al,, 2005; Uematsu and Akira, 2006; Yoneyama et al., 2004).
Both RIG-I and MDA5 are RNA helicases, consisting of two N-
terminal caspase-recruiting domains (2CARD), a central DExD/H
box RNA helicase domain, and a C-terminal regulatory domain
(Kang et al., 2004, 2002; Kato et al., 2005). The two CARD domains
act as a signaling domain, which interacts with the adaptor pro-
tein Cardif/IPS-1/MAVS/VISA to initiate signal cascades (Kawai and
Akira, 2006; Kawai et al., 2005; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005). Despite the similarity in domain structure
and signal pathway, RIG-I and MDAS5 are not redundant in function.
They are involved in specific RNA binding in addition to recognis-
ing different subsets of viruses (Kato et al., 2006). It seems that

* Corresponding author. Tel.: +86 10 64888438; fax: +86 10 64848357.
E-mail address: tanghong@moon.ibp.ac.cn (H. Tang).
T These authors contributed equally to this work.

0161-5890/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2010.09.003

RIG-I is responsible for short double stranded RNA and 5'ppp sin-
gle stranded RNA, while MDAS5 is activated by long double stranded
RNA (Gitlin et al., 2006; Hornung et al., 2006; Yoneyama and Fujita,
2008).

The majority of proteins involved in the IFN induction process,
such as RIG-I, MDA5, TRAF3, TBK1 and IRF3, have been reported to
be ubiquitinated (Friedman et al., 2008; Kayagaki et al.,2007; Wang
et al,, 2009; Zhang et al., 2008; Zheng et al., 2008). Particularly,
RIG-1is ubiquitinated by four different E3 ligases TRIM25, RNF125,
RNF135 and REUL to activate IFN signaling (Arimoto et al., 2007;
Gack et al., 2007; Gao et al., 2009; Kim et al., 2008; Oshiumi et al.,
2009). As a homolog of RIG-1, however, MDA?5 is only reported to be
ubiquinated by RNF125 in the negative regulation of IFN signaling
(Arimoto et al., 2007).

Similar to ubiquitylation, SUMOylation is a multi-step reaction
that covalently conjugates a 12kDa small ubiquitin-like modi-
fier (SUMO) to target proteins by a single E1-activating enzyme
(Aos1/Uba2, also called SAE1/2), a unique E2 conjugating enzyme
(Ubc9), and an array of different E3 ligases (e.g., PIAS family and
RanBP2), so as to regulate their activity, stability and subcellular
localization (Hay, 2005; Hershko and Ciechanover, 1998). SUMOy-
lation is believed to regulate the signaling pathway of IFNs. It
has been reported that virus-mediated IRF3 and IRF7 SUMOyla-
tion attenuates activation of IFNs (Kubota et al., 2008). In this
work, we have demonstrated that SUMOylation of MDAS5 increased
markedly after cells were transfected with polyl:C, a mimic of dou-
ble stranded RNA virus recognized by MDAS5. This was correlated
with elevated IFN-f induction and inhibition of virus replication.
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We have further shown that PIAS2[3 directly associates with MDA5
and functions as a putative E3 ligase to SUMOylate MDA5. Over-
expression and gene-silencing experiments showed that PIAS23
modulates MDA5-driven IFN-[3 expression. Based on these results
we hypothesize that SUMOylation of MDAS5 by PIAS2participates
in the regulation of type I IFN signaling.

2. Materials and methods
2.1. Plasmids

The ¢DNAs encoding full length SUMO-1 and Ubc9 were sub-
cloned between the EcoRI/Xhol or Kpnl/Xhol restriction sites of
pCMV-HA (Clontech, Mountain View, CA) and pcDNA3.1(+)Myc/His
(Invitrogen), respectively, by add-on PCR amplification of a human
fetal cDNA library. The primers used were SUMO-1 forward: 5'-
GAA TTC GGA TGT CTG ACC AGG AGG CAA AAC C-3/; reverse:
5’-CTC GAG CTA AAC TGT TGA ATG ACC CCC CG-3'; Ubc9 forward:
5-GCG GTA CCA TGT CGG GGA TCG CCC TCA G-3’; reverse: 5'-
GCC TCA GTG AGG GCG CAA ACT TCT TGG-3'. Plasmids encoding
Flag-MDAS5, Flag-MDAS5-N (1-294) and Flag-MDA5-C (295-1025)
were kindly provided by Dr. T Fujita (Kyoto University, Japan).
pIFN-B-luc was a gift from Dr. G. Cheng (UCLA, USA). Ubc9
(€93S) was kindly provided by Dr. G. Sui (Wake Forest University
School of Medicine, USA). pDEF-Flag-SUMO-1, pDEF-GST-SUMO?2,
pDEF-Flag-SUMO3, pDEF-Myc-PIAS1, pDEF-Myc-PIAS2c, pDEF-
Myc-PIAS2[3, and pDEF-Myc-PIAS4 were gifts from Dr. X. Peng
(Chinese Academy of Medical Science, China). The C362S point
mutation in the zinc-finger or SP-RING motif of PIAS2[3 was
constructed using a QuickChange site-directed mutagenesis kit
(Stratagene, CA), yielding the SUMOylation-defective PIAS2[3-
C362S mutant (Schmidt and Muller, 2002). HA-Ub-K48 was kindly
provided by Dr K. Lim (National Neuroscience Institute, Singapore).

2.2. RNAi

The lentiviral vector LTV1 expressing shRNA that targets Ubc9
was kindly provided by Dr. G. Sui (Sui and Shi, 2005). Production
of the virus and infection of cells were performed as previously
described (Rubinson et al., 2003). The shRNA expression cassette
was used as the scrambled control. RNAi sequences that target
human PIAS2: 5'-AAG ATA CTA AGC CCA CAT TTG -3’ (Yang and
Sharrocks, 2005) was synthesized (RiboBio, China) and transfection
was performed as previously described (Yang et al., 2003).

2.3. Reagents and cell lines

Monoclonal antibody to Flag (M2) was purchased from Sigma
(St Louis, MO). Antibodies to SUMO-1 and Myc were from Santa
Cruz Biotech (San Diego, CA) and polyclonal antibody for Ubc9 was
purchased from Abgent (San Diego, CA). Monoclonal antibodies to
MDAS5 were purchased from Santa Cruz Biotech (San Diego, CA)
for immunoprecipitation, and Alexis (San Diego, CA) for Western
blotting. HEK293T, HeLa, and A549 cells were routinely maintained
in DMEM (Hyclone, UT, USA) supplemented with 10% FCS (PAA,
Pasching, Austria) and 1% penicillin and streptomycin (Hyclone,
uUT).

2.4. Co-immunoprecipitation

Constructs were transiently transfected as indicated either
into 293T cells by a standard calcium phosphate method or into
HeLa and A549 cells by jetPEI according to the manufacturer’s
instructions (Polyplus, NY). Co-immunoprecipitation and Western
blotting were performed as described previously (Desterro et al.,
1998).

2.5. Polyl:C pull down assay

HEK293T cell lysates transfected with the plasmids indicated
were mixed with 20 pL (50% slurry) polyl:C-agarose beads (Sigma,
St Louis, MO) at 4°C for 2h, and washed extensively with lysis
buffer. Pulldown proteins were analyzed by Western blotting with
antibodies as indicated.

2.6. Luciferase assays

IEN- luciferase reporter assays were performed as previously
described (Guo and Cheng, 2007; Zheng et al., 2008). HEK293T cells
were seeded on 24-well plates and were transfected the next day
by standard calcium phosphate precipitation. A Renilla luciferase
plasmid was co-transfeced as an internal control for transfection
efficiency. Luciferase activities were measured and normalized
according to the manufacturer’s instructions (Promega, Madison,
WI). All assays were repeated at least three times. Data represent
the average of three independent experiments (mean + SD).

2.7. RT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, CA, USA)
and RT-PCR was performed as previously described (Weng et al.,
2005; Zheng et al., 2008). The primer pairs were: Ubc9 forward:
5-CGG AAT TCG ATG TCG GGG ATC GCC CTC-3’; reverse: 5-CGG
GGT ACC TTA TGA GGG CGC AAA CTT C-3'; PIAS28 forward: 5'-GAG
GAA GAC CCT CCT GCC AAA AGG-3'; reverse: 5'-TTA GTC CAA TGA
GAT GAT GTC AGG-3’ (Yang and Sharrocks, 2005); B-actin forward:
5'-CAT GGA GTC CTG TGG CAT CCA CGA AAC T-3’; reverse: 5-ATC
TCC TTC TGC ATC CTG TCG GCA AT-3'; GAPDH forward: 5'-AAG CGC
ACG GGC ATG GCC T T-3/; reverse: 5'-AGG AGA CCA CCT GGT GCT
CAG-3'.

2.8. Plaque assays

VSV (strain New Jersey) was expanded in L929 cells and titrated
with plaque assays in HeLa cells as described elsewhere (Huang
etal.,2005; Zhenget al.,2008). HEK293T cells were transfected with
the plasmids indicated for 16 h. Cells were then infected with VSV
(MOI=0.1)for 1 hand excess virus was washed off with PBS. Super-
natants were collected at the times indicated and used to determine
VSV replication in HeLa cells. Experiments were repeated three
times and each experiment was performed in duplicate. Data rep-
resent the average of three independent experiments (mean =+ SD).

3. Results
3.1. MDAD5 is SUMOylated at the C-terminal region

An initial bioinformatic analysis (SUMOplot Analysis Program,
Abgent) revealed that MDAS5 possesses several potential SUMOyla-
tion acceptor sites (YKXE, Js representing hydrophobic amino acids)
which are scattered throughout the coding sequence (Rodriguez
et al., 2001; Sampson et al., 2001; Song et al., 2004, 2005). To
examine the SUMOylation of MDA5, we overexpressed Flag-MDA5
together with Myc-Ubc9 and HA-SUMO-1 in 293T cells. Immuno-
precipitation with anti-Flag antibody showed that higher molecular
weight band-shifts which were absent in cells transfected with
SUMO-1 and Ubc9 alone were associated with exogenous Flag-
MDAS5 as detected by SUMO-1 antibody (Fig. 1A). In fact, these
higher molecular weight bands were also present in whole cell
lysates when probed directly with anti-Flag antibody (Fig. 1A).
When we co-transfected the enzymatically inactive mutant of
SUMO E2-conjugating enzyme Ubc9, Ubc9 (C93S) (Guo et al., 2008;
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Fig. 1. MDA?5 is SUMOylated at its C-terminus. (A) MDA5 is SUMO-1 modified. HEK293T cells were transfected with plasmids for Flag-MDA5, HA-SUMO-1 and Myc-Ubc9
by standard calcium phosphate precipitation. Whole cell lysates (WCL) were prepared 48 h post transfection, and immunoprecipitated with anti-Flag M2 antibody. SUMO-
conjugated proteins were immunoblotted with anti-SUMO-1 antibody. The whole cell lysates was immunoblotted using anti-Flag as a loading control. (B) Ubc9 is dependent
on MDA5 SUMOylation. HEK293T cells were transfected with plasmids for Flag-MDA5, HA-SUMO-1 and Myc-Ubc9 or Ubc9 (C93S) as indicated. Immunoprecipitation was
performed exactly as in (A) except that the input was immunoblotted with anti-Flag and anti-Ubc9. (C) The C-terminus of MDA5 is the SUMO-1 acceptor site. HEK293T cells
were co-transfected with Flag-tagged full length MDA5, MDA5-N (aa 1-295) or MDA5-C (aa 295-1025) with SUMO-1-HA and Myc-Ubc9 as indicated. SUMOylation of MDA5
was measured exactly as in (A). (D) Endogenous MDA5 is SUMOylated. A549 cells (1 x 107) were transfected with HA-SUMO-1 and Myc-Ubc9 plasmids, or with control
plasmids using Lipofectamine 2000. Cell lysates were prepared 48 h after transfection and were immunoprecipitated with anti-MDA5 antibody (Santa Cruz, sc-48031), and
detected with anti-MDA5 (ENZO Life Science, ALX-804-863) or anti-SUMO-1 antibody.

Hahnetal., 1997; Poukka et al., 1999), the specific band shifts disap-
peared (Fig. 1B). To determine which domain(s) of MDA5, 2CARD,
helicase or RD were SUMOylated, we co-expressed Myc-Ubc9 and
HA-SUMO-1 in 293T cells with the Flag-tagged full length MDAS5, or
its N-terminal fragment containing 2CARD (MDA5-N) or C-terminal
without 2CARD (MDAS5-C) (Saito et al., 2007). Immunoprecipita-
tion results showed that both the full length MDA5 and MDA5-C,
but not MDA5-N, were conjugated with SUMO-1 (Fig. 1C). These
results suggest the potential involvement of MDA5-C in SUMO-
1 modification. To determine whether endogenous MDA5 can be
SUMOylated, we expressed Myc-Ubc9 and HA-SUMO-1 in A549
cells in which MDA?5 is expressed abundantly. Whole cell extracts
were immunoprecipitated with anti-MDAS5 antibody, and precipi-
tates were probed with MDA5 or SUMO-1 antibodies, showing that
endogenous MDA5 could also be SUMOylated (Fig. 1D).

3.2. SUMOylated MDA?S still binds to polyl:C

Since the C-terminus of MDA-5 is responsible for RNA recogni-
tion and binding (Gitlin et al., 2006; Kang et al., 2002; Kato et al.,
2006; Yoneyama et al., 2004), we speculated that the SUMOyla-
tion of this region (Fig. 1C) would affect its ability to bind to RNA.
polyl:C, a synthetic dsRNA mimic, is a substrate of MDA5 (Gao
et al.,, 2009). When Flag-MDA5 was co-expressed with or without
Myc-Ubc9 and HA-SUMO-1 in 293T cells, agarose beads conjugated

with polyl:C were able to pull down both unmodified MDAS5 (lower
bands) and SUMOylated MDAS5 (upper bands) from the cell lysate,
in proportion to their expression levels (Fig. 2A). This result sug-
gests that SUMOylation of MDA5 might not affect its RNA binding
capability. To test the effect of polyl:C on MDA5 SUMOylation, 293T
cells co-transfected with Flag-MDAS5, Myc-Ubc9 and HA-SUMO-1
were treated with polyl:C for various lengths of time. Compared
with mock transfection, the level of SUMOylation of MDA5 kept
increasing after polyl:C treatment (Fig. 2B). Taken together, these
results indicate that both exogenous and endogenous MDA5 can be
SUMOylated, probably in a polyl:C inducible manner.

3.3. SUMOylation regulates the MDA5-mediated antiviral
response

To determine whether SUMOylation of MDA5 might be involved
in type I IFN signaling, Flag-MDA5, Myc-Ubc9 and HA-SUMO-1
were co-transfected into HEK293T cells together with an IFN-
B luciferase reporter. In agreement with previous reports that
MDA?5 overexpression leads to the activation of the IFN-{ reporter
(Yoneyama et al., 2004), MDA5-driven IFN-3 promoter activity
increased in a Ubc9-dose dependent manner, probably due to
the significantly increased SUMOylation level of MDA5 (Fig. 3A).
On the other hand, this enhancement decreased gradually when
cells were co-transfected with increasing amounts of the Ubc9-
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Fig. 2. polyl:C enhances the modification of MDAS. (A) SUMOylation of MDA5 does not affect its RNA binding activity. HEK293T cells were transfected with the plasmids for
Flag-MDA5, HA-SUMO-1, and Myc-Ubc9 as indicated. Cell lysates were incubated with polyl:C beads and pull-downed proteins were resolved by SDS-PAGE and immunoblot-
ted with anti-Flag antibody. (B) poly I:C induces SUMOylation of MDA5. HEK293T cells were co-transfected with Flag-MDAS5, Myc-Ubc9 and HA-SUMO-1. At each indicated

time point after transfection, cells were further transfected with polyl:C for an additional 6, 12 or 24 h. SUMOylation status was analyzed as described in Fig. 1A.

C93S mutant, in accordance with the reduced SUMOylation level of
MDAS (Fig. 3A). Since increased IFN production should inhibit virus
replication, we tested whether Ubc9 can influence the MDA5 medi-
ated anti-viral effect by performing plaque formation assays using
VSV, an IFN-sensitive viral strain (Huang et al., 2005). As expected,
overexpression of MDA5 weakly inhibited VSV propagation, but
co-expression of Ubc9 with MDAS5 significantly suppressed VSV

replication (Fig. 3B). As a control, overexpression of SUMO-1 and
Ubc9 per se had no effect on VSV replication. This result suggests
that SUMOylation is specifically involved in the MDA5-mediated
antiviral response. The 2CARD domain is a dominant-active mutant
that can constitutively activate IFN signaling and repress viral
replication when transiently expressed in cells (Fig. 3B). However,
co-expression of Ubc9 failed to enhance the antiviral activity of
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Fig. 3. SUMOylation activates the MDA5-mediated IFN response. (A) Ubc9 increases MDA5-driven IFN-[3 reporter activity. HEK293T cells were transfected with a Renilla
luciferase internal control plasmid, IFN-{ reporter, Flag-MDA5, HA-SUMO-1, and increasing amounts of Myc-Ubc9 or Ubc9 (C93S) as indicated for 24 h. Luciferase activities
were determined and normalized against renilla luciferase activity. Fold activation expressed for the ratio of relative luciferase activity (RLU) in the presence or absence of
Myc-Ubc9 and HA-SUMO-1. Data represent the average of three independent experiments (mean =+ SD). (B) Ubc9 expression inhibits VSV replication. HEK293T cells were
transfected with the plasmids indicated for 16 h in 24-well plates. Cells were then infected with VSV (MOI=0.1) for an additional 1h. Supernatants were collected 9h
post infection and standard plaque assays in HeLa cells were used to determine virus titers. The data represent at least 3 independent experiments. (C) Downregulation of
endogenous Ubc9 expression inhibits IFN production. HeLa cells (1 x 10%) were infected with sham lentivirus, lentivirus containing Ubc9-shRNA or scrambled Ubc9 shRNA
(MOI=2)for 12 h. Cells were then co-transfected with a Renilla luciferase internal control plasmid, IFN-f3 reporter and Flag-MDAD5 or a control vector. Dual luciferase activities
were determined and normalized as in (A), and fold activation was derived by RLU in the presence or absence of Flag-MDA5 and HA-SUMO-1. Data represent the average of
three independent experiments (mean 4 SD). Efficiency of gene silencing was detected by RT-PCR, with GAPDH gene expression as an internal control (right panel).
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MDAS5-N (Fig. 3B). This is not surprising because MDA5-N was not
subjected to SUMOylation. Therefore, SUMOylation of MDA5 might
be necessary for its antiviral function to work at full capacity.

To further confirm that Ubc9 regulates IFN-3 reporter activ-
ity via modification of MDA5, HeLa cells were infected with a
lentivirus expressing shRNA against Ubc9 gene expression (Fig. 3C,
insert). Luciferase reporter assays showed that Flag-MDA5 driven
IFN-f reporter activities decreased by ~5-fold when Ubc9 expres-
sion was reduced (Fig. 3C). Correlation of Ubc9 knockdown with
reduced IFN production suggested that endogenous Ubc9 is specifi-
cally involved in the MDA5-mediated IFN response. Taken together,
overexpression and gene-silencing experiments showed that Ubc9
enhanced IFN-f3 expression, and SUMOylation of MDAS5 could be a
target in the cellular antiviral response.

3.4. PIAS2p interacts with MDAS5 and stimulates the
SUMOylation of MDA5

While E1 and E2 were shown to be sufficient for SUMOylation
of various substrates, the majority of SUMO targeting reactions
requires E3 activity (Hay, 2005; Hay, 2007). Of the few SUMO E3
ligases discovered thus far (Hay, 2007), PIAS proteins (Rytinki et al.,
2009; Schmidt and Muller, 2002) play an important role in innate
immunity (Liu et al., 1998; Shuai and Liu, 2005; Tahk et al., 2007;
Ungureanu et al., 2005; Zhang et al., 2004). This prompted us to
determine whether PIAS proteins are involved in the SUMO con-
jugation of MDA5. We assessed SUMO conjugation of MDAS in the

presence of PIAS 1, PIAS 2a, PIAS 2f3 or PIAS 4. Immunoprecip-
itation showed that exogenously expressed PIAS2[3, but not the
other PIAS proteins, significantly increased SUMOylation of MDA5
(Fig.4A).Since E3 ligase usually forms a complex with SUMO target-
ing proteins for efficient SUMO conjugation (Hay, 2005, 2007), we
examined the interaction between MDA5 and PIAS2(3. When Flag-
MDAS5 and Myc-PIAS23 were co-expressed in 293T cells, MDA5
immunoprecipitated with PIAS2[3, demonstrating that these two
proteins interact in cells (Fig. 4B). This inter-molecular association
seems to be specific since MDAS5 did not interact with PIAS4 in the
same experiments (Fig. 4B) or with other PIAS proteins (data not
shown). Moreover, when Myc-PIAS2[3 was over-expressed in A549
cells, endogenous MDA5 could also be immunoprecipitated with
PIAS2 (Fig. 4C). However, this interaction was not influenced by
the polyl:C stimulation (Fig. 4C). Taken together, PIAS23 is likely to
be a SUMOylation E3 ligase for MDAS5.

We went further to determine the relationship between
SUMOylation by PIAS23 and the MDA5-mediated IFN response.
Immunoprecipitation experiments showed that overexpression of
wild type Myc-PIAS2[3 increased the SUMOylation of Flag-MDAS5,
whereas its defective mutant derivative, PIAS2[3-C362S (Schmidt
and Muller, 2002), failed to do so (Fig. 4D). Moreover, overexpres-
sion of PIAS2[3 increased IFN-[3 reporter activity driven by MDA5
in 293T cells, whereas PIAS2[3-C362S suppressed it (Fig. 4E). To
substantiate this finding, we knocked-down endogenous PIAS23
in 293T cells using siRNA one day prior to the co-transfection
of Flag-MDA5, Myc-Ubc9 and HA-SUMO-1 expression plasmids.
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Fig. 5. PIAS2(3 knockdown inhibits the SUMOylation of MDA5 and the IFN response. (A) Downregulation of PIAS2[3 inhibits SUMOylation of MDA5. HEK293T cells were
transiently transfected with siRNA sequence targeting the human PIAS2[3 gene or its scrambled control. Twelve hours later, cells were transfected with plasmids encoding
Flag-MDA5, Myc-Ubc9 and HA-SUMO-1 and incubated for 36 h. RT-PCR analysis (left panel) shows the knockdown efficiency of endogenous PIAS23. 3-Actin was detected
as an internal control. In parallel, SUMOylation of MDA5 was assessed as in Fig. 1A (middle and right panels). (B) Downregulation of PIAS2f3 inhibits MDA5-driven IFN-3
reporter activities. Twenty-four hours after PIAS2[3 knockdown as in (A), cells were transfected with plasmids for renilla plasmid, IFN-3 reporter and Flag-MDAS5 plasmids
for an additional 24 h. Calculation of fold activation and statistical analysis were as in Fig. 4D. (C) SUMOylation does not affect the Lys48-linked poly-ubiquitination of MDAS5.
HEK293T cells were transiently transfected with plasmids encoding Flag-MDAS5, Myc-Ubc9, His-SUMO-1 and HA-Ub-K48 for 48 h. Whole cell lysates were immunoprecipitated
with anti-Flag antibody followed by immunoblotted with anti-Flag, anti-SUMOT1 or anti-HA antibody. Protein expression levels were detected with anti-Flag, anti-SUMO1

or anti-HA antibody, respectively.

Down-regulation of PIAS2[3 gene expression by siRNA (Fig. 5A,
top panel) caused a reduction in the SUMOylation level of MDA5
(Fig. 5A, middle panel). This interference in endogenous PIAS2[3
expression correlated with a decrease in FLAG-MDAS5 driven IFN-
[ reporter activities (Fig. 5B). Collectively, these results strongly
suggest that PIAS2[3 serves as an E3 ligase in the SUMOylation of
MDADS, which positively regulates MDA5-mediated IFN induction.

3.5. SUMOylation of MDA5 does not affect its ubiquitylation

Lys 48-linked ubiquitylation leads to 26S proteasomal degrada-
tion against target protein, whereas Lys 63-linked ubiquitylation is
involved in protein-protein interactions, recruitment, and assem-
bly of signaling complexes. According to the reports, RIG-I has
both the Lys 63-linked and Lys 48-linked ubiquitylation. However,
MDAS5 is only ubiquitinated on Lys 48, which contribute to the
degradation of MDAS5 and suppression of the MDAS5 signal pathway.
To further investigate the mechanism of SUMOylation of MDA5, we
designed the experiment to observe the interplay between SUMOy-
lation and ubiquitylation. As the result shown, the SUMOylation of
MDADS had no influence on its Lys 48-linked ubiquitylation (Fig. 5C).

4. Discussion
RIG-Iand MDAS play a pivotal role in sensing intruding viral RNA

and initiating the type I [FN response (Akira et al., 2006). Like many
other cytokine signaling pathways, RIG-I and MDAS5 are tightly reg-

ulated by post-translational modifications to guarantee a timely
and appropriate cellular response (Akira et al., 2006; Komuro et al.,
2008). It has been well documented that RIG-1 undergoes ubiquity-
lation and ISGylation in response to infection (Arimoto et al., 2007;
Gack et al., 2007; Gao et al., 2009; Kim et al., 2008; Oshiumi et al.,
2009). Thus far, however, the only report on ubiquitylation of MDA5
is by RNF125, which results in inhibition of IFN signaling (Arimoto
et al.,, 2007). We report that MDA5 can also be SUMOylated, most
likely by the E3 ligase, PIAS2[3, which upregulates MDA5-mediated
type I IFN signaling. This opposing regulation of MDA-5 function-
ality by SUMOylation and ubiquitylation is reminiscent of a similar
dual modification of proliferating cell nuclear antigen (PCNA) that
regulates yeast DNA synthesis (Haracska et al., 2004). It remains
unclear how such a bipartite modulation of MDA5 coordinates ini-
tiation and termination of the antiviral response, and/or keeps the
anti-viral response in homeostasis to avoid tissue damage (Carter
and Vousden, 2008; Hay, 2004; Hunter and Sun, 2008). At least, in
our experiments, the SUMOylation of MDA5 had no influence on
its Lys 48-linked ubiquitylation.

MDAS5 contains two CARD domains, a helicase domain and a
repression domain. The C-terminal domain of MDA5, without the
2CARD domain, is responsible for RNA binding (Saito et al., 2007).
Our data suggest, however, that SUMO-1 modification within this
region does not affect its binding to polyl:C. Conversely, polyl:C
enhances the SUMOylation of MDA5. We therefore speculate that
MDAS5 may undergo a conformational change upon polyl:C bind-
ing, turning MDA5 into a more favorable SUMO acceptor and



J. Fu et al. / Molecular Immunology 48 (2011) 415-422 421

more potent activator of IFN signaling. This hypothesis, including
whether SUMO-1 expression perseis IFN inducible, requires further
investigation.

SUMOylation is a versatile post-translational modification
involved in various cellular functions including innate immunity.
IRF3 and IRF7 can be SUMOylated and this modification down-
regulates IFN production (Kubota et al., 2008). In contrast to this
finding, we have shown that PIAS2[3 contributes to the SUMO-1
conjugation of MDAS5, and positively regulates MDA5-driven IFN-I
induction, thus inhibiting virus replication. These seemly conflict-
ing results can be reconciled because MDAS5 functions upstream of
IRF3/7, and SUMOylation of MDA5 may override any downstream
modifications. All the studies rely on overexpression assay sys-
tems. Further dissection of the modification and role of endogenous
counterparts should be able to address this issue.

Our findings also point to a new role of PIAS family proteins,
since previous studies have shown that the PIAS family of E3 lig-
ases is mainly suppressive in cytokine signaling. For example, PIAS1
and PIAS2a can modify STAT1 to inhibit the JAK1/STAT1 innate
immune pathway (Liu et al., 2004; Ungureanu et al., 2005). Arecent
study suggests that PIAS4 can suppress TRIF-induced IFN activation
(Zhang et al., 2004). Therefore, our data echo the notion that differ-
ent subsets of PIAS members participate in the specific regulation
of cellular function (Bergink and Jentsch, 2009), and in this specific
case, that PIAS2[3 can participate in the SUMOylation of MDAS5 that
positively modulates its role in IFN-I signaling.
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