THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 36, pp. 31373-31384, September 9, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Sumoylation-promoted Enterovirus 71 3C Degradation
Correlates with a Reduction in Viral Replication and Cell

Apoptosis™™

Received for publication, April 26,2011, and in revised form, July 19,2011 Published, JBC Papers in Press, July 22,2011, DOI 10.1074/jbc.M111.254896
Shu-Chuan Chen*®, Luan-Yin Chang®, Yi-Wei Wang*®, Yi-Chun Chen*, Kuo-Feng Weng/, Shin-Ru Shih!,

and Hsiu-Ming Shih*®'

From the *Institute of Biomedical Sciences, Academia Sinica, the SGraduate Institute of Life Sciences, National Defense Medical
Center, and the "Department of Pediatrics, National Taiwan University Hospital, National Taiwan University, Taipei 11529, Taiwan
and the ”Department of Medical Biotechnology, Chang Gung University, Taoyuan 33302, Taiwan

Enterovirus 71 (EV71), a member of the Picornaviridae fam-
ily, may cause serious clinical manifestations associated with the
central nervous system. Enterovirus 3C protease is required for
virus replication and can trigger host cell apoptosis via cleaving
viral polyprotein precursor and cellular proteins, respectively.
Although the role of the 3C protease in processing viral and
cellular proteins has been established, very little is known about
the modulation of EV71 3C function by host cellular factors.
Here, we show that sumoylation promotes EV71 3C protein
ubiquitination for degradation, correlating with a decrease of
EV71 in virus replication and cell apoptosis. SUMO E2-conju-
gating enzyme Ubc9 was identified as an EV71 3C-interacting
protein. Further studies revealed that EV71 3C can be SUMO
(small ubiquitin-like modifier)-modified at residue Lys-52.
Sumoylation down-regulated 3C protease activity in vitro and
also 3C protein stability in cells, in agreement with data suggest-
ing 3C K52R protein induced greater substrate cleavage and
apoptosis in cells. More importantly, the recombinant EV71 3C
K52R virus infection conferred more apoptotic phenotype and
increased virus levels in culture cells, which also correlated with
a mouse model showing increased levels of viral VP1 protein in
intestine and neuron loss in the spinal cord with EV71 3C K52R
recombinant viral infection. Finally, we show that EV71 3C
amino acid residues 45-52 involved in Ubc9 interaction deter-
mined the extent of 3C sumoylation and protein stability. Our
results uncover a previously undescribed cellular regulatory
event against EV71 virus replication and host cell apoptosis by
sumoylation at 3C protease.

Enterovirus 71 (EV71),? similar to poliovirus, belongs to the
genus Enterovirus of the Picornaviridae family. EV71 infection
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usually causes mild symptoms in childhood, such as herpangina
or exanthema also known as hand, foot, and mouth disease (1).
However, during the 1998 epidemic in Taiwan, EV71 infection
was associated with severe central nervous system (CNS) dis-
eases and complications, including encephalitis, aseptic menin-
gitis, brain stem encephalitis, and rapidly fatal pulmonary
edema and hemorrhage (2-5). Very little is known about the
molecular basis of EV71-elicited neuropathogenesis.

EV71 possesses a single-stranded RNA genome of ~7500
nucleotides in length with positive polarity (6). Although the
replication mechanism of EV71 is largely unknown, studies of
other members in the Picornaviridae family revealed that virus
RNA encodes a large polyprotein (~200 kDa), which is pro-
cessed by viral protease 2A and 3C into 27 cleavage intermedi-
ates and end products (7). Most of the proteolytic reactions are
accomplished by viral 3C protease, whereas viral 2A protease
catalyzes only two cleavages on the polyprotein. In addition to
viral precursor protein processing, enterovirus 3C protease is
also involved in the inhibition of essential host functions such
as transcription, cytoskeletal integrity, and polyadenylation
(8—11). For instance, poliovirus 3C protease can cleave a num-
ber of cellular proteins such as TBP, CREB, and the cytoskeletal
protein MAP-4 (8, 12, 13). Recently, EV71 3C protease was
reported to cleave CstF-64 to inhibit cellular pre-mRNA poly-
adenylation (11). Cleavage of cellular proteins by 3C protease is
considered to be associated with EV71-induced cell apoptosis,
as expression of enterovirus 3C protease alone is sufficient to
trigger cell apoptosis, in part, via activation of caspase-3 and
poly-ADP-ribose polymerase (PARP) cleavage (14-16). Inter-
estingly, genomic sequencing analysis of EV71 viral strains col-
lected in Taiwan during the 1998-2003 epidemic seasons
revealed some sequence variations in 3C protease (17). It is
essential to elucidate whether these sequence variations alter
3C function and EV71 virulence, given the importance of 3C
protease for enterovirus replication and host cell apoptosis.

Sumoylation, a SUMO peptide conjugated on the lysine res-
idue of the protein substrate, is an important posttranslational
control for cellular protein functions (18, 19) as well as virus
replication (20). The conjugation of mammalian SUMO iso-
forms (SUMO-1,-2, and -3) to protein substrates is first acti-
vated by El-activating enzyme (SAE1/SAE2), then transferred
from E1 to the E2 conjugase (Ubc9) (21). In general, Ubc9 cat-
alyzes the formation of an isopeptide bond between the C ter-
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minus of SUMO and the amino group of the target lysine via a
direct interaction with a consensus motif yKX(E/D) (where ¥ is
a large hydrophobic residue, and X is any residue) present in
protein substrates (22, 23). Several studies demonstrated
that the PIAS family of proteins, RanBP2, Pc2, HDAC4, and
HDACY7, can act as SUMO E3 ligases to enhance substrate
sumoylation (24 —28). Conversely, SENP (SUMO-specific pro-
tease) family proteins function as isopeptidases to remove con-
jugated SUMO from substrates (29). Sumoylation results in dis-
tinct consequences to protein substrates, including alteration
of protein activity and subcellular localization or stability (19).
Regarding protein stability, sumoylation either antagonizes
substrate ubiquitination by competing with the same lysine res-
idue for modification (30) or facilitates substrate ubiquitination
via SUMO-targeted ubiquitin ligase (STUbL) family proteins
such as RNF4 (31-33). Whether SUMO modification affects
EV71 virus activity has not yet been elucidated.

Here we report that EV71 3C function can be attenuated by
SUMO modification. Ubc9 was identified as an EV71 3C-inter-
acting protein. Further study revealed that 3C was modified by
SUMO-1 at the lysine 52 residue in vivo and in vitro. Sumoyla-
tion decreased 3C in substrate cleavage as well as 3C protein
stability in cells. More importantly, sumoylation at Lys-52 pro-
moted 3C protein ubiquitination and degradation, correlating
with a reduction of 3C substrate cleavage, apoptosis induction,
and EV71 virus production in cells as well as EV71-elicited neu-
rovirulence in a mouse model. Furthermore, EV71 3C muta-
tions found in clinically isolated strains, including K52R and
within amino acid residues 45-52, reduced Ubc9 binding
capacity and were associated with clinical implications ranging
from mild illness to CNS involvement. We further showed that
3C residues 45-52 involved in Ubc9 interaction contributed to
3C sumoylation potential and protein stability regulation. Col-
lectively, our findings suggest that SUMO modification at EV71
3C protease may serve as a host cell defense against virus rep-
lication and apoptosis induction during EV71 infection.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Antibodies—GFP- or RFP-fused
EV71 or polio 3C constructs were constructed by inserting
each 3C ¢DNA into the GFP-Puro2-IRES and RFP-Puro2-
IRES vectors, respectively. The EV71 ¢cDNA was also sub-
cloned into indicated tag vectors, including pBTM116
(LexA), pcDNA3-HA (HA), pCMV-FLAG-2B (FLAG), and
pGEX-4T1 (GST). The constructs expressing EV71 3C point
mutations were created by site-directed mutagenesis
(QuikChange, Stratagene). Ubiquitin, PIAS1, and Ubc9 cDNAs
were amplified by PCR and subcloned into pPCMV-FLAG-2B,
pcDNA3-HA, and GEX-4T1, respectively. The mammalian or
bacterial constructs expressing HA-SENP1, HA-SENP2,
FLAG-SUMO-1, His-SUMO-1, and His-SUMO-2 were
reported previously (34). The construct for producing bacterial
His-SUMO-1 11KR was a gift from Dr. Jaulang Hwang (Aca-
demia Sinica, Taiwan) (35), and mammalian FLAG-SUMO-1
11KR was generated by inserting cDNA of SUMO-1 11KR into
p3XFLAG-CMV?7.1 vector. pDNA-FLAG-SNURF WT and CS
constructs expressing RNF4 WT and catalytically inactive (CS)
mutant, respectively, in mammalian cells were gifts from Dr.
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Jorma Palvimo (University of Kuopio, Finland). The following
primary antibodies were used: anti-HA (Covance), anti-PARP
(Roche Applied Science), anti-CREB (Epitomics), anti-GFP
(Santa Cruz; MBL), anti-FLAG (Sigma), anti-ubiquitin
(Biomol), anti-cleaved caspase-3 (Cell Signaling), anti-VP1
(Millipore), anti-actin (Millipore), anti-EV 71 3C (11), anti-
SUMO-1 and anti-SUMO-2/3 (36), and anti-PML rabbit poly-
clonal antibody (37).

Yeast Two-hybrid Screen and [B-Galactosidase Assays—A
yeast two-hybrid array screen using LexA-EV71 3C as bait was
conducted as described previously (38). Briefly, the L40 strain
transformed with LexA-EV71 3C was mated with AMR70
strains, which had been transformed with each specific prey
gene in the pACT2 vector using 96-well plates. The resulting
mated yeast cells were selected on a medium lacking histidine,
leucine, and tryptophan then followed by a B-galactosidase
assay. Quantitative B-galactosidase assays of yeast containing
pairs of indicated bait and prey plasmids were determined by
liquid culture following the Galacto-light Plus kit (Tropix)
instructions.

Cell Culture, Transient Transfection, Immunoprecipitation,
and Western Analyses—293T, HeLa, or HeLa stably expressing
His-tagged SUMO-1 (a gift from Dr. Peter O’Hare, Imperial
College, London), and RD (rhabdomyosarcoma) cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS) and streptomycin.
Transfection of DNA constructs into HeLa, HeLa-His-
SUMO-1, or 293T cells was performed using Lipofectamine
2000 (Invitrogen). Immunoprecipitation and Western analyses
were performed as described previously (34). In brief, trans-
fected cells were lysed directly in radioimmune precipitation
assay buffer (200 mm Tris, 150 mm NaCl, 1 mm EDTA, 1% Non-
idet P-40, 1 mm PMSF, 1 mm DTT, 0.5% SDS, and 0.5% deoxy-
cholate) with the addition of complete protease inhibitor mix-
ture (Roche Applied Science) and 20 mm N-ethylmaleimide
(Sigma). Lysates were further incubated (1 h) with indicated
antibody and subsequently reacted (overnight) with protein
A/G. Immunoprecipitated beads were washed and subjected to
Western blot analysis using specific antibody.

GST Pulldown, in Vitro Sumoylation, and 3C Substrate
Cleavage Assays—GST pulldown assays were performed as
described (34) using 2 ug of recombinant GST or GST-Ubc9
fusion proteins along with the indicated in vitro synthesized
35S-labeled 3C WT or mutant proteins. In vitro sumoylation
assay was performed as described previously (34) with recom-
binant proteins or in vitro synthesized >*S-labeled proteins as
indicated. The A3A-3B-3C™"*-A3D, consisting of partial 3A
and 3D domains linked to 3B and 3C catalytically inactive
mutant (39), served as a substrate for in vitro cleavage reaction
with GST-3C with or without sumoylation. In brief, GST-3C
recombinant protein (5 ug) was subjected to in vitro sumoyla-
tion on GST glutathione-agarose beads. After washing twice
with cleavage buffer (20 mm HEPES, 20% glycerol, and 100 mm
KCl, pH7.9), the sample with or without sumoylation was split
into six portions; one was saved as input, and 2 ul of **S-labeled
A3A-3B-3C™"-A3D in vitro in 20 pl of cleavage buffer were
added to the remaining five portions for the indicated digestion
time.
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Virus Propagation, Infection, and Virus Titer Determination—
The EV71 (TW/2231/98) strain described previously (40) was
used for this study. The infectious clone of EV71 harboring 3C
K52R was created by PCR site-directed mutagenesis (Strat-
agene) using the full-length genome of EV71 WT (TW/2231/
98) in pCR-XL-Topo vector as a template. These two viral
strains were amplified in RD cells. The virus titer of infected RD
cells harvested from amplification or at different post-infection
time points was determined by plaque assay as described pre-
viously (40). In brief, 5 X 10° RD cells seeded in 6-cm dishes
were cultured (37 °C, 14 h) followed by the addition of serial
10-fold dilutions of EV71 recombinant virus. After viral adsorp-
tion (1 h), infected cells were washed with PBS containing 0.2%
BSA and covered with an overlay of Dulbecco’s modified Eagle’s
medium containing 2% FBS mixed with 2% methylcellulose.
Cells were further incubated (37 °C, 3 days), and plaques were
stained with 0.1% crystal violet in a 10% formaldehyde solution.
For mouse virus inoculation, three 1-day-old ICR mice were
orally inoculated using a feeding tube with control media or
EV71 virus 2231 wild type or 3C K52R strain in a total volume of
100 ul (1 X 107 plaque-forming units). Animals were measured
for body weight every other day. Seven days after oral inocula-
tion, mice were sacrificed, and organ histopathology was exam-
ined. All protocols were approved by the Institute of Biomedical
Sciences, Academia Sinica.

Cell Apoptosis, Immunohistochemical Staining, and TUNEL
Assay—Cell apoptosis induced by viral infection or transiently
expressing EV71 3C protein was quantified by Cell Death
Detection ELISA (Roche Applied Science) according to the
manufacturer’s instructions. For immunohistochemistry anal-
ysis, intestinal and spinal cord tissues removed from infected
mice (6 mice/each virus infection; # = 3 independent experi-
ments) were paraformaldehyde-fixed and paraffin-embedded
for tissue sections. The tissue slides were deparaffinized, dehy-
drated, and further treated with 3% H,O, buffer to block endoge-
nous peroxidase activity and reacted with 0.01 M sodium citrate
buffer for antigen retrieval. After blocking with 10% normal goat
serum, the intestine and thoracic spinal cord sections were incu-
bated (4 °C, overnight) with anti-VP1 and cleaved caspase-3 anti-
bodies, respectively, then incubated with Super Picture HRP poly-
mer conjugate secondary antibody (Zymed Laboratories Inc.) and
further stained with DAB chromagen. Sections were also stained
with hematoxylin (DAKO). Tissue sections of the thoracic spinal
cord were subjected to Nissl staining, and the number of Nissl
stain-positive neural cell bodies in the ventral horn area of the
thoracic spinal cord was quantified. Apoptotic cells in tissue sec-
tions were visualized using the in situ Death Detection kit TMR
red (tetramethylrhodamine red) (Roche Applied Science) accord-
ing the manufacturer’s instructions.

Statistical Analysis—Data from [-galactosidase assay,
cleaved products, cell apoptosis, viral titer, Nissl body quantifi-
cation, and mouse body weight in this study are expressed as the
mean * S.D. Statistical significance between different experi-
mental groups was ascertained using Student’s ¢ test.

RESULTS

SUMO Modification of EV71 3C—Using a yeast two-hybrid
screen, we identified Ubc9 as a 3C-interacting protein. The
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interaction of 3C and Ubc9 was quantified using the B-galacto-
sidase assay for yeast cells transformed with LexA-3C (bait) and
GalAD-Ubc9 (prey) (Fig. 14). The 3C-Ubc9 interaction was
further evidenced by GST pulldown assays showing in vitro
synthesized *S-labeled 3C protein precipitated by GST-Ubc9
but not by the GST fusion protein alone (Fig. 1B). The results of
the 3C-Ubc9 interaction led us to investigate whether 3C could
be SUMO-modified. In vitro sumoylation reactions yielded two
bands migrating more slowly than unmodified 3C (Fig. 1C,
arrowhead). The level of these two slowly migrating bands was
significantly elevated after increasing the amount of SUMO
El-activating enzyme in the reactions (lanes 2 and 3). To fur-
ther differentiate bands derived from multiple mono-sumoyla-
tion or from mono-sumoylation utilizing poly-SUMO chain
formation, a SUMO-1 mutant (11KR) incapable of forming a
polychain (because all 11 Lys residues were converted to Arg
residues) was subjected to in vitro sumoylation. SUMO-1 11KR
mutant resulted in the generation of only one sumoylated band,
suggesting that the slowly migrating band (below 72 kDa) miss-
ing from the SUMO-1 11KR samples was a poly-SUMO chain-
conjugated 3C. Notably, 3C was modified by SUMO-1 more
effectively than SUMO-2 in vitro compared with PML conju-
gated by SUMO-1 or SUMO-2 to a similar extent (supplemen-
tal Fig. 1). Furthermore, 3C also generated a major and several
minor slowly migrating bands in cells co-expressing SUMO-1
(Fig. 1D, lane 2). Except for the major band, all other slowly
migrating bands were abrogated in SUMO-1 11KR-transfected
cells (lane 3), suggesting that 3C could be modified by mono-
SUMO-1 as well as by the poly-SUMO-1 chain in cells. It should
be noted that the pattern of these sumoylated bands was differ-
ent from that observed in the in vitro sumoylation assays (Fig.
1C). This discrepancy could be the result of SUMO-1 overex-
pression, causing increased efficiency of 3C sumoylation
and/or additional modifications in cells (see “Discussion”). Fur-
thermore, the level of sumoylated bands was enhanced by
PIASI and attenuated by SENP1 but not by its catalytically
inactive mutant (CS) in HeLa cells stably expressing His-tagged
SUMO-1 (Fig. 1, E and F). Furthermore, the inability of SENP2
to de-sumoylate 3C suggested a specificity of SENP1 for 3C
de-sumoylation (Fig. 1F). Altogether, these data suggest that
EV71 3C could be sumoylated both in vitro and in vivo.

3C Lys-52 Is the SUMO Conjugation Site—We next mapped
the 3C sumoylation site(s) by replacing Lys residues (Fig. 24,
bold) with Arg residues and tested respective mutants in
sumoylation assays. The results of the in vivo sumoylation
assays showed that the K52R mutant eliminated the major and
all other minor SUMO-modified bands compared with the WT
and other Lys — Arg mutants (Fig. 2B). The importance of
position Lys-52 for 3C sumoylation was further validated using
in vitro sumoylation assays that demonstrated a loss of sumoy-
lated bands in the K52R sample (Fig. 2C). These data suggest
that Lys-52 was the conjugation site for mono- and poly-SUMO
chain formation on EV71 3C. We further substantiated 3C
sumoylation endogenously by infecting cells with recombinant
EV71 virus. The 3C immunoprecipitation experiments re-
vealed that the two slowly migrating bands detected by an
anti-3C antibody were also recognized by an anti-SUMO-1
antibody from cell lysates harvested 8 h post-infection (Fig. 2D,
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FIGURE 1. SUMO modification of the EV71 3C protease. A, shown are 3-galactosidase assays of yeast cells transformed with LexA-3Cand the indicated “prey.”
Error bars represent the S.D. from three experiments performed in triplicate. B, an autoradiograph shows >*S-labeled 3C (top) pulled down by the GST-Ubc9
protein. input represents 20% of **S-labeled protein subjected to binding assays. Coomassie Blue staining shows GST fusion proteins used for each binding
reaction. C, Western blot analysis shows in vitro sumoylation of in vitro synthesized HA-tagged 3C proteins. The arrowhead and arrow indicate SUMO-1-
modified and unmodified proteins, respectively. D-F, Western blot analysis shows GFP-tagged 3C modified by FLAG-tagged SUMO-1 in 293T cells (D) or Hela
cells stably expressing His-tagged SUMO-1 (E and F) with or without expressing increased amounts of the WT or catalytically inactive CS mutant of PIAS1 or
SENPs as indicated. The SUMO-1-modified and unmodified GFP-3C is depicted by bracket and arrow, respectively.

asterisk). Notably, these two slowly migrating bands were mod-
estly detected by the anti-SUMO-2/3 antibody (Fig. 2D, lane
14), consistent with data demonstrating that the EV71 3C was
preferentially modified by SUMO-1 in vitro (supplemental Fig.
1). More importantly, these sumoylated bands were not
observed in cells infected with recombinant EV71 virus harbor-
ing the 3C K52R mutation even though the unmodified 3C
K52R protein was more abundant than the WT protein (Fig.
2D, lanes 2 and 5). Together, these results demonstrated that
EV71 3C could be sumoylated and that sumoylation
occurred at the Lys-52 residue. Notably, the extent of 3C
sumoylated bands was attenuated at 12 h post-infection
(lanes 3 and 9), suggesting additional regulation of 3C
sumoylation during virus infection (see below). In addition,
the migration positions of the 3C precursors 3BCD and 3CD,
reported previously, are indicated (41).

EV71 3C Protease Function Is Down-regulated by Sumoy-
lation—The finding of EV71 3C modified by SUMO-1 led us to
test whether sumoylation regulates 3C substrate cleavage. To
this end, a GST-3C fusion protein was subjected to an in vitro
sumoylation reaction before measuring its capacity for sub-
strate cleavage. The results of the in vitro sumoylation assay
showed that about 25% of the GST-3C recombinant protein
was sumoylated (Fig. 34, top panel). A substrate A3A-3B-
3C™Y-A3D previously used for analyzing 3C catalytic activity
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(39) was synthesized in vitro and subjected to cleavage by the
GST-3C sample in the presence or absence of sumoylation
reaction conditions. Notably, the sumoylated GST-3C protein
sample yielded less A3A-3B-3C™"*-A3D cleavage product com-
pared with the GST-3C sample incubated in the absence of
sumoylation conditions (Fig. 34, bottom panel, arrowhead, and
the percent substrate cleavage further shown in graph format).
These data suggest that sumoylation reduced 3C protease activ-
ity in vitro. We next examined whether sumoylation attenuates
3C substrate cleavage in cells. In line with the in vitro results, we
observed that the 3C K52R mutant induced the cleavage prod-
uct of ectopically expressed GFP-tagged TBP or HA-tagged
CREB protein substrate in cells better than WT (Fig. 3, Band C).
These data suggest that 3C function was down-regulated by
sumoylation.

Because 3C protease was reported to induce caspase-3 acti-
vation and cellular apoptosis (16), we further substantiated the
effect of sumoylation on 3C protease function by examining
caspase-3 substrate PARP cleavage and apoptosis in 3C-trans-
fected cells. As expected, the 3C K52R mutant conferred
greater levels of PARP cleavage product and apoptosis com-
pared with WT (Fig. 3, D and E). Of note, the effects of the
EV71 3C K52R mutant on TBP and PARP cleavage and apo-
ptosis were similar to those observed for poliovirus 3C con-
trol (Fig. 3, B, D, and E). These results further support a role
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FIGURE 2. Lys-52 is the EV71 3C sumoylation site. A, amino acid residues of EV71 3C are shown. The Lys residues converted to Arg for sumoylation analysis
are shown in bold. B, Western blot analysis shows GFP-3C WT or mutants modified by FLAG-tagged SUMO-1 in 293T cells as indicated. The SUMO-1-modified
and unmodified GFP-3C are depicted by brackets and an arrow, respectively. C, Western blot analysis shows in vitro sumoylation of HA-tagged 3C WT or K52R
proteins. The arrowhead and arrow indicate SUMO-1-modified and unmodified proteins, respectively. D, Western blot analysis shows endogenous sumoylated
3C from 1.5 X 107 RD cells infected (/F) with EV71 recombinant virus (10 m.o.i.) and harvested at the indicated post-infection time points. The arrows and
asterisks indicate EV71 3C and its precursor proteins and sumoylated 3C, respectively.

for the negative regulation of the 3C protease function by
SUMO modification.

Sumoylation Modulates EV71 3C Stability—Because SUMO
modification also regulates protein stability (18, 19), we further
explored the stability of EV71 3C after sumoylation in cells.
Cyclohexamide-chase experiments showed that the K52R pro-
tein half-life was greater than that of the WT, increasing from
~3to 4.8 h (Fig. 4A4), indicating that the K52R mutation stabi-
lized the 3C protein. Furthermore, treatment with the protea-
some inhibitor MG132 attenuated 3C protein degradation
(lane 8). Because proteasome-mediated protein degradation is
generally associated with substrate ubiquitination, we next
tested 3C ubiquitination and demonstrated that it was pre-
vented by K52R (Fig. 4B). This observation was further substan-
tiated by measuring 3C ubiquitination at an endogenous level in
EV71 viral infection. Although the 3C WT protein could be
ubiquitinated during viral infection, the 3C K52R mutant failed
to do so (Fig. 4C, lanes 2 and 3 versus 5 and 6). In line with the
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failure of the K52R mutant, 3C K52R protein levels were higher
than protein levels observed for WT 3C (Fig. 4C, middle panel).
Notably, the 3C polyubiquitin chain was significantly increased
12 h post-infection (lane 3), correlating with a decrease in
sumoylated 3C levels at this time point (Fig. 2D, lane 3). These
results suggest that sumoylation may have facilitated 3C
ubiquitination.

If sumoylation facilitated 3C ubiquitination, removal of 3C
sumoylation should abrogate its ubiquitination. To this end,
SENP1 was tested in 3C ubiquitination experiments. As ex-
pected, coexpression of SENP1 reduced 3C sumoylation as well
as ubiquitination (Fig. 4D, top and second panels, lanes 2). Nota-
bly, the effect of SENP1 in reducing 3C ubiquitination was spe-
cific because global ubiquitination was not significantly altered
by SENP1 expression (bottom panel). Together, these results
suggest that sumoylation at position Lys-52 promoted 3C ubiq-
uitination and degradation. Consistently, coexpression of
SENP1 or PIAS1 resulted in increased or decreased 3C protein
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stability in cyclohexamide-chase experiments, respectively
(Fig. 4E). Conversely, SENP1 or PIAS1 expression failed to sig-
nificantly alter the time course of K52R protein degradation
(Fig. 4E), further supporting the involvement of sumoylation in
3C protein ubiquitination and degradation.

Because RNF4 was reported to facilitate ubiquitination of
SUMO-modified proteins (42), we next tested whether 3C
ubiquitination and degradation could be modulated by RNF4.
Expression of RNF4 WT, but not a catalytically inactive mutant,
modestly increased 3C ubiquitination levels (supplemental Fig.
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2A), correlating with a marginal effect of RNF4 on 3C degrada-
tion (supplemental Fig. 2B). These results suggest the presence
of other ubiquitin E3 ligase(s) or another molecular mecha-
nism(s) operating the EV71 3C sumoylation-dependent ubigq-
uitination and degradation pathway (see “Discussion”).
SUMO Modification of 3C Attenuates EV71-induced Apopto-
sis, Virus Production, and Neurovirulence—If Lys-52 sumoyla-
tion is important for 3C ubiquitination and degradation, it is
conceivable that a recombinant EV71-3C K52R virus would
trigger greater substrate cleavage and apoptosis than the WT
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PARP (B) cleavage in RD cells (5 X 10°) infected with EV71 (10 m.o.i.) and harvested at the indicated time points of post-infection is shown. h.p.i., hours
post-infection. The arrow and arrowhead indicate the intact or cleaved products corresponding to endogenous CREB or PARP, respectively. The percentage of
CREB or PARP cleavage product over total PARP proteins in each sample is shown. Error bars, mean = S.D. (n = 3); **, p < 0.01. C, apoptosis analysis of 6 X 10*
RD cells infected with 10 m.o.i. each of either EV71 WT or 3C K52R mutant recombinant virus is shown. Apoptotic cells were determined using a Cell Death
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virus. As expected, recombinant EV71-3C K52R virus infec-
tion resulted in more CREB cleavage in cells harvested at 9 and
12 h post-infections compared with WT virus (Fig. 54). Like-
wise, more PARP cleavage products were observed in cells
infected with the 3C K52R recombinant virus compared with
WT virus-infected cells 8 and 12 h post-infection (Fig. 5B).
Accordingly, recombinant 3C K52R recombinant virus-in-
duced apoptosis was more pronounced 8 and 12 h post-infec-
tion than apoptosis observed after infection with WT virus (Fig.
5C), consistent with data observed for cells transiently express-
ing 3C protein only (Fig. 3E). These results suggest that sumoy-
lation acted as a host cell defense mechanism resulting in EV71
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3C attenuation. In line with this notion, we observed that WT
recombinant virus produced reduced amounts of virus in RD
cells compared with levels observed for the 3C K52R recombi-
nant virus (Fig. 5D).

Previous studies reported that the EV71 virus could replicate
in the intestinal tract and elicit central nervous system pathol-
ogy in neonatal mice (43). We further demonstrated the impor-
tance of SUMO conjugation to 3C in the down-regulation of
EV71-mediated pathogenesis in mice. Equal titers of EV71 WT
or K52R recombinant virus were administrated orally to neo-
natal mice. After 7 days, mice were sacrificed, and organs were
examined histologically. Mice infected with the EV71-3C
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FIGURE 6.EV71 3C sumoylation correlates with Ubc9 -3Cbinding. A, Western blot analysis shows in vitro sumoylation of HA-tagged 3C WT and mutants. The
arrowheads and arrow indicate SUMO-1-modified and unmodified proteins, respectively. B,immunoblots show GFP-3C WT and mutant proteins modified by
SUMO-1 in transfected 293T cells. The bracket and arrow indicate SUMO-1-modified and unmodified proteins, respectively. C, an autoradiograph shows
3>S-labeled HA-tagged 3C WT or mutant proteins pulled down by GST (odd lanes) or by the GST-Ubc9 fusion protein (even lanes). input represents 10% of the
amount of >*S-labeled protein subjected to binding assays. GST fusion proteins used for each binding reaction are shown. D, a summary of the EV71 3C mutants
mediating Ubc9 binding, sumoylation, CREB cleavage, and protein stability is shown. The intensity of precipitated 3C protein by GST-Ubc9 was quantified by
densitometry, and the relative binding of 3C to Ubc9 (mean = S.D.) from four independent experiments is indicated after normalization to WT 3C binding (set
to a value of 100). The intensity of SUMO-modified and -unmodified bands from both in vitro and in vivo sumoylation assays was quantified by densitometry,
and the percentage of modified to unmodified 3C protein (mean = S.D.; n = 4) is indicated after normalization to WT sumoylation (set to a value of 100). The
CREB cleavage potential and protein half-life of each 3C mutant was quantified from four independent experiments (mean = S.D.). Representative blots are
shown in supplemental Fig. 5.

K52R recombinant presented with more severe weight loss UbcY Binding Capacity Determines the Extent of EV71 3C
compared with WT-infected mice (supplemental Fig. 3), con-  Sumoylation and Stability Regulation—The results of the
sistent with a recent report demonstrating that the degree of EV71-3C K52R infection mouse model led us to explore the
EV71 virulence correlated with weight loss in infected mice clinical association of EV71 infections during the outbreaks in
(44). In addition, characteristic lesions were observed in the Taiwan. 3C sequence analysis of 395 EV71 strains isolated in
mouse intestine and spinal cord after EV71 infection (Fig. 5E).  Taiwan between 1998 and 2003 identified one patient witha 3C
The 3C K52R recombinant virus-infected mice presented with  K52R mutation who presented with severe CNS involvement
stronger VP-1 staining and severe villous blunting in the small ~ (supplemental Table 1).? These results support a correlation
intestine compared with WT virus-infected mice (panels a—c). between our EV71 mouse model and a clinical case. In addition,
These results correlated with the above finding showing that 3C ~ several isolated strains with mutations flanking the 3C Lys-52
K52R recombinant virus titers in infected cells were higher than ~ residue were also identified, including mutations K45R, 147V,
WT titers (Fig. 5D). More importantly, Nissl body staining and V491 associated with the clinical diagnosis of more mild
revealed that the number of neurons present in the ventral horn ~ illness rather than CNS involvement (supplemental Table 1).
of the thoracic spinal cord were significantly diminished in 3C 10 examine whether these mutations were also associated with
K52R-infected mice compared with WT-infected mice (Fig. 5, 3C sumoylation, these 3C mutants were generated and tested
E, panels d—f and F), suggesting that 3C K52R viral infection for their sumoylation potential. The results of in vitro sumoy-
resulted in increased neuron loss in this area. Consistent with  lation assays revealed that K45R, 147V, and V491 mutations
this notion, 3C K52R viral infection resulted in elevated rates of ~ educed 3C sumoylation to a similar extent (fig. ‘6A)' Similar
apoptosis evidenced by TUNEL and cleaved caspase-3 staining qbservatlons were also made after (ana‘ly51s of mvivo sumoyla-
(Fig. 5E, panels g-1). Together, these data support the notion tion assays (Fig. 6B). The levels of in vitro and in vivo sumoyla-
that SUMO modification serves as a host cell defense mecha-
nism designed to attenuate EV71-induced pathogenesis. 3L.Y. Chang, unpublished data.
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tion of these 3C mutants are summarized in Fig. 6D. Although
the incidence rates of the 3C sumoylation-defective mutants
were not high in clinically associated EV71 strains,” these
results provide a potential correlation between EV71 3C
sumoylation and disease severity.

Given that mutation of the Lys-45, Ile-47 and Lys-49 residues
altered the 3C sumoylation potential, we further examined
whether other residues proximal to Lys-52 also affect 3C
sumoylation, including residues Thr-46, Trp-48, Glu-50, His-
51, and Leu-53. The results of in vitro and in vivo sumoylation
analyses revealed that Ala substitution of Trp-48, Glu-50, or
His-51 significantly reduced 3C sumoylation and that T46A
and L53A mutants had slightly reduced sumoylation activity
compared with the WT (Fig. 6, A, B, and D). These results
suggest the importance of the Lys-52 flanking residues in medi-
ating EV71 3C sumoylation. Consistent with this notion, we
observed that poliovirus 3C, consisting of distinct residues sur-
rounding the Lys-52 (supplemental Fig. 44), failed to be sumoy-
lated in cells (supplemental Fig. 4B). Replacement of the polio-
virus 3C region with amino acids corresponding to the EV71 3C
region, however, restored sumoylation effectively (supplemen-
tal Fig. 4B).

We next tested if the different EV71 3C mutants (from resi-
dues Lys-45 to Leu-53) mediated sumoylation based on differ-
ential Ubc9 interactions. To this end, various 3C mutant pro-
teins synthesized in vitro were subjected to GST pulldown
assays with GST-Ubc9. As expected, the levels of these 3C
mutants precipitated by the GST-Ubc9 protein correlated with
the extent of SUMO modification in these mutants (Fig. 6C).
Further characterization of these 3C mutants revealed that the
CREB cleavage potential and the protein stability of these
mutants inversely correlated with their sumoylation levels
(supplemental Fig. 5 and Fig. 6D). Collectively, these results
suggest that the Ubc9 binding ability defined the EV71 3C
sumoylation potential and conferred protein stability.

DISCUSSION

Many viruses interact with host proteins as a means of inter-
fering with or usurping cellular machinery for creating a suita-
ble replication environment. Sumoylation is one host cellular
post-translational modification system previously reported to
facilitate viral replication and/or to be inhibited by viral pro-
teins during viral infection. For instance, sumoylation of influ-
enza A viral NS1 protein and human immunodeficiency virus
type 1 (HIV-1) p6 Gag regulates influenza virus rapid growth
and HIV-1 infectivity (45, 46), respectively. Epstein-Barr virus
BZLF1 protein, human cytomegalovirus IE1 protein, and her-
pes simplex virus ICPO protein can disrupt PML nuclear bodies
by inhibiting PML sumoylation (47-50). Likewise, avian adeno-
viral protein Gaml abrogates cellular sumoylation events by
targeting the SUMO E1 enzyme (51, 52). Although many stud-
ies have reported that the sumoylation system is inhibited or
utilized by viral proteins for viral replication, very little is
known regarding whether sumoylation can also act as a host cell
defense system resulting in the attenuation of viral replication.
In this study we demonstrated that the EV71 3C sumoylation-
deficient virus triggered higher levels of apoptosis and elevated
virus titer compared with WT virus, correlating with observa-
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tions in virus-infected mice that presented with significantly
increased apoptosis of neuronal cells in spinal cord and
increased levels of viral VP1 protein in the intestine (Fig. 5).
These results strongly implicate that sumoylation functions as a
host cell defense mechanism against EV71 3C to reduce EV71
viral replication and viral infection-induced apoptosis. Our
findings may serve as a template for studying sumoylation in the
context of a defense mechanism against viral replication.

In addition, we identified Ubc9 as an EV71 3C-interacting
protein and identified a 3C sumoylation site at the Lys-52 resi-
due. Ubc9 generally binds to a protein substrate via the sumoy-
lation YKX(E/D) consensus motif (22, 23). Interestingly, EV71
3C Lys-52 and its flanking residues did not match this consen-
sus motif. Instead, these residues fit the inverted sumoylation
consensus motif (E/DXKys), recently described for other
sumoylated substrates (53). Although the binding of Ubc9 to
the inverted sumoylation motif has not been characterized, our
results from GST pulldown assay using mutated 3C proteins
(Fig. 6C) indicated the involvement of this inverted sumoyla-
tion motif in mediating the Ubc9 interaction. In addition, the
3C residues between Lys-45 and Lys-49 also contributed to
Ubc9 interactions to a certain extent that correlated with dis-
tinct sumoylation levels between these mutants (Fig. 6D). Inter-
estingly, clinical EV71 isolates harboring 3C mutations in the
Ubc9 interaction (supplemental Table 1) suggest that the EV71
virus may have evolved an escape mechanism from the host by
reducing the 3C-Ubc9 interaction.

EV71 3C can be modified by mono-SUMO-1 as well as by the
poly-SUMO-1 chain at the Lys-52 residue both in vitro and in
vivo. The sumoylation pattern, the relative abundance of mono-
versus poly-SUMO-1 chain formation on 3C seen in the in vitro
assays (Fig. 1C) and during EV71 viral infection (Fig. 2D), was
similar. However, when SUMO-1 was coexpressed with 3C in
cells (Fig. 1D), the level of mono- versus poly-SUMO chain for-
mation differed dramatically. This discrepancy could be due to
SUMO-1 overexpression that increased the formation of differ-
ent poly-SUMO chains on 3C. In addition, sumoylation-elic-
ited 3C ubiquitination may also have contributed to this dis-
tinct pattern of poly-SUMO chain formation on 3C in cells as
supported by the observation that treatment of GFP-3C pro-
teins precipitated from SUMO-1-coexpressing cells, with a
recombinant de-ubiquitinating enzyme, significantly reduced
some of the slowly migrating bands.* In line with the observa-
tion that SUMO was present in ubiquitinated 3C (Fig. 4D),
these data support the notion that sumoylation is associated
with 3C ubiquitination.

Sumoylation can either promote or antagonize protein sub-
strate ubiquitination (30, 42). Initial observations that 3C WT
but not K52R conferred robust ubiquitination (Fig. 4B) raised
the possibility that Lys-52 may also have acted as a 3C ubiquiti-
nation site. In this scenario, sumoylation may have antagonized
3C ubiquitination. However, the results that SENP1 expression
effectively removed 3C sumoylation also abrogated 3C ubiq-
uitination excluded this possibility (Fig. 4D). In addition, the
protein stability of 3C WT, but not K52R mutant, was positively

4S.C.Chen and H. M. Shih, unpublished data.
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and negatively regulated by SENP1 and PIAS1 (Fig. 4E), respec-
tively. These results suggest that sumoylation of EV71 3C at
position Lys-52 promotes 3C degradation by ubiquitination in
cells. In agreement with this notion, EV71 3C sumoylation was
detected early post-infection (8 h) followed by significantly
reduced levels 12 h post-infection, correlating with a signifi-
cantly increased level of 3C ubiquitination detected at the 12-h
time point (Figs. 2D and 4C). The molecular mechanism of how
sumoylation enhances EV71 3C ubiquitination is currently
unclear. One possibility is that the SUMO moiety of sumoy-
lated EV71 3C mediates a direct interaction with an E3 ubiqui-
tin ligase, resulting in ubiquitin modification. For instance,
RNF4 could preferentially mediate SUMO-2/3 polychain-con-
jugated substrates for ubiquitination via direct interaction
between the SUMO-2/3 polychain and 4 copies of the SUMO-
interacting motif in RNF4 (32). Because EV71 3C can be mod-
ified by SUMO-1 more effectively than SUMO-2 (Fig. 2D and
supplemental Fig. 1), our observation that RNF4 ineffectively
regulated 3C ubiquitination and protein stability was expected,
suggesting that an other E3 ubiquitin ligase(s) likely exists for
the ubiquitination of sumoylated 3C.

Alternatively, sumoylation may not mediate the direct inter-
action of EV71 3C protein with an E3 ubiquitin ligase. A previ-
ous study examining NEMO sumoylation revealed that sumoy-
lation was responsible for retention of NEMO in the nuclear
compartment where NEMO was phosphorylated and then
ubiquitinated before translocation back to the cytosol (54).
Thus, it is possible that sumoylation may alter EV71 3C subcel-
lular localization for further ubiquitination and degradation.
However, additional studies will be required to substantiate this
hypothesis. In addition to sumoylation-mediated modulation
of 3C stability in cells, we also showed that sumoylation could
down-regulate 3C substrate cleavage activity in vitro. Although
the Lys-52 residue is not within the 3C catalytic domain,
sumoylation-reduced 3C substrate cleavage could result from
blocking 3C interaction with its substrate or from a conforma-
tional change to its catalytic domain, which dampened catalytic
activity.

In summary, our findings showed that EV71 3C sumoylation
depended on the interaction between 3C and Ubc9. Sumoyla-
tion-attenuated EV71 3C function correlated with a reduction
in viral replication and apoptosis, implying that EV71 strains
with different sumoylation potential may cause infections pre-
senting with distinct clinical severity.
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