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Coxsackievirus B3 (CVB3) is a small RNA virus associated with diseases such as myocarditis, meningitis,
and pancreatitis. We have previously demonstrated that proteasome inhibition reduces CVB3 replication and
attenuates virus-induced myocarditis. However, the underlying mechanisms by which the ubiquitin/proteasome
system regulates CVB replication remain unclear. In this study, we investigated the role of REG�, a member
of the 11S proteasome activator, in CVB3 replication. We showed that overexpression of REG� promoted CVB3
replication but that knockdown of REG� led to reduced CVB3 replication. We further demonstrated that
REG�-mediated p53 proteolysis contributes, as least in part, to the proviral function of REG�. Although total
protein levels of REG� remained unaltered after CVB3 infection, virus infection induced a redistribution of
REG� from the nucleus to the cytoplasm, rendering an opportunity for a direct interaction of REG� with viral
proteins and/or host proteins (e.g., p53), which controls viral growth and thereby enhances viral infectivity.
Further analyses suggested a potential modification of REG� by SUMO following CVB3 infection, which was
verified by both in vitro and in vivo sumoylation assays. Sumoylation of REG� may play a role in its nuclear
export during CVB3 infection. Taken together, our results present the first evidence that the host REG�
pathway is utilized and modified during CVB3 infection to promote efficient viral replication.

Viruses often adapt to the existing host cellular machinery to
complete their own life cycle. The ubiquitin/proteasome sys-
tem (UPS), a primary intracellular protein degradation system
in eukaryotic cells, has emerged as a key modulator in viral
infectivity and virus-mediated pathogenesis (6).

Coxsackievirus B3 (CVB3) is a small RNA virus associated
with diseases such as myocarditis, meningitis, and pancreatitis
(36). We have previously studied the function and regulation
of the UPS in CVB3 infection and CVB3-induced myocarditis
(7, 16, 17, 33). We demonstrated that CVB3 utilizes and ma-
nipulates the host UPS to achieve successful replication (17,
33). We provided evidence that proteasome inhibition reduces
CVB3 replication and attenuates virus-induced myocarditis
(7). However, we recognize the potential toxicity of general
inhibition of proteasome function as a therapeutic means. Fur-
ther investigation to identify specific targets within the UPS
utilized during CVB3 infection is urgently needed and will
allow for more-precise targeting in drug therapy.

The 20S proteasome is a multisubunit protease complex
responsible for the degradation of misfolded proteins or short-
lived regulatory proteins (16, 18). In the absence of protea-

some activators, the 20S proteasome is latent and the protein
substrates are barred from entering the 20S proteasome (16,
18). There are at least two families of proteasome activators,
the 19S proteasome (also known as PA700) and the 11S pro-
teasome (also known as REG or PA28) (16, 18). The 19S
activator binds to proteasome to form the 26S proteasome,
which primarily performs degradation of proteins in a ubiq-
uitin-dependent manner.

The REG activator binds to and activates the proteasome in
an ATP-independent manner to promote mainly ubiquitin-
independent protein degradation. Three classes of REG have
been identified, REG�, REG�, and REG�. REG�/� forms a
heteroheptamer which is mainly localized to the cytosol (16,
18). The level of REG�/� is inducible by gamma interferon,
and the main function of REG�/� has been implicated in
major histocompatibility complex (MHC) class I antigen pre-
sentation (16, 18). REG� exists in a homoheptamer and is
primarily found in the nucleus (16, 18). Although the func-
tional significance of REG� has not been fully defined, studies
of REG�-deficient mice reveal a role for REG� in the regu-
lation of cell cycle progression and cell survival/apoptosis (1,
27). These effects appear to be related to REG�-mediated
degradation of several important intracellular proteins, such as
cyclin-dependent kinase inhibitors p21, p16, and p19 (2, 14)
and tumor suppressor p53 (43). Moreover, an interaction be-
tween the REG� system and the viral proteins has recently
been reported. It was shown that REG� binds to and regulates
the stability and nuclear retention of hepatitis C core protein
(26), contributing to hepatitis C core protein-induced insulin
resistance and hepatocarcinoma (24, 25).
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FIG. 1. Knockdown of REG� reduces coxsackieviral progeny titers. HeLa cells were transiently transfected with the REG� siRNA (30 nM) or
a scramble control siRNA for 24 h, followed by mock infection or CVB3 infection (MOI � 1) for various times as indicated (A) or for 16 h (B,
C, D). (A) Supernatants of infected cells were harvested, and progeny virion titers were measured by a plaque assay. The results are presented
as means � SD (n � 3). *, P � 0.01 for comparison to the scramble siRNA control. Similar results were observed with HEK293 cells. (B) Western
blot analysis was performed to detect caspase-3, p21, REG�, and �-actin (loading control). (C) Caspase-3 activities were measured using a synthetic
fluorogenic substrate, and the results are expressed as means � SD (n � 3). *, P � 0.01 for comparison to the siRNA control. (D) HeLa cells were
transfected with REG� or control siRNAs for 24 h and then infected with CVB3 for 16 h in the presence of zVAD (50 �M). Plaque assay results
are shown as means � SD (n � 3). *, P � 0.01 for comparison to the scramble siRNA control.
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We have previously reported that gene silencing of ubiquitin
reduces viral protein synthesis and viral titers (33). However,
such inhibitions are not as potent as by proteasome inhibition,
suggesting that 11S proteasome-mediated proteasomal degra-
dation may also play a role. In the present study, we seek to
further understand the underlying mechanisms by which the
UPS regulates CVB3 replication by investigating the interplay
between REG� and CVB3 infection and exploring the poten-
tial mechanisms of how REG� controls CVB3 replication.
Here, we provided the first evidence that the host REG� path-
way was utilized and modulated during CVB3 infection to
promote efficient viral replication.

MATERIALS AND METHODS

Cells and cell culture. HeLa cells obtained from the American Type Culture
Collection were grown and maintained in complete medium (Dulbecco’s modi-
fied Eagle’s medium [DMEM]) supplemented with 10% heat-inactivated new-
born calf serum.

The HEK293 stable cell line overexpressing REG� under the control of a
tet-on promoter was previously established (15), and overexpression of REG�
was induced by addition of doxycycline (1 �g/ml).

Antibodies. The mouse monoclonal anti-VP1 antibody was purchased from
DakoCytomation. The monoclonal mouse anti-p53 (DO-1), anti-caspase-3, and
anti-p21 (F-5) antibodies as well as the horseradish peroxidase-conjugated sec-
ondary antibodies were obtained from Santa Cruz Biotechnology. The rabbit
polyclonal anti-REG� antibody was purchased from the Zymed Laboratories.
The mouse monoclonal anti-�-actin antibody was from Sigma.

Virus infection. HeLa cells and REG� stable cells were mock treated with
phosphate-buffered saline or infected with the Kandolf strain of CVB3 (from
Reinhard Kandolf, University of Tubingen, Germany) (12) for 1 h in serum-free
DMEM at different multiplicities of infection (MOI) as specified in the figure
legends. The cells were then washed with PBS and cultured in complete DMEM
for various times. For proteasome or apoptosis inhibition, the cells were infected
with CVB3 in the presence or absence of different concentrations of the protea-
some inhibitor lactacystin (Calbiochem) or the general caspase inhibitor benzy-
loxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD.fmk) (BD Biosciences) as
indicated in the figures.

Plaque assay. The virus titer was measured on a monolayer of HeLa cells by
an agar overlay plaque assay as previously described (38). In brief, cell superna-
tant was serially diluted and overlaid on a 90 to 95% confluent monolayer of
HeLa cells. Following 1 h of incubation, medium was removed and complete
DMEM containing 0.75% agar was overlaid. At 3 days postincubation, cells were
fixed with Carnoy’s fixative (25% acetic acid and 75% ethanol) and then stained
with 1% crystal violet. Viral titer was determined as the number of PFU per
milliliter.

Western blot analysis. Cell lysates were harvested with NETN lysis buffer
(20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40)
containing proteasome inhibitor cocktail (Roche) as previously described
(15). Equal amounts of protein were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a
nitrocellulose membrane. The membrane was blocked with a 5% nonfat dry
milk solution containing 0.1% Tween 20 for 1 h. The membrane was then
incubated for 1 h with the primary antibody, followed by incubation with a
horseradish peroxidase-conjugated secondary antibody for another 1 h. Im-
munoreactive bands were visualized with an enhanced chemiluminescence
detection system (GE Healthcare).

Plasmid DNA and small interfering RNA (siRNA) transfection. HeLa cells at
�90% confluence were transiently transfected with a plasmid expressing
REG� (pcDNA-Flag-REG�) (15) or a construct encoding wild-type p53
(pCMV-p53) (Clontech) using Lipofectamine 2000 (Invitrogen) in accor-
dance with the manufacturer’s instructions. The empty vectors were trans-
fected as a control.

Knockdown of REG� in HeLa cells was achieved through siRNA. HeLa cells
were grown to �50% confluence and then transiently transfected with a pool of
four REG� siRNA duplexes (Dharmacon) at a concentration of 30 nM using
Oligofectamine 2000 (Invitrogen). A scrambled siRNA duplex was used as a
negative control. The silencing efficiency was measured by Western blot analysis
using anti-REG� antibody. Twenty-four hours after transfection, cells were in-
fected with CVB3 as described above.

Caspase-3 activity assay. HeLa cells transfected with REG� or control
siRNAs were infected with CVB3 for 18 h, cell lysates were collected, and
caspase-3 activities were measured using a synthetic fluorogenic substrate
(R&D Systems) in accordance with the manufacturer’s instructions.

Cell viability assay. The cell viability assay was performed using 3,4-(5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt (MTS; Promega) as previously described (41). Following treatment, cells were
incubated with MTS solution for 2 h and absorbance was measured at a wavelength
of 490 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader.
Morphological changes of cells were visualized by phase-contrast microscopy.

Immunofluorescence. Cells grown on glass slides were fixed with 4% parafor-
maldehyde, permeabilized with 0.2% Triton X-100, and double labeled by indi-
rect immunofluorescence with anti-REG� or anti-VP1, followed by incubation
with Alexa Fluor 488-conjugated anti-rabbit or Alexa Fluor 594 anti-mouse IgG
(Molecular Probes), respectively. Nuclei were stained with 4	,6-diamidino-2-
phenylindole (DAPI), and cells were imaged and analyzed with a Leica SP2
AOBS confocal fluorescence microscope.

In vitro and in vivo sumoylation assay. The in vitro sumoylation assay was
carried out with a sumoylation assay kit according to the manufacturer’s protocol
(Biomol). In brief, 200 nM purified recombinant REG� (BML-PW9875-0100;
Biomol) was mixed with SUMO E1 (Aos1/Uba2), SUMO E2 (Ubc9), and
SUMO in a reaction buffer in the presence or absence of Mg2
-ATP. The
reaction mixture was incubated at 30°C for 1 h and then quenched with SDS-
PAGE loading buffer. The samples were separated by SDS-PAGE, and Western
blot analysis was performed with anti-SUMO antibody.

For in vivo sumoylation ELISA, HEK293-REG� inducible cells were treated
with or without doxycycline for 48 h, followed by transient transfection with a
construct expressing SUMO-1 (pCMV3T-HA-SUMO-1, a generous gift from

FIG. 2. Overexpression of REG� promotes CVB3 replication.
HEK293 tet-inducible REG� cells were grown in the presence or
absence of doxycycline (Dox) for 24 h, followed by mock or CVB3
infection (MOI � 1) for various times as indicated. (A) Cell lysates
were collected, and expression of viral capsid protein VP1, REG�, and
�-actin (loading control) was detected by Western blot analysis.
(B) Supernatants of infected cells were harvested, and progeny virion
titers were measured by a plaque assay. The results are presented as
means � SD (n � 3). #, P � 0.001 for comparison to control cells
without Dox induction.
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Louis Flamand at the Laval University) for another 48 h. After 20 h of mock or
CVB3 infection (MOI � 1), cell extracts were collected in NETN buffer and
sumoylated REG� was detected by an ELISA using an EpiQuik in vivo universal
protein sumoylation assay kit in accordance with the manufacturer’s instructions
(Epigentek). Briefly, equal amounts of proteins from the cell extracts were added
to the strip wells, which were precoated with either anti-REG� antibody or IgG,
and incubated in SUMO assay buffer for 1 h at room temperature. After three
washes, SUMO antibody was added and incubated for 15 min at room temper-
ature. Following color development by a SUMO detection system, absorbance
was measured at 450 nm using an ELISA plate reader.

Statistical analysis. The results shown are the means � standard deviations
(SD), and statistical analysis was performed using the paired Student t test. A P
value of �0.05 was considered significant. At least three replicates were per-
formed for each experiment.

RESULTS

Effect of REG� knockdown or overexpression on coxsack-
ieviral replication and virus-induced apoptosis. To determine
whether REG�-mediated proteolysis plays a role in the regu-
lation of UPS-mediated coxsackieviral replication, we em-
ployed a pool of REG� siRNA duplexes to silence the gene
expression of REG� and assessed the role of REG� knock-
down in coxsackieviral replication by a plaque assay. As shown
in Fig. 1B, gene-silencing of REG� in HeLa cells was able to
induce an accumulation of p21 protein, which was previously
demonstrated to be a target of REG� (2, 14). The plaque assay
results in Fig. 1A demonstrate that the virus titers for REG�-
silenced cells were significantly lower than those for control
siRNA-transfected cells, suggesting that knockdown of REG�
attenuates CVB3 replication.

The function of REG� in the control of cell survival/apop-
tosis has been increasingly recognized (14, 27). It has been
shown that REG�-deficient murine embryonic fibroblasts
(MEFs) have markedly enhanced apoptosis compared to the
wild-type cells. To assess the effect of REG� depletion on
CVB3-induced apoptosis, we performed experiments to mea-
sure caspase-3 cleavage and activity. As shown in Fig. 1B and
C, CVB3 infection resulted in the cleavage (Fig. 1B, lane 1)

FIG. 3. Overexpression of REG� decreases p21 and p53 levels.
HeLa cells (A) or HEK293 cells (B) were transiently transfected with
Flag-tagged REG� expression vector or control plasmid pcDNA for
48 h. Cell lysates were collected, and expression of p53, p21, REG�,
and �-actin (loading control) was detected by Western blot analysis.
Protein expression was quantitated by densitometric analysis using
National Institutes of Health ImageJ 1.41o and normalized to the level
for the control vector-transfected cells, which was arbitrarily set to a
value of 1.0. Relative protein levels are listed below each panel. �,
empty-vector control.

FIG. 4. Blockage of p21 and p53 degradation by proteasome inhib-
itor lactacystin is associated with decreased virus protein expression.
(A) HeLa cells were mock infected or infected with CVB3 (MOI � 10)
for different time courses as indicated. Western blot analysis was car-
ried out for detection of p53, p21, VP1, and �-actin. (B) HeLa cells
were infected with CVB3 (MOI � 10) in the presence of increasing
concentrations of lactacystin as indicated. Cell lysates were collected at
7 h postinfection for Western blot analysis of p21, p53, VP1, and
�-actin.
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and increased activity of caspase-3 (Fig. 1C, lane 3 versus lane
1). Following CVB3 infection, cells with REG� depletion had
enhanced caspase-3 cleavage (Fig. 1B, lane 2 versus lane 1) and
increased caspase-3 activity (Fig. 1C, lane 4 versus lane 3)
compared with cells transfected with scramble siRNAs. It was
noted that gene silencing of REG� did not promote increased
apoptosis in mock-infected cells (Fig. 1C, lane 2 versus lane 1).
These results suggest that inhibition of REG� sensitizes HeLa
cells to CVB3-induced apoptosis. Similar results were observed
with HEK293 cells.

CVB3-induced apoptosis plays a key role in facilitating virus
progeny release during late stages of viral infection. However,
untimely cell death could be harmful to virus by creating an

unpleasant environment for viral replication (40). To deter-
mine whether inhibition of CVB3 by REG� knockdown is
through induction of early apoptosis, we examined the influ-
ence of inhibition of apoptosis on CVB3 infection in both
control and REG�-depleting cells. We found that general
caspase inhibition by zVAD did not eliminate the antiviral
properties of REG� depletion (Fig. 1D). These results suggest
that the effect of REG� knockdown on CVB3 infectivity is
unlikely due to enhanced apoptosis.

The role of REG� in viral replication was also assessed by
REG� overexpression. REG� was induced in the HEK293
“tet-on” stable cell line with the addition of doxycycline. Figure
2 demonstrates that overexpression of REG� increased viral

FIG. 5. Overexpression of p53 inhibits CVB3 infection. (A) HeLa cells were transiently transfected with a plasmid expressing p53 or empty
vector pCMV for 24 h, followed by infection with CVB3 (MOI � 1) for 16 or 24 h. Cell lysates were analyzed by Western blotting for protein
expression of p53, VP1, and protein loading control �-actin (left panel). Supernatants of infected cells were harvested, and progeny virion titers
were measured by a plaque assay (right panel). The results are presented as means � SD (n � 3). #, P � 0.001 for comparison to vector control
cells. (B) HeLa cells were transfected with p53 construct or empty vector for 24 h and then infected with CVB3 for 16 h in the presence of zVAD
(50 �M). Western blot analysis (left panel) and a plaque assay (right panel) were performed to examine VP1 expression and virus titers,
respectively. The results are shown as means � SD (n � 3). #, P � 0.001 for comparison with the vector control. (C) HeLa cells were transiently
transfected with p53 or empty vector for 48 h. (Left panel) Cell viability was determined by the MTS assay (mean � SD; n � 3). (Right panel)
Western blot analysis for the cleavage of caspase-3. HeLa cells infected with CVB3 were used as a positive control. �, empty-vector control.
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protein synthesis (Fig. 2A) and viral replication (Fig. 2B) in a
time-dependent manner. To exclude the possible influence of
doxycycline on viral replication, we also performed an experi-
ment to examine the effect of doxycycline incubation on virus
protein expression. We found that VP1 protein expression was
unchanged (data not shown), suggesting that the increased
viral production in HEK293-REG� cells is not due to the
treatment of doxycycline. Collectively, these results demon-
strate an important role for the proteasome activator REG� in
controlling CVB3 infectivity.

Overexpression of REG� decreases p53 levels. To further
explore the molecular mechanisms by which REG� regulates
CVB3 infection, we decided to focus on determining the role
of identified REG� substrate in CVB3 growth. We speculate
that REG�-mediated proteolysis of certain host intracellular
proteins may target specific aspects of the viral replication
process and thus control its replication.

The tumor suppressor protein p53 has been suggested to be
a common barrier to viral replication by directly inhibiting
virus transcription and through promoting premature apopto-
sis (3, 4, 19, 29, 32, 35). Recent study demonstrates a role for
the REG�-proteasome pathway in regulating the stability of
p53 (43). It was reported that REG� facilitates p53 degrada-
tion by promoting MDM2-mediated p53 ubiquitination (43).
Consistent with this report, Fig. 3 shows that transient trans-
fection of HeLa cells (Fig. 3A) or HEK293 cells (Fig. 3B) with
Flag-tagged REG� expression vector reduced p53 and p21
levels.

Overexpression of p53 reduces CVB3 replication and atten-
uates the proviral function of REG�. Several viruses have been
shown to inactivate p53 during early viral infection for their
own benefits via different mechanisms (3, 29, 32). The results
in Fig. 4A show that CVB3 infection resulted in increased viral
protein synthesis, accompanied by decreased levels of p53 and
p21. We have previously reported that proteasome inhibition
reduces CVB3 replication (17, 33). Figure 4B demonstrates
that inhibition of p53 and p21 degradation during CVB3 in-
fection by the proteasome inhibitor lactacystin was associated
with decreased viral infectivity, suggesting a potential link be-
tween the p53 pathway and viral replication.

To delineate the potential functions of p53 degradation on
CVB3 replication, we overexpressed p53 in HeLa cells, which
were then exposed to CVB3 for various times. As shown in Fig.
5, CVB3 infection led to a reduction of p53 protein expression
in a time-dependent manner (Fig. 5A, left panel, lanes 3 and 5
versus lane 1, and B, left panel, lane 2 versus lane 1), which is
consistent with the observation in Fig. 4. Overexpression of p53
overcame the suppression induced by CVB3 infection (Fig. 5A,
left panel, lanes 4 and 6 versus lanes 3 and 5, respectively),
resulting in significant reduction of viral protein expression
(Fig. 5A, left panel, lanes 4 and 6 versus lanes 3 and 5, respec-
tively) and virus titers (Fig. 5A, right panel). These results
indicate a mechanism by which REG� regulates viral replica-
tion via regulation of p53 levels.

To further determine whether p53 inhibits viral replication
by promoting early apoptosis, we treated the cells with zVAD
and examined the effect of apoptosis inhibition on viral infec-
tion. As shown in Fig. 5B, inhibition of apoptosis did not
prevent the inhibitory effects of p53 on viral protein expression
(left panel) and virus titers (right panel). Furthermore, we

performed a cell viability assay and Western blot analysis to
examine cell death and apoptosis following overexpression of
p53. Figure 5C shows that overexpression of p53 for 48 h did
not induce increased cell death (left panel) and apoptosis
(right panel) compared to the level for the vector control. Our
results suggest that p53 appears to inhibit CVB3 replication by
a direct mechanism independent of its regulatory role of ini-
tiating apoptosis.

Finally, we examined whether overexpression of p53 can
attenuate the effect of REG� on viral replication. HEK293-
REG� inducible cells were transiently transfected with p53 or
control vector for 24 h in the presence or absence of doxycy-
cline and then infected with CVB3 for 16 h. Consistent with the
results shown in Fig. 2, REG� overexpression markedly en-
hanced CVB3 VP1 expression and virus titer (Fig. 6, lane 2
versus lane 1). However, the positive effect of REG� on viral
replication was significantly attenuated by p53 overexpression
(lane 4 versus lane 2), supporting a role for REG� in regulat-
ing CVB3 infection via destabilization of p53.

CVB3 infection leads to cytoplasmic relocalization of REG�.
To understand the interaction between REG� and CVB3 in-
fection, we next assessed the impact of CVB3 infection on

FIG. 6. Overexpression of p53 attenuates the effect of REG� on
promotion of CVB3 replication. HEK293 tet-inducible REG� cells
were grown in the presence or absence of doxycycline (Dox) as indi-
cated for 24 h, followed by transient transfection with either p53 (
)
or empty vector (�). Twenty-four hours later, cells were infected with
CVB3 (MOI � 1) for 16 h. (Upper panel) Supernatants of infected
cells were harvested, and progeny virion titers were measured by a
plaque assay. The results are presented as means � SD (n � 3). #, P �
0.001 for comparison to the vector control with induction of Dox (lane
2). (Lower panel) Cell lysates were collected for detection of viral
capsid protein VP1, REG�, p53, and �-actin (loading control) by
Western blot analysis.
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protein expression, subcellular localization, and activation of
REG�. Figure 7A shows that the protein expression levels of
REG� appeared to be unchanged throughout the course of vi-
rus infection. We further examined the cellular localization of
REG� after CVB3 infection. Double immunostaining for
REG� and viral protein VP1 was performed on mock- or
CVB3-infected HeLa cells at 1 h, 3 h, 5 h, and 7 h postinfec-
tion. As shown in Fig. 7B and C, REG� was exclusively local-
ized in the nucleus in mock-infected cells (top panels). How-
ever, following 5 h (Fig. 7B) or 7 h (Fig. 7C) of viral infection,
REG� was largely redistributed to the cytoplasm in CVB3-
infected cells (green-stained cells), whereas in noninfected
cells (green-negative cells), REG� remained in the nucleus
(middle panels). The bottom panels in Fig. 7B and C show that
inhibition of apoptosis by zVAD did not prevent REG� redis-
tribution, suggesting that cytoplasmic translocation of REG� is
unlikely a consequence of CVB3-induced apoptosis. It should
be noted that detection of VP1 protein by immunostaining was
not very sensitive when it was at a relatively low level. It was
found that VP1 was undetectable until 5 h postinfection, con-
sistent with the Western blot results shown in Fig. 4A. Thus,
Fig. 7B and C only show cytoplasmic relocalization of REG� at
5 h and 7 h postinfection in virus-infected cells. However,
REG� redistribution likely occurred earlier, similar to what
was observed by Western blot analysis in Fig. 4A, that expres-
sion of p53 and p21 was downregulated at 3 h postinfection,
prior to the detection of VP1 protein expression (i.e., 5 h
postinfection).

CVB3 infection promotes REG� sumoylation. REG� activ-
ity may also be regulated by posttranslational modifications,
such as ubiquitination, phosphorylation, and sumoylation. By
Western blot analysis, a higher-molecular-mass protein band
above the regular REG� band was detected starting at 3 h
postinfection (Fig. 8A). This result suggests a potential post-
translational modification of REG� after CVB3 infection. The
molecular mass of the higher band (�45 kDa) seemed to
correspond in size to the sumoylated REG�. We further
showed that general caspase inhibition did not block the ap-
pearance of this band, suggesting that this modification of
REG� is not due to virus-induced apoptosis.

Small ubiquitin-related modifier proteins (SUMO) are a
family of small proteins that are structurally similar to ubiq-
uitin (11). Protein modification by sumoylation is directed by
an enzymatic cascade catalyzed by three enzymes (11). The
SUMO E1-activating enzyme is a heterodimeric complex con-
sisting of Aos1 and Uba2. Ubc9 is the only identified SUMO
E2-conjugating enzyme. At least three classes of SUMO E3-
ligases have been reported, RanBP2, PIAS, and the polycomb
protein Pc2. A recent report shows that CVB5 infection results
in cytoplasmic redistribution of SUMO-1 and UBC9 (8).

To verify the potential of REG� sumoylation, we performed

in vitro and in vivo sumoylation assays. As shown in Fig. 8B, in
the presence of SUMO E1 (Aos/UBa2), SUMO E2 (UBC9),
and ATP, REG� can be sumoylated to form multiple sumo-
ylated REG�. REG� sumoylation was further confirmed by an
in vivo sumoylation ELISA via overexpression of SUMO-1 in
HEK293-REG� stable cells either in the absence or in the
presence of doxycycline induction (Fig. 8C, lane 3 versus lane
1 [�Dox] and lane 7 versus lane 5 [
Dox]). Importantly, we
showed that CVB3 infection significantly enhanced REG�
sumoylation (Fig. 8C, lane 4 versus lane 2 [�Dox] and lane 8
versus lane 6 [
Dox]).

DISCUSSION

The major findings of this study are as follows: (i) p53 neg-
atively regulates CVB3 replication, (ii) REG� promotes CVB3
replication, at least in part, through facilitation of p53 degra-
dation, and (iii) CVB3 infection enhances REG� sumoylation,
which may result in nuclear export of REG� and subsequent
p53 degradation in the cytoplasm. Our earlier work has dem-
onstrated that general proteasome inhibition blocks CVB3 in-
fection (17, 33); however, the mechanisms and the downstream
targets of this pathway responsible for such effect have not
been identified. In the present paper, we provide evidence that
p53, a target of the UPS, plays a critical role in the control of
CVB3 replication. Although REG� was originally character-
ized as a proteasome activator (18), recent study has shown
that REG� promotes the turnover of p53 by acting as a coac-
tivator to facilitate MDM2-mediated p53 polyubiquitination
independent of its function in directly activating the 20S pro-
teasome (43). Most recently, we also provide evidence that
REG� can enhance monoubiquitination of p53, resulting in
nuclear export of REG� and subsequent cytoplasmic degrada-
tion, which serves as an additional mechanism for p53 inacti-
vation by REG� (data not shown). Thus, the regulatory effect
of REG� on CVB3 infection via p53 appears to be indepen-
dent of the proteasome-activating function of REG�.

The tumor suppressor protein p53 is a transcription factor
which plays a central role in regulating cell growth arrest and
apoptosis in response to DNA damage (21). Many viruses have
evolved different strategies to inactivate p53 to prevent early
apoptosis, allowing for effective viral replication (3, 29, 32). In
addition, it was reported that p53 can directly interfere with
the propagation of several viruses, such as human immunode-
ficiency virus type 1 (4), simian virus (35), and encephalomyo-
carditis virus (19). CVB3 infection leads to a dramatic down-
regulation of p53 protein, suggesting that CVB3 may have
evolved strategies to regulate p53 function and stability to
permit efficient viral replication. We have previously found
that cardiomyocytes and HEK293 cells, which express higher
levels of p53, produce much lower yields of virus than HeLa

FIG. 7. CVB3 infection leads to redistribution of REG�. (A) HeLa cells were either mock infected or infected with CVB3 (MOI � 10) for
different times. Western blot analysis was performed for detecting REG� and �-actin. (B, C) HeLa cells were infected with CVB3 (MOI � 10)
for 5 h (B) or 7 h (C) in the presence or absence of zVAD (50 �M). Double-immunocytochemical staining was carried out for examination of the
expression and localization of REG� (red) and viral protein VP1 (green). The nucleus was stained with DAPI (blue). Arrows denote cells without
or with low levels of viral protein expression. The yellow staining in the merged image indicates colocalization of these two proteins. It is
noteworthy that REG� is redistributed to the cytoplasm in CVB3-infected cells (green-positive cells) but that REG� remains in the nuclei of
noninfected cells (green-negative cells).
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cells, in which the level of p53 expression is relatively low (data
not shown). This observation implicates a potential inhibitory
function of p53 in the control of coxsackievirus replication.
Furthermore, in the study of poliovirus, a close family member
of coxsackievirus, knockdown of endogenous p53 by siRNA in
U2OS cells has been shown to result in a higher level of viral

replication (28). In this study, we investigate the role of p53 in
coxsackievirus infection by overexpressing p53 in HeLa cells.
Our results provide direct evidence that p53 functions as an
antiviral protein against CVB3 replication. Although the
mechanism of the antiviral action of p53 has not yet been fully
defined, our results in the present study suggest that p53 ap-

FIG. 8. CVB3 infection promotes REG� sumoylation. (A) HeLa cells were infected with CVB3 (MOI � 10) for different times in the presence
or absence of zVAD (50 �M). Western blot analysis was performed to detect the expression of REG� and �-actin. (B) An in vitro sumoylation
assay was performed on purified REG� protein according to the manufacturer’s instructions (Biomol). Following in vitro reaction, sumoylated
proteins were detected by Western blot analysis using anti-SUMO antibody. (C) HEK293-REG� stable cells were treated with Dox or without Dox
as indicated for 48 h, followed by transient transfection with SUMO-1 for an additional 48 h. After 20 h of mock or CVB3 infection (MOI � 1),
cell extracts were harvested for an in vivo sumoylation ELISA as described in Materials and Methods. The data displayed are means � SD (n �
3). *, P � 0.01 for comparison to mock or CVB3 IgG controls (lane 3 versus lane 1, lane 4 versus lane 2, and lane 8 versus lane 6). &, P � 0.05
for comparison to the mock IgG control (lane 7 versus lane 5).
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pears to inhibit virus replication by a direct mechanism, inde-
pendent of its regulatory role of initiating apoptosis.

The current study provides evidence showing that REG�-
mediated p53 proteolysis may contribute, as least in part, to the
proviral function of REG�. However, we cannot exclude the
potential roles of other host protein targets of REG� in reg-
ulating coxsackieviral infectivity. In addition, future investiga-
tion will explore the possibility that REG� may directly regu-
late CVB3 protein processing.

Coxsackievirus or poliovirus infection has been shown to
induce cytosolic translocation of several host nuclear proteins,
such as the nuclear protein La (22), Sam68 (20), and polypyri-
midine tract binding protein (10). In this study, we have added
REG� to this list. Regarding the mechanism by which CVB3
infection triggers the subcellular redistribution of REG�, one
possibility may be related to the disruption of the nucleocyto-
plasmic trafficking pathways. It has been reported that polio-
virus infection leads to the degradation of the nuclear pore
complex protein Nup153 and p62, resulting in the blockage of
nuclear import of nucleocytoplasmic shuttle proteins (9). The
other possible explanation may be due to increased sumoyl-
ation modification of REG� during CVB3 infection, which
leads to nuclear export of REG�. Although sumoylation has
most often been implicated in promoting nuclear import (11),
there is evidence that sumoylation can also serve as a signal for
cytoplasmic translocation of some protein substrates, such as
TEL (39), Smad3 (13), Med (23), MEK1 (34), and heteroge-
neous nuclear ribonucleoproteins M and C (37). REG� has
been suggested to be a potential nucleocytoplasmic shuttling

protein (42). However, the mechanisms regulating REG� nu-
clear import/export have not yet been fully characterized. The
role of sumoylation modification in such regulation warrants
further investigation.

REG� is not a previously recognized substrate for SUMO
modification. Here, we provide both in vitro and in vivo evi-
dence that REG� can be sumoylated and that such posttrans-
lational modification is enhanced during CVB3 infection.
However, the exact sumoylation site(s) and the SUMO E3
responsible for REG� sumoylation have not been identified in
the current study. Interestingly, the proteins RanBPM and
PIAS, two known SUMO E3s, have been reported to physically
associate with REG� (30), suggesting a possible function for
them as SUMO E3 ligases for REG� sumoylation. By use of
the SUMOplot analysis program (Abgent), six putative sumoyl-
ation sites are predicted. Further studies will be necessary to
verify these predictions and to understand the exact functions
of REG� sumoylation.

The significance of cytosolic REG� in relation to coxsack-
ievirus replication is still unclear. Given that coxsackievirus
replication takes place exclusively in the cytoplasm, cytoplas-
mic localization of REG� may allow for easier access to virus
proteins and closer interaction with host proteins which control
viral replication. For example, it has been shown that efficient
degradation of p53 by proteasome occurs in the cytoplasm (5,
31). Thus, nuclear export of REG� may provide a more effec-
tive way to interact with and promote p53 degradation in the
cytoplasm. REG� has been reported to be required for nuclear
retention and degradation of hepatitis C virus core protein

FIG. 9. Proposed mechanism by which REG� enhances CVB3 infectivity. Following CVB3 infection, REG� is sumoylated and exported from
the nucleus. Cytoplasmic translocation of REG� facilitates proteasomal degradation of tumor suppressor protein p53, which subsequently
enhances CVB3 infection by suppressing the inhibitory effect of p53 on viral replication.
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(26). We expect that cytosolic translocation of REG� may also
render an opportunity for its direct interaction with viral pro-
teins and thus enhance viral protein processing.

In summary, our results demonstrate that the proteasome ac-
tivator REG� plays an important role in facilitating coxsackieviral
replication. As illustrated in Fig. 9, CVB3 infection results in
increased sumoylation and cytoplasmic translocation of REG�,
which is associated with augmented p53 degradation. We also
demonstrate an antiviral activity of p53 against CVB3 replication.
Our results suggest that CVB3 infection promotes REG�-medi-
ated proteolysis of p53, which may enhance its own replication by
reducing the inhibitory influence of p53 on viral replication.
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