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Curcumin (diferuloylmethane), a natural polyphenolic compound extracted from the spice turmeric, has
been reported to have anti-inflammatory, antioxidant, and antiproliferative properties by modulating multiple
cellular machineries. It inhibits several intracellular signaling pathways, including the mitogen-activated
protein kinases (MAPKSs), casein kinase II (CKII), and the COP9 signalosome (CSN), in various cell types. It
has also been recently demonstrated that exposure to curcumin leads to the dysregulation of the ubiquitin-
proteasome system (UPS). Coxsackievirus infection is associated with various diseases, including myocarditis
and dilated cardiomyopathy. In searching for new antiviral agents against coxsackievirus, we found that
treatment with curcumin significantly reduced viral RNA expression, protein synthesis, and virus titer and
protected cells from virus-induced cytopathic effect and apoptosis. We further demonstrated that reduction of
viral infection by curcumin was unlikely due to inhibition of CVB3 binding to its receptors or CVB3-induced
activation of MAPKs. Moreover, gene silencing of CKII and Jabl, a component of CSN, by small interfering
RNAs did not inhibit the replication of coxsackievirus, suggesting that the antiviral action of curcumin is
independent of these pathways. Finally, we showed that curcumin treatment reduced both the 20S proteasome
proteolytic activities and the cellular deubiquitinating activities, leading to increased accumulation of ubiq-
uitinated proteins and decreased protein levels of free ubiquitin. We have recently demonstrated that the
UPS-mediated protein degradation and/or modification plays a critical role in the regulation of coxsackievirus
replication. Thus, our results suggest an important antiviral effect of curcumin wherein it potently inhibits
coxsackievirus replication through dysregulation of the UPS.

Group B3 coxsackievirus (CVB3) is a major human patho-
gen that causes meningitis and myocarditis (10, 14). Despite
extensive efforts, no specific and approved treatment has been
developed that is effective against CVB3-induced diseases.
New therapeutic options and antiviral drugs need to be ex-
plored.

We and others have previously demonstrated that CVB3
employs strategies similar to those of other viruses, such as
host signaling manipulation and host protein regulation, to
facilitate its own replication. Upon CVB3 infection, several
intracellular signaling pathways are activated, including the
extracellular signal-regulated kinases 1 and 2 (ERK1/2) (15,
19), c-Jun N-terminal kinase (JNK) (12, 25), p38 mitogen-
activated protein kinase (MAPK) (25), and phosphatidylinosi-
tol 3-kinase (PI3K)/protein kinase B (PKB) pathways (8, 38).
Activation of these pathways is required for CVB3 infectivity.
We have also demonstrated that CVB3 infection promotes
host protein degradation and that proteasome inhibition re-
duces CVB3 replication, suggesting a critical role for the ubig-
uitin-proteasome system (UPS) in the viral life cycle (16).
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The UPS is a major intracellular pathway for extralysosomal
protein degradation (1, 7, 22, 35). There are two coupled steps
involved in protein degradation: (i) covalent attachment of
ubiquitin to the target protein substrate and (ii) degradation of
the polyubiquitinated protein by the proteasome with the re-
lease of recyclable ubiquitin. Ubiquitin is a highly conserved
76-amino-acid protein that is activated in an ATP-dependent
process by the ubiquitin-activating enzyme (E1) and subse-
quently transferred to a ubiquitin-conjugating enzyme (E2).
Final transfer of ubiquitin to the target protein requires ubig-
uitin-protein ligase (E3). After several rounds of ubiquitina-
tion, a polyubiquitin chain is formed (21, 32). The ubiquiti-
nated substrate is recognized and subsequently degraded by
the 26S proteasome, and ubiquitin is recycled via the action of
deubiquitinating enzymes (DUBs). The 26S proteasome con-
sists of a central catalytic core, the 20S proteasome, and two
regulatory 19S complexes. Three distinct proteolytic activities
of the 20S proteasome have been reported: trypsin-like, chy-
motrypsin-like, and peptidylglutamyl-peptide hydrolase (PDGH)
activities.

Curcumin (diferuloylmethane) is a natural polyphenolic com-
pound extracted from the spice turmeric (Curcuma longa).
Recent studies have shown a promising potential for curcumin
in the treatment of various forms of cancer and cardiovascular
diseases (1, 7, 22, 35). Curcumin has been reported to have
profound anti-inflammatory, antioxidant, and antiproliferative
properties, acting through modulation of multiple cellular ma-
chineries. It inhibits several intracellular signaling pathways,
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including the MAPKs, PI3K/PKB, and nuclear factor kappa B
(NF-kB) (4, 6, 28). It has also been well documented that
curcumin is an inhibitor of the COPY signalosome (CSN)
through inhibition of its associated kinases, such as casein
kinase II (CKII) and protein kinase D (PKD) (6, 31). In ad-
dition, recent evidence has demonstrated that exposure to cur-
cumin leads to dysregulation of the UPS (9, 18).

Based on our previous knowledge of the regulation of CVB3
replication and the known biological properties of curcumin,
we propose that curcumin may be an attractive agent for the
treatment of CVB3 infection. In this study, we investigated the
effects of curcumin treatment on CVB3 infectivity and ex-
plored the potential mechanisms of its action. We found that
curcumin treatment effectively reduced CVB3 replication. Fur-
ther, we demonstrated that curcumin inhibition of CVB3 rep-
lication is independent of its ability to interfere with intracel-
lular signaling pathways, including MAPKs, CKII, and Jabl,
and instead is likely mediated by curcumin-induced dysregula-
tion of the UPS.

MATERIALS AND METHODS

Cell culture and materials. HeLa cells were obtained from the American Type
Culture Collection and grown in complete medium (Dulbecco’s modified Eagle’s
medium [DMEM] supplemented with 10% heat-inactivated newborn calf se-
rum).

The monoclonal anti-B-actin antibody was purchased from Sigma-Aldrich.
The monoclonal anti-VP1 antibody was obtained from DakoCytomation. The
Jabl small interfering RNA (siRNA); the CKIIB siRNA; scramble control
siRNA; the polyclonal anti-JNK antibody; the monoclonal anti-phospho-JNK,
anti-caspase 3, anti-CKIIB, and anti-Jabl antibodies; and the horseradish per-
oxidase-conjugated secondary antibodies were purchased from Santa Cruz Bio-
technology. The polyclonal anti-ubiquitin antibody and curcumin were obtained
from Calbiochem. The CKIla siRNA and the polyclonal anti-CKIla antibody
were from Upstate. The polyclonal anti-p38 and anti-ERK1/2 antibodies and the
monoclonal anti-phospho-p38 and anti-phospho-ERK1/2 antibodies were pur-
chased from Cell Signaling. The purified 20S proteasome (human) was from
Biomol.

Virus infection. HeLa cells were infected at a multiplicity of infection of 10
with CVB3 (Kandolf strain) or sham infected with phosphate-buffered saline
(PBS) for 1 h in serum-free DMEM. The cells were then washed with PBS and
cultured in serum-free medium for various times until harvest. For inhibition
experiments, HeLa cells were infected with CVB3 in the presence or absence of
various inhibitors or vehicle (dimethyl sulfoxide [DMSO]) for 1 h, washed with
PBS, and then incubated with fresh DMEM containing different concentrations
of inhibitors unless otherwise specified in the figure legend.

Plaque assay. The virus titer in the cell supernatant was determined by an agar
overlay plaque assay in triplicate as described previously (16). In brief, the
supernatant from CVB3-infected HeLa cells was serially 10-fold diluted and
overlaid on a 90 to 95% confluent monolayer of HeLa cells. After 1 h of
incubation, the HeLa cells were washed with PBS, followed by overlaying them
with 2 ml of complete medium containing 0.75% agar in each well. The cells were
incubated at 37°C for 72 h and then fixed with Carnoy’s fixative (75% ethanol-
25% acetic acid) and stained with 1% crystal violet. Plaques were counted, and
the viral titer was calculated as PFU per milliliter.

In situ hybridization. HeLa cells were grown on two-well chamber slides.
Subconfluent HeLa cells were infected with CVB3 in the presence or absence of
curcumin for 6 h. After two washes with PBS, the cells were fixed with 10%
formalin buffer for 15 min and then air dried at room temperature. The slides
were subjected to in situ hybridization for the detection of the sense strand
coxsackievirus RNA as previously described (16). In brief, cells were hybridized
using digoxigenin-labeled CVB3 antisense riboprobes, which were prepared
from the full-length CVB3 ¢cDNA by in vitro transcription. Hybridized ribo-
probes were detected using an alkaline phosphatase-conjugated antidigoxigenin
antibody (Roche) and a color substrate, Vector Red (Vector Laboratories). Cell
nuclei were counterstained with hematoxylin.

Western blot analysis. After treatment, the cells were incubated with lysis
buffer (50 mM pyrophosphate, 50 mM NaF, 50 mM NaCl, 5 mM EDTA, 5 mM
EGTA, 100 uM Na;VO,, 10 mM HEPES, pH 7.4, 0.1% Triton X-100, 10 pg of
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leupeptin/ml, and 1 mM phenylmethylsulfonyl fluoride) on ice for 10 min. Cell
lysates were then harvested by scraping and were centrifuged at 12,000 X g for
10 min at 4°C. The protein concentration was determined by the Bradford assay
(Bio-Rad). Equal amounts of protein were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to nitrocellulose mem-
branes (Amersham). The membranes were blocked for 1 h with 5% nonfat dry
milk solution containing 0.1% Tween 20. The blots were then incubated for 1 h
with the primary antibody, followed by incubation for another hour with a
secondary antibody. Immunoreactive bands were visualized by enhanced chemi-
luminescence (Pierce). For examination of protein-ubiquitin conjugates and free
ubiquitin, membranes were heat activated by autoclaving them at 120°C for 30
min prior to blocking them with nonfat dry milk solution in order to increase
antigenic-site recognition.

20S proteasome activity assay. The cell lysates were prepared as described
above but in the absence of protease inhibitors. Fresh cellular extracts and
purified human 20S proteasomes were used to measure 20S proteasome activities
as described previously (16). In brief, 20 micrograms of cytoplasmic protein was
added to an assay buffer (20 mM Tris-HCI [pH 8.0], 1 mM ATP, and 2 mM
MgCl,) in the presence of 75 uM synthetic fluorogenic substrate to a final
volume of 100 wl. Alternatively, 100 nanograms of purified 20S proteasome was
preincubated with DMSO, curcumin, or MG132 in the assay buffer at 37°C for 30
min before synthetic fluorogenic substrates were added. The fluorogenic sub-
strates Bz-Val-Gly-Arg-AMC (Biomol), Suc-Leu-Leu-Val-Tyr-AMC (Calbio-
chem), and Z-Leu-Leu-Glu-AMC (Calbiochem) were used to determine the 20S
proteasome trypsin-like, chymotrypsin-like, and PDGH activities, respectively.
The tubes were incubated at 30°C for 1 h, and the fluorescence product AMC in
the supernatant was measured at a 465-nm emission wavelength using a fluorom-
eter.

Deubiquitinating enzyme activity assay. Cell lysates were prepared as de-
scribed previously (2). Briefly, HeLa cells were harvested in suspension buffer (20
mM HEPES-K, pH 7.5, 10 mM KCI, 5 mM MgCl,, 0.5 mM dithiothreitol, 0.5
mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 0.5% NP-40, DNase I [50
png/ml], 4% glycerol) and incubated on ice for 20 min. The suspension was
centrifuged at 100,000 X g for 10 min at 4°C, and the supernatant was collected.
Ten micrograms of supernatant was added to an assay buffer (50 mM HEPES-
NaOH, pH 7.8, 0.5 mM EDTA, 1 mM dithiothreitol, 0.1 mg/ml ovalbumin) and
incubated for 1 h at 37°C in the presence of 1 wM ubiquitin-AMC substrate
(Biomol). The fluorescence of the liberated AMC was measured at a 465-nm
emission wavelength using a fluorometer.

siRNA transfection. HeLa cells were grown to 50% confluence and then
transiently transfected with 200 nM Jab1, CKlIlw, or CKIIB siRNA using oligo-
fectamine according to the manufacturer’s instructions (Invitrogen). A scram-
bled siRNA (200 nM) was used as a control. The silencing efficiency was detected
by Western blot analyses using the anti-Jabl, anti-CKlle, or anti-CKIIB anti-
body, respectively. Twenty-four hours after transfection, cells were infected with
CVB3 as described above.

Virus binding assay. Virus was radiolabeled and purified as previously de-
scribed (34). Briefly, HeLa cells were infected with CVB3 in methionine-free
medium for 3 h and then incubated with medium containing 19.4 MBg/ml (525
wCi/ml) of Tran*>S-label (MP Biomedicals) for an additional 8 h. The HeLa cells
and medium were harvested and then frozen and thawed three times. After
centrifugation, the pellet containing 3°S-labeled CVB3 was resuspended in se-
rum-free DMEM, the virus titer was measured by plaque assay, and aliquots
were stored at —80°C.

For the virus binding assay, HeLa cells were incubated with 3°S-labeled CVB3
for 1 h. The cells were washed thoroughly with PBS and lysed with 2% sodium
dodecyl sulfate. The amounts of **S-labeled CVB3 in the samples were measured
using a 1217 Rackbeta liquid scintillation counter (LKB Wallac).

RESULTS

Curcumin inhibits replication of CVB3. Curcumin is a nat-
ural compound that has been reported to have antioxidant,
anti-inflammatory, and antiproliferative properties (1, 7, 22).
In this study, we found that curcumin was a potent inhibitor of
CVB3 replication. Curcumin treatment reduced expression of
CVB3 viral RNA in infected HeLa cells, as measured by in situ
hybridization (Fig. 1A). Curcumin treatment also decreased
synthesis of the viral capsid protein VP1 in a dose-dependent
manner (Fig. 1B). In addition, the CVB3 viral titer in the
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FIG. 1. Curcumin decreases replication of CVB3. (A) HeLa cells were sham infected with PBS or infected with CVB3 in the absence or
presence of curcumin (30 wM). Six hours postinfection, viral RNA was detected by in situ hybridization using antisense riboprobes for CVB3 (red).
Cell nuclei were counterstained with hematoxylin (blue). The data represent the results from two independent experiments. (B) HeLa cells were
infected and treated with various concentrations of curcumin as for panel A. Seven hours postinfection, CVB3 viral-protein synthesis was examined
using a monoclonal antibody that recognizes the CVB3 capsid protein VP1. To verify equal loading, the same blots were stripped and reprobed
for B-actin. The data represent results from three independent experiments. (C) HeLa cells were infected and treated with curcumin as for panel
A. Nine hours postinfection (p.i.), medium was collected and CVB3 progeny were measured by plaque assay. The data are means plus standard
deviations (SD); n = 3; #, P < 0.005 compared to DMSO treatment. (D) HeLa cells were infected with *S-labeled CVB3 for 1 h. Cell lysates
were collected and measured for radioactivity using a scintillation counter (mean * SD; n = 6). CPM, counts per minute. (E) HeLa cells were
infected with CVB3, and curcumin (30 wM) was added to the cells at different times as indicated. Seven hours postinfection, cell lysates were

collected and expression levels of VP1 and B-actin were examined.

medium was reduced by more than 20-fold upon curcumin
treatment (Fig. 1C).

In trying to understand which step(s) of the CVB3 life cycle
was disrupted by curcumin, we performed a virus binding assay
using *°S-labeled CVB3. As shown in Fig. 1D, treatment with
curcumin did not reduce virus binding to its receptors. We also

examined the expression of viral protein in infected cells that
were treated with curcumin at various times, either pre- or
postinfection. We found that the reduction of viral-protein
expression was more profound when curcumin was added ear-
lier in the infectious cycle than when it was added later (Fig.
1E), suggesting that curcumin interfered with early steps in the
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CVB3 life cycle. This finding is consistent with our other ob-
servation that curcumin treatment significantly reduced the
replication of the CVB3 genome (Fig. 1A), an early step in the
CVB3 life cycle.

CVB3 (7h p.i.)
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Selection of 10 to 40 uM of curcumin for these studies was
based on the observed low toxicity, but also the dose-depen-
dent antiviral effects, of the compound under our experimental
conditions. Treatment with higher concentrations of curcumin
(>40 pM) led to cell toxicity, as determined by cell viability
assays and morphological assessment (data not shown).

CVB3 infection leads to cytopathic effect (CPE) and apop-
tosis of infected cells (5, 16, 37). To investigate whether the
antiviral activities of curcumin are associated with a reduction
of CPE and apoptotic events, we compared the morphologies
of infected cells in the presence or absence of curcumin. We
found that curcumin treatment attenuated CVB3-induced
CPE in infected cells (Fig. 2A). We further demonstrated that
exposure to curcumin prevented the cleavage of caspase 3, a
hallmark of apoptosis, in infected cells, which was accompa-
nied by a reduction of viral protein synthesis (Fig. 2B). It was
noted that, without viral infection, curcumin (30 pM) treat-
ment did not induce caspase 3 cleavage under the same exper-
imental conditions described in the presence of viral infection
(Fig. 2B). Several previous studies have reported that curcu-
min treatment can activate caspase 3 (9, 30, 39). One explana-
tion for the disparity is that in the present study we treated the
cells with curcumin for only 7 h, whereas cells were treated for
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FIG. 2. Curcumin reduces CVB3-induced cytopathic effect and apoptosis. HeLa cells were sham infected with PBS or infected with CVB3 in
the absence or presence of curcumin (30 wM). (A) Seven hours postinfection, the morphologies of infected cells were examined under a
phase-contrast microscope. Representative images from three independent experiments are presented. (B) Cell lysates were prepared 7 h
postinfection (p.i.), and cleavage of caspase 3 was examined using a monoclonal anti-capase 3 antibody. B-Actin was examined to show equal
protein loading. The data represent the results from two independent experiments.
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FIG. 3. Curcumin does not inhibit replication of CVB3 through
MAPK pathways. HeLa cells were infected with CVB3 in the absence
or presence of curcumin (10 and 30 wM). Seven hours postinfection
(p.i.), the phosphorylation status of MAPKs was examined using anti-
phospho-ERK1/2, anti-phospho-p38, and anti-phospho-JNK1/2 anti-
bodies, respectively. Expression levels of total ERK1/2, p38, and JNK1/2
were examined as the loading controls. The data represent the results
from two independent experiments.

at least 16 h in previous reports. Indeed, we found that pro-
longed exposure to 30 uM curcumin did induce apoptosis in
HeLa cells (data not shown). Thus, it is unlikely that curcumin
has a direct inhibitory effect on apoptosis. We therefore con-
clude that curcumin inhibits replication of CVB3 and subse-
quently reduces CVB3-induced CPE and apoptosis.

Curcumin inhibits CVB3 replication independently of the
activation of MAPKs. CVB3 infection results in activation of
MAPKSs, including ERK1/2, p38 MAPK, and JNK1/2, and ac-
tivation of these kinases plays critical roles in various steps of
the CVB3 life cycle (15, 19, 25). Curcumin has been reported
to be a potent MAPK inhibitor in various models (27, 28). To
investigate whether the antiviral activity of curcumin depends
on its role in the modulation of MAPK activation, we exam-
ined the phosphorylation status of MAPKs. As shown in Fig. 3,
in the absence of viral infection, treatment with curcumin did
not induce MAPK phosphorylation. Following CVB3 infec-
tion, phosphorylation of ERK1/2, p38, and JNK1/2 was in-
creased at 7 h postinfection. However, no apparent changes in
the phosphorylation levels of MAPKs were observed after the
addition of curcumin to infected cells, suggesting that it is
unlikely that curcumin inhibits replication of CVB3 through
the regulation of MAPK activation.

We also found that curcumin treatment did not inhibit
CVB3-induced PKB phosphorylation in our model (data not
shown), indicating that curcumin suppression of CVB3 is also
not via the PI3K/PKB pathway.

Suppression of CVB3 replication by curcumin is indepen-
dent of its inhibitory effect on CSN and associated CKILI. It has
been well documented that curcumin is an inhibitor of the
COP9 signalosome through the inhibition of its associated
kinases, such as CKII and PKD (6, 31). To determine whether
curcumin suppresses the replication of CVB3 by inhibiting
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FIG. 4. Curcumin probably does not inhibit replication of CVB3
through CKII and CSN. HeLa cells were transiently transfected with
specific siRNAs to knock down the expression of CKIIa (A), CKIIo/B
(B), or Jabl (C), respectively, for 24 h. Seven hours after CVB3
infection, viral protein expression (VP1) and levels of CKlla, CKIIB,
and Jabl were determined by Western blotting. 3-Actin was examined
to verify equal loading. The data represent the results from three
independent experiments.

p-actin

CSN, we used various siRNAs to gene silence the expression of
CSN and CKII. We first examined whether CKII was necessary
for the replication of CVB3. CKII, a serine/threonine kinase
that phosphorylates acidic protein, such as casein, has a tet-
rameric a,f3, structure with two « subunits, « and o', and one
common 3 subunit. We found that knockdown of the « subunit
(Fig. 4A) or both the « and B subunits (Fig. 4B) of CKII did
not reduce synthesis of viral protein in infected cells, suggest-
ing that the activity of CKII was not essential for the replica-
tion of CVB3 and thus was not likely the cellular target of
curcumin responsible for viral inhibition.

Since CKII is not the only kinase associated with CSN, we
also examined the role of CSN in CVB3 replication by gene
silencing Jabl, a subunit of CSN, using siRNA (Fig. 4C). The
finding that VP1 expression after knockdown of Jabl was as
robust as that in control cells suggested that CSN may not be
the critical target for curcumin to execute its potent antiviral
activities.

Curcumin likely inhibits replication of CVB3 through the
dysregulation of the UPS. Several recent studies have shown
that curcumin is capable of modulating the function of the
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FIG. 5. Curcumin promotes protein polyubiquitination and de-
creases free ubiquitin levels. (A) HeLa cells were treated with DMSO
or curcumin (30 wM) for 5 h. Protein polyubiquitination and free
ubiquitin levels were examined by Western blot analysis using a poly-
clonal anti-ubiquitin antibody. B-Actin was examined to verify equal
loading. (B) HeLa cells were incubated with either DMSO, MG132 (5
wM), or curcumin (30 wM) for 5 h. Ubiquitin conjugates were deter-
mined as for panel A. Multiple lanes represent the results from inde-
pendent experiments.

ubiquitin-proteasome system (9, 18). We have previously dem-
onstrated that the UPS plays a critical role in the regulation of
coxsackievirus replication (16, 26). To explore the potential
roles of the UPS in mediating the antiviral activities of curcu-
min, we examined the effect of curcumin on the UPS. As
shown in Fig. 5A, curcumin treatment resulted in an increased
accumulation of protein-ubiquitin conjugates, which was ac-
companied by a decrease in the free ubiquitin level. Interest-
ingly, we found that accumulation of ubiquitin conjugates in
curcumin-treated cells far exceeded that in MG132-incubated
cells (Fig. 5B).

To understand how curcumin manipulates the UPS, we ex-
amined proteasome activities in curcumin-treated cells. We
have previously demonstrated that proteasome activities were
unchanged after CVB3 infection of HeLa cells and murine
cardiomyocytes (16, 17). Thus, it is unlikely that virus infection
affects the role of curcumin in the regulation of UPS. Here, we
measured the proteasome activities after curcumin treatment
in the absence of viral infection. As shown in Fig. 6A, curcumin
treatment reduced chymotrypsin-like, trypsin-like, and PDGH-
like activities of the 20S proteasome by nearly 30%. However
the inhibition was not as profound as that with MG132 treat-
ment (5 uM). Considering that synthetic fluorogenic substrates
can be cleaved not only by the 20S proteasome, but also by
other proteases present in the cell lysates, we then investigated
the direct effects of curcumin on proteasome proteolytic activ-
ities using purified 20S proteasome. As shown in Fig. 6B,
curcumin dramatically inhibited the chymotrypsin-like, trypsin-
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like, and PDGH-like hydrolytic activities of purified 20S pro-
teasome by more than 90%. Interestingly, the inhibitory effect
of curcumin (30 wM) on proteasome activities was found to be
greater than that by MG132 (5 wM). This result is consistent
with our observation in Fig. 5B, which shows that curcumin
treatment induced a larger accumulation of ubiquitin conju-
gates than MG132 treatment.

MG132 has been reported to be a potent yet nonspecific
inhibitor of the 20S proteasome. It also targets other cellular
proteases, such as cathepsins and calpains (13). The greater
reduction of 208 proteasome activities by MG132 (5 uM) than
by curcumin (30 nM) in cellular extracts (Fig. 6A) is likely due
to the nonspecific inhibitory effects of MG132 on other pro-
teases.

Protein ubiquitination can also be regulated by DUBs that
specifically cleave ubiquitin from ubiquitin-conjugated protein
substrates (33). We found that CVB3 infection did not change
the DUB activities (Fig. 7A). However, treatment with curcu-
min significantly reduced the activities of DUBs by nearly 30%
under our experimental conditions (Fig. 7B), which is consis-
tent with a previous report that curcumin is an inhibitor of
ubiquitin isopeptidases (18). The combined inhibitory effects
on 20S proteasome activities and on DUB activities may ex-
plain the marked accumulation of protein-ubiquitin conjugates
in curcumin-treated cells. The reduction of the available pool
of free ubiquitin in infected cells upon curcumin treatment
may thus limit replication of CVB3 in a fashion similar to what
we have previously suggested using proteasome inhibitors.

DISCUSSION

In the present study, we have provided evidence that curcu-
min is a novel inhibitor of CVB3 replication. We showed that
curcumin strongly reduces viral-RNA expression, protein syn-
thesis, and virus titer but does not interfere with CVB3 binding
to its receptors. We further demonstrated that inhibition of
CVB3 by curcumin is likely attributable to the impairment of
UPS function. Other potential targets of curcumin, such as
MAPKSs, CKII, and CSN, are unlikely to be involved in its
antiviral mechanisms against CVB3. Several novelties com-
pared to previous research are presented in this paper. First, to
our knowledge, this is the first report showing that curcumin
can inhibit coxsackievirus replication. Although curcumin has
been previously implicated in the treatment of cancer and
cardiovascular diseases, the antiviral mechanism of this natu-
rally occurring compound gives us a unique opportunity to
design more specific molecular medicines against coxsackievi-
rus infection. Second, many biological activities have been as-
sociated with the function of curcumin; however, we provide
the first evidence that inhibition of 20S proteasome and
isopeptidase activities contributes to its anticoxsackieviral
properties. Third, the CSN is important in the regulation of
several host proteins that are substrates of the 26S proteasome.
Our findings that exclude a role of the CSN pathway in cox-
sackievirus replication further narrow the possible UPS sub-
strates relevant to controlling viral replication. Finally, we
demonstrate for the first time that curcumin inhibits 20S core
proteasome activities directly and that such inhibition is at
least as potent as that of MG132.

There is increasing evidence that the UPS, the major protein
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FIG. 6. Curcumin inhibits 20S proteasome activities. (A) HeLa cells were treated with DMSO, curcumin (30 pM), or MG132 (5 wM) for 5 h.
The activities of 20S proteasome, including trypsin-like, chymotrypsin-like, and PDGH activities, in the cell lysates were measured as described in
Materials and Methods. (B) Purified 20S proteasome (100 ng) was used to examine the effects of curcumin (30 wM) and MG132 (5 wM) on
proteasome hydrolytic activities. The data are means plus standard deviations; n = 3. *, P < 0.01; #, P < 0.005; 8, P < 0.001 compared to DMSO

treatment.

degradation pathway, plays critical roles in various steps of
viral life cycles, including virus entry, viral replication, budding
and progeny release, and latent-virus reactivation (20, 24, 29,
36, 40). We have previously shown that CVB3 infection results
in degradation of several host proteins, such as cyclin D1, p53,
and B-catenin, through the UPS (17, 26, 37). Specific inhib-
itors of the proteasome significantly reduce the replication
of CVB3, possibly by decreasing free ubiquitin levels, thereby
preventing CVB3 from utilizing the host protein ubiquitination
machinery for its own benefit. Indeed, we have found that
protein ubiquitination is increased after CVB3 infection and
that depletion of the cellular pool of ubiquitin by siRNA sig-
nificantly inhibits CVB3 replication in infected cells (unpub-
lished data). In this study, we reported that curcumin dysregu-

lates the UPS function through inhibition of 20S proteasome
activities and isopeptidase activities, consistent with previous
observations (9, 18). Dysregulation of the UPS, especially dim-
inution of the free ubiquitin levels by curcumin, may largely
account for its strong anticoxsackieviral activities.

The CSN is a multiprotein complex composed of eight sub-
units. There is a striking homology between the CSN and the
19S regulatory complex of the proteasome, suggesting that
they have a common ancestor and possibly possess similar
biochemical properties. The CSN has been demonstrated to
regulate the degradation of several substrates of the 26S pro-
teasome, such as p53 and c-Jun, through phosphorylation by its
associated kinases, CKII and PKD (3, 31). Curcumin has been
reported to be an inhibitor of the CSN, working through inhi-
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ment.

bition of the activities of its associated kinases (3). Treatment
with curcumin significantly increases the expression levels of
p53 (3). We have previously shown that CVB3 infection results
in the degradation of p53 (17). Here, we found that inhibition
of the CSN by curcumin or Jabl siRNA partially restores the
expression of p53 in infected cells (data not shown). However,
only curcumin, but not Jabl siRNA, shows strong antiviral
activity, suggesting that curcumin inhibits CVB3 replication
through mechanisms independent of its effects on CSN. The
finding that siRNAs for a and B subunits of CKII have no
effect on the expression of CVB3 protein further supports the
view that the CSN is not the primary target for curcumin
inhibition of CVB3 replication.

Several other biological actions of curcumin have been re-
ported previously, such as inhibition of MAPKs and protein
kinase C (PKC) (11, 23). We and others have shown that
activation of MAPKSs following CVB3 infection plays a critical
role in the regulation of viral replication (15, 19, 25). In this
study, we explored whether inhibition of MAPKSs contributed
to the antiviral activities of curcumin and found that MAPKs
were activated in infected cells regardless of the presence or
absence of curcumin, excluding such a possibility. We did not
examine the correlation between PKC activation and curcumin
inhibition of CVB3 in the present study, since we have previ-
ously found that PKC inhibitors did not reduce the replication
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of CVB3 (unpublished results). The importance of other phys-
iological targets of curcumin, such as NF-kB, is under investi-
gation in our laboratory.

In conclusion, we have shown for the first time that curcumin
is a potent inhibitor of the replication of CVB3. Although
many biological properties have been reported for curcumin,
the dysregulation of the UPS likely contributes to its antiviral
properties. Further, the integrity of CSN is unlikely to be
necessary for the life cycle of CVB3, since gene silencing of
either a CSN-associated kinase or subunits of CSN does not
prevent CVB3 replication in infected HeLa cells.
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