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Coxsackievirus B3 (CVB3) is the most common human pathogen for viral myocarditis. We have previously
shown that the signaling protein p21ras GTPase-activating protein (RasGAP) is cleaved and that mitogen-
activated protein kinases (MAPKs) ERK1/2 are activated in the late phase of CVB3 infection. However, the role
of intracellular signaling pathways in CVB3-mediated myocarditis and the relative advantages of such path-
ways to host or virus remain largely unclear. In this study we extended our prior studies by examining the
interaction between CVB3 replication and intracellular signaling pathways in HeLa cells. We observed that
CVB3 infection induced a biphasic activation of ERK1/2, early transient activation versus late sustained
activation, which were regulated by different mechanisms. Infection by UV-irradiated, inactivated virus capable
of receptor binding and endocytosis triggered early ERK1/2 activation, but was insufficient to trigger late
ERK1/2 activation. By using a general caspase inhibitor (zVAD.fmk) we further demonstrated that late ERK1/2
activation was not a result of CVB3-mediated caspase cleavage. Treatment of cells with U0126, a selective
inhibitor of MAPK kinase (MEK), significantly inhibited CVB3 progeny release and decreased virus protein
production. Furthermore, inhibition of ERK1/2 activation circumvented CVB3-induced apoptosis and viral
protease-mediated RasGAP cleavage. Taken together, these data suggest that ERK1/2 activation is important
for CVB3 replication and contributes to virus-mediated changes in host cells. Our findings demonstrate
coxsackievirus takeover of a particular host signaling mechanism and uncover a prospective approach to
stymie virus spread and preserve myocardial integrity.

Coxsackievirus B3 (CVB3), a member of the Picornaviridae
family, is the most common human pathogen that has been
associated with the pathogenesis of myocarditis and idiopathic
dilated cardiomyopathy (DCM) (5, 42). Although viral myo-
carditis was originally considered predominantly an immune
system-mediated disease of the heart (39), recently early direct
virus-mediated injury occurring prior to infiltrating immune
responses has been shown to have important implications in
the progression of CVB3 myocarditis. In cultured cells, CVB3
infection is capable of inducing a direct cytopathic effect (CPE)
and cell apoptosis (10, 61). Immunocompromised mice dem-
onstrate an early and extended coagulative necrosis and con-
traction band necrosis following CVB3 infection (11, 43).
Prominent cytopathic alterations colocalized to cells with viral
replication by in situ hybridization of both positive- and neg-
ative-strand viral RNA reinforce the importance of direct vi-
rus-induced damage (29). Previous studies by our laboratory
(56, 64) and others (33, 44) have suggested that early host gene
responses to viral infection play a key role in determining the
severity of myocarditis and disease progression to DCM. How-
ever the early determining factors, in particular, the interplay
of virus-host signaling pathways, remain to be determined.

CVB3 has a short life cycle, which typically culminates in
rapid cell death and release of progeny virus. Subsequent to
virus attachment to a target cell receptor, viral RNA is released

into the cell and acts as a template for the translation of the
virus polyprotein and replication of the virus genome. Viral
receptors include the coxsackievirus and adenovirus receptor
(6, 22, 38, 59) and the decay-accelerating factor (DAF) core-
ceptor (37, 50). Viral proteins are initially synthesized as a
large polyprotein, which is subsequently cleaved into individual
structural and nonstructural proteins by virus-encoded pro-
teases 2A, 3C, and 3CD. In addition to degrading the viral
polyprotein, viral proteases can cleave multiple host proteins
(4, 15). CVB3 protein 3D, an RNA-dependent RNA polymer-
ase, is essential for transcription of the negative-strand viral
RNA intermediate, which then serves as a template for syn-
thesis of multiple progeny genomes.

Many viruses are known to manipulate host signaling ma-
chinery to regulate virus replication and host gene responses.
Such pathways include the mitogen-activated protein kinases
(MAPKs), which respond to diverse extracellular stimuli and
which transduce signals from the cell membrane to the nucleus
(7, 30). MAPKs constitute a superfamily of highly related
serine/threonine kinases. At least seven members of the
MAPK family have been identified in mammals: extracellular
signal-regulated kinases 1 and 2 (ERK1/2) (7, 30), c-Jun NH2-
terminal kinase (JNK)/stress-activated protein kinase (7, 30),
p38 MAPK (7, 30), big MAPK 1 (BMK1) (32), ERK6 (31), and
ERK7 (1). Each MAPK pathway generally consists of three
kinase modules composed of a MAPK, a MAPK kinase
(MAPKK), and a MAPKK kinase. These kinase modules are
differentially activated by a variety of cellular stimuli and con-
tribute to distinct cellular function. The ERK1/2 module in-
cludes Raf, MEK1/2, and ERK1/2, which regulate a wide range
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of cellular functions including cell proliferation, transforma-
tion, differentiation, and, notably, cell survival and death (14,
35). Small GTP-binding protein Ras has been shown to acti-
vate the Raf/MEK/ERK cascade by binding Raf and anchoring
it at the cell membrane, where it is phosphorylated and acti-
vated by other kinases (34). Recently, the ERK pathway has
been implicated in the regulation of viral gene expression and
replication for human cytomegalovirus (26), simian virus 40
(53), human immunodeficiency virus type 1 (HIV-1) (23, 66),
and influenza virus (46). However, to date, the host signaling
mechanisms involved in CVB3-mediated myocarditis are still
largely unclear.

In a previous study, we observed that CVB3 infection re-
sulted in the cleavage of RasGAP and activation of ERK1/2
late in viral infection (21). Here, we extend such findings and
report that CVB3 infection leads to a biphasic activation of
ERK1/2, each activation triggered by very different mecha-
nisms. We further show that inhibition of this pathway results
in decreased viral protein synthesis and viral progeny release
and augmented cell survival.

MATERIALS AND METHODS

Cell culture, virus, and materials. HeLa cells (American Type Culture Col-
lection) were grown and maintained in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% heat-inactivated fetal calf serum. CVB3 (Kan-
dolf strain) was propagated in HeLa cells and stored at �80°C. Virus titer was
routinely determined prior to infection by a plaque assay of HeLa cell mono-
layers as described below. UV-irradiated virus was prepared as described previ-
ously (5).

All other supplies were purchased from Sigma Chemical Co. unless otherwise
specified. Polyclonal phosphorylated ERK1/2 and ERK1/2 antibodies were pur-
chased from New England Biolabs. The polyclonal CVB3 VP1 antibody was
obtained from Accurate Chemicals. The polyclonal anti-caspase 3 antibody was
obtained from Santa Cruz Biotechnology, and the monoclonal RasGAP antibody
was obtained from Transduction Laboratories. U0126, the MEK inhibitor, was
purchased from Promega. General caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone (zVAD.fmk) was obtained from Bachem.

Virus infection. HeLa cells were grown in complete medium, and upon reach-
ing 70 to 80% confluence cells were serum starved by incubation in serum-free
DMEM for 24 h. For viral infection, growth-arrested HeLa cells were infected at
a multiplicity of infection (MOI) of 10 with CVB3 or sham treated with phos-
phate-buffered saline (PBS) for 1 h. Cells were washed with PBS and cultured in
serum-free DMEM. For inhibitor experiments, HeLa cells were incubated with
MEK inhibitor U0126 or caspase inhibitor zVAD.fmk for 30 min. Cells were
then infected for 1 h, washed with PBS, and placed in serum-free media con-
taining fresh inhibitor unless otherwise specified.

Western blot analysis. Cell lysates were prepared as described previously (63).
Equal amounts of protein were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred to nitrocellulose membranes.
Membranes were blocked for 1 h with nonfat dry milk solution (5% in Tris-
buffered saline) containing 0.1% Tween 20. Blots were then incubated for 1 h
with the primary antibody followed by incubation for 1 h with the secondary
antibody (horseradish peroxidase conjugated). Immunoreactive bands were vi-
sualized by chemiluminescence (ECL; Amersham).

Cell viability assay. A modified 3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay (Promega),
which measures mitochondrial function, was used to determine cell viability (13).
HeLa cells were grown in 96-well plates and serum starved for 24 h. Following
CVB3 infection, culture medium was replaced with serum-free DMEM. Twenty-
four hours postinfection, cells were incubated for 4 h in MTS solution, and
absorbance was measured with an enzyme-linked immunosorbent assay plate
reader (490 nm). MTS assays were performed in triplicate.

Plaque assay. CVB3 titer in cell supernatant was determined on monolayers of
HeLa cells by an agar overlay plaque assay in triplicate as previously described
(3). Briefly, samples were serially diluted 10-fold and overlaid on 90 to 95%
confluent monolayers of HeLa cells in six-well plates and incubated for 1 h.
Medium was removed, and 2 ml of complete DMEM containing 0.75% agar was
overlaid in each well. Cells were incubated at 37°C for 72 h, fixed with Carnoy’s

fixative (75% ethanol–25% acetic acid) for 30 min, and stained with 1% crystal
violet. Plaques were counted, and viral concentration was calculated as PFU per
milliliter.

Morphological analysis. HeLa cells are examined following CVB3 infection
for cellular morphological changes by phase-contrast microscopy.

RESULTS

CVB3 leads to biphasic activation of ERK1/2. To determine
the roles of intracellular signaling pathways in CVB3 replica-
tion, we first examined the kinetics of MAPK activation. We
have previously shown that CVB3 stimulated ERK1/2 activity
beginning 6 h postinfection and that ERK1/2 were still acti-
vated after 9 h (21). In the present series of experiments,
extended time courses were studied. Growth arrested HeLa
cells were infected with CVB3 at an MOI of 10 for 1 h, and
cells were harvested at 10 and 30 min and at 1, 3, 5, 7, and 9 h
postinfection. ERK1/2 activity was determined with the phos-
phorylated-ERK1/2 antibody. As shown in Fig. 1, exposure of
HeLa cells to CVB3 stimulated ERK1/2 activity, with a first
peak at 10 min and a return to baseline at 30 min; a second
peak of ERK1/2 activation was apparent at 7 h, and activation
remained elevated to 9 h postinfection. Therefore, CVB3 in-
fection triggers early transient and late sustained biphasic ac-
tivation of ERK1/2.

To determine whether ERK1/2 activity was influenced by
other proteins present in the media during virus preparation,
we used HeLa cell extract processed in an identical freeze-
thaw protocol as that used during virus propagation but in the
absence of virus to treat growth-arrested HeLa cells. We did
not observe significant increases of ERK1/2 phosphorylation
compared to that of the PBS-treated control (data not shown).
Therefore, we believe that the activation of ERK1/2 is due to
the direct interaction between virus and host cells.

Recently, several reports have described the induction of the
activity of other MAPK submembers, including JNK and p38,
following cytomegalovirus (25), simian immunodeficiency virus
(48), herpes simplex virus (41), and HIV infection (51). To
determine if CVB3 infection also increased other MAPK ac-
tivities, we assayed the activities of p38 MAPK, JNK, and
BMK1 by using phosphorylated-p38 and phosphorylated-JNK
antibodies or a mobility shift on a Western blot for BMK1 (28).
However, there was no evidence of significant increases for
other MAPKs throughout the time course of CVB3 infection

FIG. 1. Time course for CVB3 stimulation and ERK1/2 phosphor-
ylation. Growth-arrested HeLa cells were incubated with CVB3 at an
MOI of 10 for 1 h, and then the cells were washed with PBS twice and
replenished with serum-free medium. Cell lysates were collected for
the indicated times following CVB3 infection (pi) and subjected to
Western blotting. ERK1/2 activities were analyzed based on phosphor-
ylated ERK1/2 (P-Erk1/2). To verify equal loading, Western blotting
was performed with an antibody to ERK1/2. Data are from one of
three different experiments. Sham, sham treatment with PBS for 1 h.
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(data not shown), which suggests that activation of ERK was a
rather specific event.

UV-irradiated CVB3 stimulates early-phase phosphoryla-
tion of ERK1/2. To further elucidate the mechanism of CVB3-
mediated ERK1/2 activation, we used UV-irradiated virus.
Such inactivated virus fails to express viral proteins due to
thymidine dimers, which prevent transcription of viral genes,
but retains the capability for receptor binding and endocytosis
into host cells (5). Since specific ligand-receptor interactions
can result in rapid and transient activation of ERK1/2 (35), the
presence of ERK activation immediately following infection
suggests that this is a direct receptor-mediated event. As Fig. 2
shows, the first (early) ERK1/2 phosphorylation event remains,
whereas the second (late) event completely disappears, follow-
ing UV-irradiated virus infection, suggesting that CVB3-recep-
tor interaction is responsible for early ERK1/2 activation while
viral protein production appears necessary for late-phase
ERK1/2 activation following CVB3 infection.

Inhibition of ERK1/2 activation results in significant reduc-
tion in viral progeny production and viral protein synthesis.
To determine the potential role of ERK activation in viral
replication, we used a selective inhibitor of the ERK pathway,
U0126, which inhibits MEK, immediately upstream of ERK.
Treatment of cells with U0126 (20 �M) resulted in a complete
inhibition of both CVB3-induced early- and late-phase ERK
phosphorylation (Fig. 3A).

First, we investigated the effect of the MEK inhibitor on the
expression of viral proteins. HeLa cells were incubated with
different concentrations of U0126 for 30 min prior to infection.
U0126 was also present during infection and in subsequent
incubation periods. Nine hours postinfection cell lysates were
collected and Western blotting was performed using a CVB3
polyclonal antibody that recognizes viral structural protein
VP1. Densitometric analysis of Western blotting showed that
the intracellular expression of the VP1 protein was reduced by
U0126 in a dose-dependent manner (Fig. 3B). Next, we wanted
to examine whether U0126 affected viral titers. Twenty-four
hours postinfection supernatants were collected and viral titers
were determined by plaque assay of monolayer HeLa cells. As
Fig. 3C shows, the presence of U0126 reduced viral progeny
release in a dose-dependent manner. Compared with controls,

5, 10, and 20 �M U0126 reduced viral progeny by 46, 61, and
85%, respectively. It should be noted that, at all concentrations
of U0126 used in this study, there was no evidence of cell
death, as detected by the MTS assay (data not shown).

FIG. 2. UV-irradiated CVB3 stimulates early-phase phosphoryla-
tion of ERK1/2. HeLa cells were infected with either wild-type virus or
UV-irradiated virus, and 10 min and 9 h after infection (pi) cell lysates
were harvested and Western blotting was performed to determine
ERK activation. To verify equal loading, Western blotting was per-
formed with an anti-ERK1/2 antibody. Data are from one of two
different experiments. Sham is as defined for Fig. 1.

FIG. 3. MEK inhibitor reduces viral progeny release and viral pro-
tein synthesis. (A) Inhibition of ERK activation by MEK inhibitor
U0126 was determined by Western blotting with an anti-phosphory-
lated ERK antibody. HeLa cells were preincubated with U0126 (20
�M) for 30 min and then were infected with CVB3 (MOI � 10). One
hour later, cells were washed twice with PBS and replenished with
serum-free medium containing fresh U0126. To verify equal loading,
Western blotting was performed with an anti-ERK1/2 antibody. The
data are representative of two different experiments. Sham, pi, and
P-Erk1/2 are as defined for Fig. 1. (B) HeLa cells were treated with
U0126 exactly as for panel A. Cellular lysates were collected from
CVB3-infected HeLa cells 9 h postinfection, and Western blot analysis
using a CVB3 polyclonal antibody that recognizes viral structure pro-
tein VP1 was performed. Results (means � standard errors [SE]; n �
3) were quantitated by densitometric analysis using National Institutes
of Health Image, version 1.61, and normalized to control levels (sham-
infected cells without U0126) arbitrarily set to 1.0. (C) HeLa cells were
treated with different concentrations of U0126 exactly as for panel A.
Medium was collected from CVB3-infected HeLa cells 24 h after
infection, and virus titers were determined by plaque assays on HeLa
cell monolayers. Values are means � SE from three independent
experiments, in each of which titrations were carried out in triplicate.
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Exposure to U0126 following the first peak of ERK1/2 ac-
tivation (3 h postinfection) attenuated viral progeny produc-
tion, but to a lesser extent than administration prior to infec-
tion (data not shown), suggesting that both phases of ERK
activation contribute to viral replication. Taken together, these
results indicate that ERK plays an important role in CVB3
replication.

Inhibition of ERK1/2 activation prevents CVB3-mediated
CPE and caspase activation. Apoptosis may play a critical role
in viral myocarditis (12, 19, 20). We have previously demon-
strated two separate but related phenomena, CPE and apo-
ptosis, following CVB3 infection of HeLa cells (10). We there-
fore decided to see whether ERK1/2 activation is required for
CVB3-induced CPE and apoptosis. Cell viability was deter-
mined by the MTS assay, which measures mitochondrial func-
tion. As shown in Fig. 4A, inhibition of ERK1/2 by U0126
resulted in a dose-dependent reduction of CVB3-mediated cell
death 24 h postinfection, with 20 �M U0126 producing an
approximate 60% increase of viable cells. Morphology of cells
treated with U0126 is shown in Fig. 4B. CVB3-infected cells
displayed typical features of apoptosis by 24 h postinfection.
Consistent with the cell viability change, pretreatment with
U0126 markedly suppressed the morphological changes in-
duced by CVB3 infection. We also examined the effect of
U0126 on CVB3-mediated caspase activation. As shown in Fig.
4C, U0126 significantly inhibited CVB3-induced caspase 3
cleavage in a dose-dependent manner. Therefore, we believe
that ERK1/2 activation is required for CVB3-induced apopto-
sis, although it is unclear whether the apoptosis and CPE are
directly mediated by the ERK signaling pathway or whether
they are indirectly associated with ERK-regulated viral repli-
cation or viral infectivity.

Caspases are the main executioners of apoptosis through a
number of cleavage events. It has been reported that many host
proteins are cleaved during the course of apoptosis (57). We
thus determined whether ERK1/2 activity was a result of cas-
pase activation by using general caspase inhibitor zVAD.fmk.
As shown in Fig. 5, caspase 3 activation could be demonstrated
at 9 h postinfection by the presence of the 17-kDa cleavage
product. ERK1/2 activation was also increased at 9 h postin-
fection. Preincubation of cells with 100 �M zVAD.fmk mostly
blocked CVB3-induced caspase cleavage but had no effect
on ERK activation. This result shows that the observed
second peak of ERK1/2 phosphorylation occurred before
initiation of caspase activity and suggests that the caspase
pathway and subsequent apoptotic processes do not influ-
ence MAPK.

MEK inhibitor blocks CVB3-mediated RasGAP cleavage.
To gain further insight into the mechanisms and regulation of
intracellular signaling pathways in CVB3-mediated host cell

expression, we next considered the contribution of the MEK
inhibitor to CVB3-induced RasGAP cleavage. HeLa cells were
treated with different concentrations of U0126. Nine hours
postinfection cell lysates were collected and subjected to West-
ern blotting for RasGAP, a protein which negatively regulates
the activation of Ras by hydrolysis of GTP to GDP. The re-
sults, depicted in Fig. 6, show that MEK inhibition significantly
blocked CVB3-mediated RasGAP cleavage. This result sug-
gests that ERK activation may be achieved through a positive-
feedback mechanism. As such, ERK activation enhances viral
replication, resulting in a cleavage of host signaling protein
RasGAP, further promoting Ras activity and subsequent acti-
vation of the ERK cascade (Fig. 7).

DISCUSSION

In the present study, we have shown that virus infection
induces biphasic activation of MAPK ERK1/2 in target cells.
Immediately following CVB3 or UV-irradiated CVB3 infec-
tion, ERK is transiently phosphorylated. Toward the final
stages of virus replication, sustained activation of ERK was
observed, but this event was absent in infection by UV-irradi-
ated virus. We further show that specific inhibition of ERK
leads to attenuation of the virus life cycle, as determined by
lower virus protein and progeny production, decreased virus
cleavage of host proteins, and attenuation of host cell death.
This study has provided new insights into our understanding of
the interplay of virus and host signaling induced by CVB3
infection and demonstrates that ERK1/2 signaling is required
for CVB3 pathogenesis.

The significance of host activation of MAPK in other models
of viral infection has been reported. In the HIV-1 model,
MAPK activation is beneficial to viral replication and inhibi-
tion of these phosphorylation events seems to inhibit viral
replication (23). Similarly, the following viruses also interact
with ERK: adenovirus type 7 (2), Borna disease virus (45),
influenza A virus (46), and hepatitis C virus (17). Such wide-
spread ERK involvement suggests either involvement in a
global virus strategy to enhance its own replicative machinery
or a universal host protective response to infection.

We have found that CVB3 infection induces a biphasic ac-
tivation of ERK1/2 at 10 min and 7 h postinfection. The mech-
anisms for ERK1/2 activation following viral infection may be
induced by direct virus-receptor binding, such as for HIV ac-
tivation of ERK (47), or by exposure to a viral protein such as
the hepatitis C virus core protein (16) or HIV Tat protein (49).
The first peak occurs immediately following infection, which
strongly suggests that signaling is initiated directly from a re-
ceptor-coreceptor complex. We further showed that UV-irra-
diated and inactivated CVB3 does indeed activate early but not

FIG. 4. MEK inhibitor blocks CVB3-induced CPE and apoptosis. (A) HeLa cells were treated with U0126 as described for Fig. 3A. Cell
viability was determined at 24 h postinfection (pi) by the MTS assay, which measures mitochondrial function, at 24 h after infection. Values are
means � standard errors (SE; n � 6). The level of MTS in sham-infected cells in the absence of U0126 was defined as 100% survival. Similar results
were obtained in three independent experiments. (B) Representative phase-contrast microscopy of HeLa cells treated with medium containing or
lacking U0126 24 h postinfection. (C) HeLa cells were pretreated with vehicle or various concentrations of U0126 for 30 min, followed by infection
with CVB3 for 1 h, 9 h after infection. Western blotting was performed to examine the cleavage of caspase 3. Results were quantitated by
densitometric analysis using National Institutes of Health Image, version 1.61, and normalized to the control level (sham-infected cells without
U0126), which was arbitrarily set to 1.0. Values are means � SE (n � 3).
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late ERK signaling. The DAF coreceptor is anchored to the
extracellular surface by glycosylphosphatidylinositol (GPI),
which is localized to cholesterol-rich invaginations of the
plasma membrane, or caveolae, which are proposed sites for
increased outside-to-inside signal transduction and transcytosis
(40). This virus receptor has been found to associate with tyro-
sine kinases p56lck and p59fyn, among others, and with down-
stream ERK1/2 as an essential part of T-cell development (52).
Recent evidence has shown that p56lck is required for CVB3
infection of T-cell lines and that ERK may be a downstream
target of such signaling pathways (33). Since DAF expression is
not always necessary for viral entry, this evidence raises the
question of whether CVB3 binding to coxsackievirus and ad-
enovirus receptor can trigger MAPK activation or whether the
intracellular presence, with or without replication, of viral RNA is
required (38). We therefore speculate that such a DAF-GPI
signaling complex is responsible for early ERK activation in
CVB3-infected HeLa cells, but further studies are necessary to
confirm the nature of intersection between receptor complex,
tyrosine kinases, and ERK signaling.

A plausible explanation for these early events in the inter-

action between CVB3 and host cells is that ERK signaling is
indeed a host protective mechanism to which CVB3 has
adapted. Activation of ERK1/2 is a well-documented cell-pro-
tective and cell-beneficial response in the heart to a wide va-
riety of damaging agents such as pressure or volume overload
and ischemia-reperfusion injury (9, 67). It is conceivable that
cardiac myocytes may also invoke the ERK response to CVB3
as a defense mechanism. The virus, in turn, may have adapted
to such preexisting signaling pathways to benefit its own rep-
lication. A relatively short CVB3 life cycle and lack of RNA
polymerase proofreading function may allow for rapid adjust-
ments to changing characteristics of the host cell system, which
would beget an overall high mutation rate.

We also show that ERK is stimulated 7 h postinfection,
which is consistent with peak virus replication and caspase 3
activation (10). We show that UV-irradiated virus, incapable of
replication, does not trigger late ERK activation, which sug-
gests that the observed high level of late-phase ERK activation
is dependent on viral gene expression. Several viral gene prod-
ucts have been shown to intersect the ERK1/2 signaling path-
way, including the hepatitis C virus core protein (16) and the
HIV Tat protein (49). Although no comparable data for a
picornavirus protein have yet been identified, previous work in
our laboratory has shown that RasGAP is cleaved and ERK1/2
is activated during virus infection (21). Such findings raise the
possibility that a viral protease is responsible for ERK1/2 ac-
tivation via cleavage of an upstream effector molecule. These
findings indicate that CVB3 may have developed multiple
mechanisms to ensure activation of the MAPK ERK1/2 and
that timely activation may have important consequences dur-
ing the course of an infection.

Activation of the ERK pathway results in phosphorylation of
numerous ERK target proteins, which mediate multiple cellu-
lar functions. In the HIV-1 model, ERK1/2 activation aug-
ments viral infectivity and replication, which may occur by
direct phosphorylation of viral protein Vif (65). It is not known
at present how CVB3 viral replication is regulated by the ERK
signaling pathway. Perhaps this process involves direct phos-
phorylation of intracellular components which are required for

FIG. 5. ERK1/2 activation was not due to caspase activation. HeLa
cells were preincubated with zVAD.fmk (100 �M) for 30 min and then
infected with CVB3 for 1 h. Cell lysates were collected 9 h postinfec-
tion (pi). ERK1/2 activation and caspase 3 cleavage were determined
by Western blotting using a phosphorylated ERK1/2 (P-Erk1/2) anti-
body and a caspase 3 antibody. The data are representative of two
different experiments.

FIG. 6. MEK inhibitor inhibits CVB3-mediated RasGAP cleavage.
HeLa cells were pretreated for 30 min with various concentrations of
U0126 and then were infected by CVB3 for 1 h. At 9 h after addition
of CVB3, HeLa cells were harvested and Western blot analysis was
performed using an antibody that recognizes RasGAP. Results were
quantitated by densitometric analysis using National Institutes of
Health Image, version 1.61, and normalized to the control level (sham-
infected cells without U0126), which was arbitrarily set to 1.0. Values
are means � standard errors (n � 3).

FIG. 7. A proposed model of the mechanism of ERK activation
during CVB3 infection. CVB3 binds with its receptor and initiates
early transient ERK phosphorylation. Virus replication mediates
RasGAP cleavage, which triggers late-phase ERK phosphorylation.
Subsequently, there is a positive feedback to augment ERK activation
and viral replication.
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viral replication. Alternatively, ERK1/2 activity may be neces-
sary to activate CVB3 viral proteins, for example, RNA-de-
pendent RNA polymerase 3D, which is essential for the initi-
ation of viral RNA replication.

Recently MEK inhibitors have been reported to prevent the
activation of both ERK1/2 and BMK1. MEK inhibitors, includ-
ing U0126 and PD98059, are specific for ERK1/2 at low doses,
but high doses block mitogen-induced activation of both
ERK1/2 and BMK1 (27). The dose of U0126 used here is
sufficiently specific for CVB3-medicated ERK1/2 activation;
BMK1 was not activated throughout the course of CVB3 in-
fection.

CVB3 infection, as well as expression of viral capsid proteins
and proteases, induces direct CPE and cell apoptosis (10, 18,
19). Inhibition of such caspase activation blocks the loss of
viability and prevents progeny virus release. Since caspase in-
hibition does not affect ERK activation, but ERK inhibition
protects against CVB3-induced CPE and apoptosis, we con-
clude that ERK activation occurs upstream of caspase activa-
tion. The mechanism by which inhibition of ERK prevents
CVB3-induced apoptosis is likely an indirect result of a de-
crease in virus replication and/or infectivity, analogous to the
ERK contribution to influenza virus infection (46). In addition
to the effects of virus replication on host cell apoptotic path-
ways, we offer the possibility of a more direct role for ERK in
the CVB3-induced cell death signaling pathway in HeLa cells.
Although many studies have supported the general view that
activation of the ERK pathway delivers a survival signal that
counteracts proapoptotic effects associated with p38 and JNK
activation (62), there are some studies that relate ERK and the
apoptosis cascade. For example, it has been reported that ERK
activation is required for cisplatin-induced apoptosis of HeLa
cells and functions upstream of caspase activation to initiate
the apoptotic signal (60). Overproduction of proto-oncogenes
downstream of ERK, such as c-myc, may trigger apoptosis at
the level of the mitochondria (54). Joe et al. (24) have also
shown that dominant inhibitory Ras delays Sindbis virus-in-
duced apoptosis in neuronal cells. The mechanism of indirect
induction of apoptosis by CVB3 replication and the possible
contribution by direct host signaling events remain an impor-
tant area for further investigation.

Ras is a 21-kDa, GTP-binding protein that plays a critical
role in signal transduction pathways mediating many important
cellular functions. In the GTP-bound state, Ras interacts with
and transmits signals to downstream effector molecules, such
as those in the ERK signaling pathway. Hydrolysis of GTP to
GDP switches Ras to the inactive state. RasGAP negatively
regulates the GTP-bound state by stimulating the intrinsic Ras
GTPase by hydrolysis of GTP to GDP (8, 58). We have pre-
viously shown that RasGAP is cleaved after CVB3 infection,
potentially triggering the Ras pathway and subsequent phos-
phorylation of ERK1/2 (21). In this study we report that a
MEK inhibitor blocks viral replication and CVB3-induced
RasGAP cleavage. This result suggests a possible mechanism
by which viral protein cleavage of RasGAP and late-phase
ERK activation prompt a positive-feedback loop to further in-
crease viral replication, with subsequent cleavage of RasGAP.

Increasing our understanding of virus-induced death signal-
ing in viral myocarditis has become particularly important in
light of direct virus-mediated mechanistic connections between

myocarditis and DCM. These findings are qualified by the
presence of the CVB3 genome in patients with DCM (36) and
more-recent findings that suggest that CVB3 may persist in
such tissues disguised in a stable double-stranded form (55).
The contribution of virus-myocyte interactions, as opposed to
immune infiltration, has profound consequences for the degree
of myocardial injury. Therefore, greater understanding of key
signaling pathways that are beneficial to the virus may lead to
novel therapies to stymie the progression from myocarditis to
an end-stage disease which impacts a significant and growing
population.
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