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The role of signaling pathways including the mitogen-activated protein kinases (MAPKs) and phosphati-
dylinositol 3-kinase (PI3K) during viral infection has gained much recent attention. Our laboratory reported
on an important regulatory role for extracellular signal-regulated kinases (ERK1/2), subfamily members of the
MAPKSs, during coxsackievirus B3 (CVB3) infection. However, the role of the PI3K pathway in CVB3 infection
has not been well characterized. CVB3 is the most common known viral infectant of heart muscle that directly
injures and Kkills infected cardiac myocytes during the myocarditic process. In the present study, we investi-
gated the role of protein kinase B (PKB) (also known as Akt), a general downstream mediator of survival
signals through the PI3K cascade, in regulating CVB3 replication and virus-induced apoptosis in a well-
established HeLa cell model. We have demonstrated that CVB3 infection leads to phosphorylation of PKB/Akt
on both Ser-473 and Thr-308 residues through a PI3K-dependent mechanism. Transfection of HeLa cells with
a dominant negative mutant of Aktl or pretreatment of wild-type HeLa cells with the specific PI3K inhibitor
LY294002 significantly suppresses viral RNA expression, as reflected in diminished viral capsid protein
expression and viral release. Dominant negative Aktl and LY294002 also increase apoptosis in infected cells,
which can be reversed by addition of the general caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone (zZVAD.fmk). Interestingly, blocking of apoptosis by zZVAD.fmk does not reverse the viral RNA
translation blockade, indicating that the inhibitory effect of dominant negative Akt1 on viral protein expression
is not caspase dependent. In addition, we showed that the attachment of virus to its receptor-coreceptor
complex is not sufficient for PKB/Akt activation and that postentry viral replication is required for Akt
phosphorylation. Taken together, these data illustrate a new and imperative role for Akt in CVB3 infection in

HeLa cells and show that the PI3K/Akt signaling is beneficial to CVB3 replication.

Coxsackievirus B3 (CVB3) is a small, nonenveloped, posi-
tive-strand RNA Enterovirus in the Picornaviridae family.
CVB3 has been known as the most common infectant of the
heart that directly injures and Kkills infected cardiac myocytes
(13, 35). CVB3-induced myocarditis was known historically as
an immune-mediated disease (25, 33, 41). However, the most
recently supported hypothesis is that direct CVB3-induced in-
jury prior to immune cell infiltration is a very important deter-
minant of disease progression (13, 35). In regard to virus-
infected cells, the fate of infected cell and the severity of
disease are greatly influenced by the balance between anti-
apoptotic and proapoptotic pathways. Our laboratory has car-
ried out extensive work on the CVB3-triggered death signaling
pathway in the context of interaction between this pathway and
the virus life cycle. We have characterized apoptotic signaling,
and in particular the caspases, following CVB3 infection in
Hela cells (11). Although the interaction between CVB3 and
survival cascades has not been investigated in detail, there is
mounting evidence to support the idea that a few other viral
proteins can modulate such pathways. The X protein of hep-
atitis B virus activates survival signaling cascades including

* Corresponding author. Mailing address: The James Hogg iCAP-
TURE Centre for Cardiovascular and Pulmonary Research, University
of British Columbia-St. Paul’s Hospital, Room 388 Burrard West, 1081
Burrard St., Vancouver, BC, Canada V6Z 1Y6. Phone: (604) 806-8586.
Fax: (604) 806-9274. E-mail: bmcmanus@mrl.ubc.ca.

4289

phosphatidylinositol 3-kinase (PI3K)/Akt and stress-activated
protein kinase, resulting in progression of hepatocellular carci-
noma (16, 29). It has also been demonstrated that the BHRF1
protein of Epstein-Barr virus and immediate-early proteins IE1
and IE2 of human cytomegalovirus markedly inhibit apoptosis in
infected cells (26, 52). However, viral products may have a dual
action in infected host cells. A well-characterized example is sim-
ian virus 40 large tumor (T) antigen, which may either block or
induce apoptosis, depending upon the cell environment (17, 34).

The role of signaling proteins during CVB3 infection and
how these proteins can be modulated by the virus are not very
well understood. Recently we reported that a biphasic phos-
phorylation and activation of the extracellular signal-regulated
kinase (ERK1/2) participate in the regulation of viral replica-
tion and virus-mediated cytopathic effects in infected HelLa
cells (31). However, little is known about the role of the other
protein kinases during CVB3 infection.

Protein kinases play a critical regulatory role as the second
messengers in various intracellular signaling pathways by phos-
phorylation of proteins that control nearly all features of cell
life. One such protein kinase, protein kinase B (PKB), has
been intensively studied during the last decade (5, 14, 36, 53).
PKB, also known as Akt, is a cytoplasmic serine/threonine
kinase containing a pleckstrin homology domain at its amino
terminus and acts as a key protein mediator for a wide range of
cellular processes (21, 44). Three different isoforms of Akt have
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been so far characterized: Aktl, Akt2, and Akt3. Each isoform is
encoded by a separate gene, but they all carry a pleckstrin ho-
mology domain, a catalytic domain, and a putative regulatory
domain. Several studies have shown that activation of Akt by
various stimuli, including growth factors, insulin, and hormones,
is mediated by phosphorylation of both serine 473 and threo-
nine 308 residues through a PI3K-dependent mechanism (3,
36, 47). Upon phosphorylation, Akt modulates diverse down-
stream signaling pathways associated with cell survival, prolife-
ration, differentiation, migration, and apoptosis. The observa-
tion that cell stimulation with growth factors may trigger Akt
translocation to the nucleus, alongside findings that Akt acti-
vates transcription factors such as Forkhead transcription fac-
tors and nuclear factor kB, suggests that Akt may up- or down-
regulate the expression of several genes involved in homeosta-
sis (8, 9, 36, 40). The role of PI3K and its downstream effector
Akt in regulating cell survival and apoptosis in a number of viral
infection models has been a major recent interest (15, 23, 30).
The possibility that the PI3K/Akt pathway participates in the
preservation of host cell survival during viral infection and may
play a role in providing a supportive milieu for virus replication
compelled us to investigate the interaction between CVB3 and
this pathway. In the present study, we have shown that Akt can
be phosphorylated and activated following CVB3 infection
through a PI3K-dependent mechanism. We have also shown, by
either using a specific inhibitor of the PI3K/Akt pathway or over-
expressing a dominant negative mutant of Aktl, that inhibition of
the PI3K/Akt pathway suppresses viral RNA synthesis, viral
protein expression, and viral release in CVB3-infected cells.

MATERIALS AND METHODS

Akt1 constructs. Transfection-grade eukaryotic expression vectors (pUSEamp)
encoding a dominant negative mutant Aktl (expressing the neomycin resistance
gene for selection of transfected cells) were purchased from Upstate Biotech-
nology, Inc., and confirmed by restriction analysis. The dominant negative mu-
tant Akt1 construct (encoding an alanine instead of a serine and a threonine) and
the empty vector control were used in stable transfection of HeLa cells.

Cell culture and transfection. HeLa cells (HeLa S3) were obtained from the
American Type Culture Collection. Subconfluent cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
newborn calf serum (Life Technologies, Inc.) at 37°C in a humidified incubator
with 5% CO,. Penicillin G (100 pg/ml) and streptomycin (100 pg/ml) (Life
Technologies, Inc.) were added to all culture media. For stable transfection of
HelLa cells, 2 pg of cDNA was introduced by using Lipofectamine 2000 reagent
(Invitrogen Life Technologies) according to the manufacturer’s instructions. At
36 h posttransfection, Geneticin (G418) (Sigma Aldrich) was added as a selective
marker at the final concentration of 400 wg/ml for selecting the transfected
clones and at the final concentration of 200 wg/ml for maintenance of transfec-
tion during the course of experiments.

Virus infection. CVB3 (Nancy strain) was a gift from Reinhard Kandolf and
was propagated in HeLa cells and stored at —80°C. The titer of virus was
determined routinely prior to each experiment. Subconfluent wild-type or trans-
fected HeLa cells were serum starved for 24 h before the introduction of virus to
eliminate the effect of serum growth factors. Cells were infected either with
CVB3 at a multiplicity of infection (MOI) of 10 or with DMEM (extracted from
HeLa cell culture) for the control group. Following 1 h of incubation at 37°C,
cells were washed with serum-free DMEM and replenished with fresh DMEM.
For inhibitor experiments, pretreatment with inhibitor was performed 1 h prior
to infection and fresh inhibitors at the specified concentrations were added
following medium changes.

UV irradiation and inactivation of CVB3. UV-irradiated virus was prepared as
described previously (4, 31). Briefly, 1 ml of diluted virus was transferred to a
1.5-ml tube and then irradiated in a UV Stratalinker 1800 (Stratagene) for a total
dose of 15 J/em? for 10 min.

Antibodies and inhibitors. Rabbit polyclonal phospho-Akt antibodies (Ser-
473 and Thr-308), rabbit polyclonal Akt antibody, and rabbit polyclonal phospho-
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glycogen synthase kinase-3 /B (Ser-21/Ser-9) antibody were purchased from New
England BioLabs. Rabbit polyclonal antibody against viral protein VP1 was ob-
tained from Denka Seiken Co., Ltd.; mouse monoclonal caspase-3 antibody, mouse
monoclonal B-actin antibody, anti-rabbit immunoglobulin G, and anti-mouse
immunoglobulin G conjugated with horseradish peroxidase were purchased from
Santa Cruz Biotechnology; and mouse monoclonal antibody against poly(ADP-
ribose) polymerase (PARP) was obtained from BioMol Co. The specific PI3K
inhibitor 2-morpholino-8-phenyl-4H-1-benzopyran-4-one (LY294002) was obtained
from New England BioLabs, and the general caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (zVAD.fmk) was obtained from Clontech.

Western blot analysis. Cells either untreated or treated with different exper-
imental reagents were washed twice with ice-cold phosphate-buffered saline
(PBS) containing 5% phosphatase inhibitor (Active Motiff Co.) and kept on ice
for 10 min in lysis buffer containing 50 mM pyrophosphate, 50 mM NaF, 50 mM
NaCl, 5 mM EDTA, 5 mM EGTA, 100 pM Na;VO,, 10 mM HEPES (pH 7.4),
0.1% Triton X-100, 10 wg of leupeptin/ml, and 1 mM phenylmethylsulfonyl
fluoride. Cell lysates were then collected by scraping and centrifuged at 12,000 X
g for 10 min at 4°C. The protein concentration was determined by the Bradford
assay (Bio-Rad). Twenty to 40 micrograms of extracted protein was fractionated
on sodium dodecyl sulfate-10% polyacrylamide gels, electrophoretically trans-
ferred to nitrocellulose membranes (Hybond ECL; Amersham Pharmacia Bio-
tech), and blocked with PBS containing 0.1% Tween 20 and 5% nonfat dry milk
for 1 h. Afterward, the membrane was incubated with specific primary antibody
overnight at 4°C, followed by secondary antibody for 45 min at room tempera-
ture. The immunoblots were visualized with an enhanced chemiluminescence
detection system according to the protocol of the manufacturer (Amersham
Pharmacia Biotech). Densitometry analysis was performed by using the National
Institutes of Health ImageJ software, version 1.27z. Density values for proteins were
normalized to the level for control groups (arbitrarily set to 1.0-fold).

Viral RNA in situ hybridization. Subconfluent HeLa cells were grown and
maintained on two-chamber culture slides (Becton Dickinson Labware) under
serum-free conditions for 24 h prior to CVB3 infection. Cells were infected with
either DMEM or CVB3 (MOI of 10). Following 1 h of incubation at 37°C, cells
were washed with serum-free DMEM and replenished with fresh DMEM. The
culture slides were then washed gently with PBS, fixed with 10% normal formalin
buffer for 15 min, washed with PBS, incubated with 70% ethanol for 2 min, and
then air dried at room temperature. Culture slides were then subjected to in situ
hybridization assays to detect sense and antisense RNAs of CVB3 as previously
described (2).

Virus release plaque assay. Wild-type or transfected HeLa cells either un-
treated or treated with specific inhibitors were infected with CVB3 at an MOI of
10 for 1 h. Cells were washed and replenished with serum-free DMEM for 9 h.
The supernatants were collected and kept at —80°C for the virus release assay.
Plaque assays were carried out with HeLa cells in duplicate by standard proce-
dures as described previously (2). Agar overlays were fixed with Carnoy’s fixative
(25% acetic acid, 75% ethanol) at 3 days after infection. Cells were stained with
1% crystal violet dye to visualize plaques. Images of plates were obtained, and
the virus titer was calculated as PFU per milliliter.

Statistical analysis. Two-way analysis of variance with multiple comparisons
and paired Student’s ¢ tests were performed. Values shown are the mean *
standard deviation. A P value of <0.05 was considered significant.

RESULTS

CVB3 induces Akt phosphorylation at both serine 473 and
threonine 308 residues. In the present study, we initially de-
termined whether coxsackievirus B3 infection of HeLa cells
resulted in phosphorylation of Akt. Serum-starved HeLa cells
were infected with CVB3 (MOI of 10) or DMEM. The DMEM
used as a control was extracted from HeLa cells in culture
under conditions identical to those used for virus propagation
to account for the potential effect of proteins within the me-
dium. Cell lysates were then collected at 10 and 30 min and at
1, 3, 6, and 9 h postinfection. As shown in Fig. 1, CVB3 induces
Akt phosphorylation at both Ser-473 and Thr-308 residues at 6
to 9 h following infection. The phosphorylation of an Akt-
regulated downstream protein, glycogen synthase kinase-3 o/,
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FIG. 1. CVB3 infection leads to phosphorylation and activation of

Akt on both serine 473 and threonine 308 residues. Following serum
starvation for 24 h, HeLa cells were either sham or CVB3 infected
(MOI of 10) for 1 h. Cell lysates were collected at the specified times
postinfection (pi) and subjected to Western blotting to detect phos-
phorylation of Akt on both Ser-473 and Thr-308 sites. The activity of
phospho-Akt was determined based on the phosphorylation of glyco-
gen synthase kinase-3 «/B (GSK3 «/B), a downstream substrate of
PKB. Total Akt protein was measured to ensure equal protein loading.
Protein density is expressed as the increase in the level of phosphor-
ylated protein with respect to the noninfected control (*, #*, and s,
P < 0.01). The data shown are representative of those from quadru-
plicate experiments. Error bars indicate standard deviations.

was determined as a measure of Akt kinase activity. Total Akt
was measured to ensure equal protein loading.

CVB3 stimulates Akt phosphorylation via a PI3K-dependent
mechanism. To investigate whether the phosphorylation and
activation of Akt upon CVB3 infection occur through the PI3K
pathway, HeLa cells were pretreated with increasing doses (5,
10, 25, and 50 wM) of the specific PI3K inhibitor LY294002 1 h
prior to virus infection. LY294002 inhibits PI3K activity through
a competitive inhibition of the ATP binding site located on the
p85a subunit of PI3K (18, 46). Cell lysates were collected at 9 h
postinfection and subjected to Western blot analysis to detect
the phosphorylation of Akt on Ser-473 and Thr-308. Figure 2
shows LY294002 inhibition of CVB3-induced Akt phosphory-
lation and activation in a dose-dependent manner. The ob-
servation that the phosphorylation of Akt following CVB3
infection was markedly decreased with a higher dose of
LY294002 (50 pM) suggests that virus-induced Akt phosphory-
lation occurs through a PI3K-dependent mechanism.

UV-irradiated CVB3 is unable to induce Akt phosphoryla-
tion and activation. To investigate the mechanism behind the
activation of Akt, CVB3 was exposed to UV radiation for 10
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FIG. 2. CVB3 induces Akt phosphorylation via a PI3K-dependent
mechanism. HeLa cells were serum starved for 24 h. After being treated
with LY294002 (50 uM) or vehicle (DMSO), cells were infected with
either CVB3 (MOI of 10) or DMEM for 1 h. Total protein was ex-
tracted and analyzed by immunoblotting. Akt phosphorylation on both
Ser-473 and Thr-308 residues was prevented by the PI3K inhibitor,
indicating that Akt activation by CVB3 was mediated via a PI3K-
dependent pathway. Total Akt protein was detected to ensure equal
loading protein. Density values for phosphoproteins are expressed as the
fold change compared to nontreated CVB3-infected cells (, #*, and s,
P < 0.01). GSK 30/B, glycogen synthase kinase-3 «/B; pi, postinfection.
Data are representative of those from two independent experiments.
Error bars indicate standard deviations.
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FIG. 3. UV-irradiated CVB3, which is capable of receptor binding
and endocytosis but not replication, fails to induce Akt phosphoryla-
tion. HeLa cells were infected with wild-type or UV-irradiated CVB3,
and cell lysates were collected at 7 h postinfection (pi) and subjected
to Western blotting to detect the phosphorylation of Akt on Ser-473
and Thr-308 residues. Virus attachment to specific receptor-coreceptor
complex is not sufficient for Akt phosphorylation, suggesting that viral
postentry replication is required for Akt activation. The results shown
are representative of those from triplicate experiments.
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FIG. 4. LY294002 blocks CVB3 structural protein (VP1) synthesis, viral RNA expression, and viral release in infected HeLa cells. (A) Viral
protein expression in LY294002-treated HeLa cells. CVB3-infected HeLa cells were treated with either DMSO or different doses of LY294002
(10 and 50 wM) for 9 h. Cell lysates were collected for Western blotting to detect viral capsid protein VP1 expression. B-Actin expression was
measured to ensure equal protein loading. As shown, L'Y294002 blocks VP1 synthesis in a dose-dependent manner. (B) In situ hybridization of
CVB3-infected HeLa cells at 9 h postinfection (pi), using digoxigenin-labeled viral strand-specific riboprobe (bright-field images in the upper row
and fluorescent images in the lower row). Positive signals indicate sense (plus)-strand RNA of CVB3. LY294002 (50 wg/ml) blocks viral RNA
transcription and replication in infected cells. (C) Viral release in LY294002-treated HeLa cells. Supernatants from culture slides (from panel B)
were collected and assayed for infectious virus by the agar overlay plaque assay method. Comparison of infectious virus particles under the
indicated conditions shows that the PI3K inhibitor decreases viral progeny release from infected host cells. Data are averages from three
experiments *, P < 0.005 compared to nontreated infected cells. Error bars indicate standard deviations.

min for a total dose of 15 J/cm? UV irradiation blocks the infected with either wild-type CVB3 or UV-inactivated virus
virus’s capability for RNA transcription and protein synthe- (MOI of 10) for 1 h. Cell lysates were collected at 7 h post-
sis but has no effect on virus receptor attachment and subse- infection and then subjected to Western blot analysis to
quent entry into the host cell (4, 19, 28). HeLa cells were detect the phosphorylation of Akt on Ser-473 and Thr-308
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sites. As shown in Fig. 3, UV-inactivated CVB3 fails to
induce Akt phosphorylation at 7 h postinfection, which im-
plies that Akt phosphorylation is due to postentry viral rep-
lication in infected cells.

LY294002 blocks viral RNA synthesis, viral protein VP1
expression, and virus release in CVB3-infected HeLa cells. In
order to investigate the interaction between the PI3K cascade
and CVB3 replication and to understand whether the activa-
tion of PI3K plays any role in CVB3 replication, we examined
the effect of the specific PI3K inhibitor LY294002 on different
stages of the virus life cycle in infected cells. Subconfluent
HeLa cells were grown on culture slides and pretreated with
either inhibitor or dimethyl sulfoxide (DMSO) prior to infec-
tion. The supernatants were collected at 9 h postinfection for
the plaque assay experiment to calculate the number of prog-
eny virions released from infected cells. Concurrently, HelLa
cells on glass slides were fixed and subjected to in situ hybrid-
ization to assess viral RNA expression. The expression of VP1
in the presence or absence of L'Y294002 was determined by
Western blotting. As shown in Fig. 4A, L Y294002 blocked viral
protein expression in a dose-dependent manner. LY294002
also significantly decreased viral RNA synthesis (Fig. 4B) and
viral progeny release (Fig. 4C) compared to control groups.
These results suggest that PI3K contributes to the virus life
cycle and is beneficial for virus replication.

A dominant negative mutant of Aktl also decreases viral
RNA synthesis, viral protein VP1 expression, and virus release
in infected cells. To further study the contribution of Akt as a
key downstream effector of PI3K to CVB3 replication, we
utilized a different approach by using a dominant negative mu-

tant of Aktl that is incapable of being phosphorylated in re-
sponse to different stimuli. The dominant negative Aktl cDNA
contains Myc-His tagged Aktl (in pUSEamp) under the con-
trol of the cytomegalovirus promoter and has substitutions of
methionine for lysine and serine and threonine for alanine. In
this experiment, HeLa cells were stably transfected with ei-
ther a dominant negative mutant of Aktl or a vector control
(pUSEamp) plasmid. Akt phosphorylation in the transfected
cell line was evaluated prior to the experiment. As expected, in
the presence of serum, the dominant negative Aktl mutant
significantly blocked Aktl phosphorylation and activation in
transfected HeLa cells compared to control cells (Fig. 5A).
Subsequently, transfected HeLa cells were infected with CVB3
for 1 h and viral protein expression, viral RNA synthesis, and
viral progeny release were determined at 9 h postinfection.
Our observations showed that the dominant negative mutant
of Aktl blocked CVB3 replication, including viral RNA syn-
thesis (Fig. 5C), viral protein expression (Fig. 5B), and progeny
virion release from infected cells (Fig. 5D). These findings,
together with our results from inhibitor-based experiments,
show that virus-induced PI3K/Akt activation augments CVB3
replication in HeLa cells.

A PI3K inhibitor and the dominant negative mutant of Aktl
enhance apoptosis in CVB3-infected HeLa cells through a
caspase-dependent mechanism. To elucidate the role of Akt in
regulating apoptosis in CVB3-infected cells, Akt activation was
blocked either by using a specific PI3K inhibitor or by trans-
fecting HeLa cells with a dominant negative mutant Akt1 con-
struct. Apoptosis was assessed by measuring caspase-3 cleav-
age and PARP cleavage at 9 h postinfection in CVB3-infected
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FIG. 5. Dominant negative mutant of Akt1 blocks CVB3 structural protein (VP1) synthesis, viral RNA expression, and viral release in infected
HelLa cells. (A) Phospho-Akt1 expression in stably transfected HeLa cells. Transfected HeLa cells were treated with either serum or PBS for 30
min, and 40 pg of cell lysate was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed with anti-phospho-Akt and
anti-phospho-glycogen synthase kinase-3 «/B (GSK3 «/B) antibodies. Aktl phosphorylation and activity are markedly decreased in dn-Aktl HeLa
cells compared to the vector group treated with serum. (B) Viral protein synthesis in HeLa cells overexpressing a dominant negative mutant of
Aktl. The dominant negative mutant of Aktl (dn-Aktl) decreases viral protein synthesis compared to that of the CVB3-infected vector group.
(C) In situ hybridization of stably transfected HeLa cells at 9 h postinfection (pi) (bright-field images in the upper row and fluorescent images in
the lower row). dn-Akt1 significantly suppresses viral RNA replication. (D) Virus release in dominant negative-transfected HeLa cells. Comparison
of CVB3 infectious particles released in the culture medium of the slides indicated in panel C shows that the dominant negative mutant of Aktl
also diminishes virus release from infected HeLa cells. Data are averages from four experiments. *, P < 0.005 compared to CVB3-infected vector.
Error bars indicate standard deviations.

cells. The dominant negative mutant of Aktl (dn-Aktl) and
LY294002 both increased caspase-3 and PARP cleavages (Fig.
6A and B) and enhanced cytopathic effects (Fig. 6C) in CVB3-
infected cells. Since we have already shown that inhibition of
Akt results in a significant decline in CVB3 replication, these

findings suggest that increased cytopathic effects in infected
cells are due to the inhibition of the antiapoptotic activity of
Akt either by LY294002 or by expression of a dominant neg-
ative form of Aktl. It is noteworthy that the proapoptotic effect
of the PI3K inhibitor or the dominant negative Aktl construct
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FIG. 6. LY294002 and the dominant negative mutant of Aktl induce apoptosis in CVB3-infected cells. (A) Cleavage of caspase-3 and PARP
in LY294002-treated HeLa cells. Cells treated with LY294002 or DMSO were either sham infected (DMEM) or infected with virus, and cell lysates
were subjected to Western blot analysis for caspase-3 and PARP cleavages. LY294002 increases caspase-3 and PARP cleavages in CVB3-infected
cells. The data represent two different experiments. * and =#*, P < 0.01 compared to nontreated infected cells. Error bars indicate standard
deviations. pi, postinfection. (B) Cleavage of casapse-3 and PARP in HeLa cells transfected with the dominant negative Aktl construct. The
dominant negative mutant of Aktl enhances caspase-3 and PARP cleavages in infected HeLa cells. Density values for caspase-3 and PARP
cleavages are expressed as the fold change compared to CVB3-infected cells transfected with vector control (* and #*x*, P < 0.01). The results shown
are representative of those from two independent experiments. (C) Phase-contrast microscopic images of wild-type HeLa cells treated with
LY294002 and transfected HeLa cells following CVB3 infection. As shown, both LY294002 and the dn-Akt1 construct enhance cytopathic effects
and decrease host cell viability in infected HeLa cells as assessed by morphological changes.
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FIG. 7. Akt regulation of CVB3 replication is not caspase depen-
dent. (A) Cleavage of caspase-3 in HeLa cells transfected with the
dominant negative Aktl constructs is reversed by the multicaspase
inhibitor zZVAD.fmk. Transfected HeLa cells were treated with zZVAD-
fmk (50 uM) starting 1 h prior to infection. B-Actin expression was
measured for equal protein loading. The data represent two indepen-
dent experiments. pi, postinfection. (B) Inhibition of caspase-3 cleav-
age by zZVAD.fmk does not preserve viral protein expression in in-
fected HeLa cells, indicating that the regulatory effect of Akt on virus
replication is not a caspase-dependent process. The data represent two
independent experiments. Density values for protein expression are
expressed as the fold change compared to nontreated dn-Aktl cells
infected with CVB3.

in CVB3-infected cells is less than that observed in noninfected
cells, supporting a role for virus-induced survival pathways in
contravening apoptosis in an attempt to initially foster host cell
survival and viral replication. The proapoptotic effect of dom-
inant negative Aktl in infected HeLa cells can be reversed by
adding the general caspase inhibitor zZVAD.fmk. HeLa cells
transfected with either dn-Aktl or vector control plasmids
were pretreated with zZVAD.fmk (50 pM) 1 h prior to infec-
tion. As shown in Fig. 7A, the caspase inhibitor zVAD.fmk
reversed the apoptotic effect of dominant negative Aktl in
CVB3-infected cells by blocking caspase-3 cleavage.
Inhibition of viral protein expression by dominant negative
Aktl is not caspase dependent. To clarify whether inhibition of
viral protein expression by dominant negative Aktl is due to
acceleration of apoptosis in infected cells, we compared the
expression of viral protein VP1 in dn-Aktl-transfected HeLa
cells in the presence or absence of the general caspase inhib-
itor zZVAD.fmk. As shown in Fig. 7B, inhibition of caspase-3
cleavage and apoptosis does not reverse the inhibitory effect
of dn-Aktl on viral protein expression. The observation that
zVAD.fmk is capable of blocking apoptosis in infected cells
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(Fig. 7A) without having any effect on viral RNA translation
and VP1 expression (Fig. 7B) indicates that the regulatory
effect of Akt on virus replication is not a caspase-dependent
process.

DISCUSSION

During viral infection, viruses encode highly competent
products in order to optimize viral replication, produce huge
numbers of progeny virions, and release infectious particles to
launch a new round of infection. However, host cells activate
prosurvival defenses aimed to preserve host cell viability in
response to viral infection. Viruses may evolve strategies to
block or delay such host defense mechanisms. How viruses
interact with and manipulate host cell signaling pathways to
augment their replication is currently the subject of intense
study. Our laboratory has previously reported that the phos-
phorylation and activation of ERK1/2 during CVB3 infection
are required for viral replication. We have also shown that
CVB3 activates ERK1/2 in a biphasic manner, in early tran-
sient and late sustained phosphorylation events. We have re-
cently reported that gamma interferon-inducible GTPase over-
expression enhances host cell survival in CVB3-infected cells,
likely by inducing the activation of Akt (51). We also revealed
that gamma interferon-inducible GTPase overexpression in-
hibits viral replication, probably by its overwhelming negative
effect on viral RNA translation. These finding led our group to
further investigate the role of Akt activation in the course of
CVB3 infection.

In the present study, we report that CVB3 enhances the
phosphorylation of Akt on both serine 473 and threonine 308
residues, resulting in the activation of this protein kinase. The
activity of phosphorylated Akt was assessed by phosphoryla-
tion of a downstream target, glycogen synthase kinase-3 o/p.
Replication-deficient CVB3 (UV irradiated), which is capable
of receptor attachment and cell entry but not replication, fails
to induce Akt phosphorylation, indicating that virus attach-
ment and entry are not sufficient for Akt activation. This also
supports the view that postentry viral RNA synthesis and sub-
sequent steps in viral replication and progeny production are
required for Akt phosphorylation and activation in infected
cells.

In the present study, we also investigated the regulatory role
of PI3K in CVB3-induced Akt phosphorylation by using dif-
ferent dosages of the specific PI3K inhibitor LY294002. The
results suggest that CVB3 can trigger Akt activation via a
PI3K-dependent mechanism. The observation that LY294002
is capable of blocking virus-induced Akt phosphorylation in a
dose-dependent manner strongly supports the importance of
PI3K as an intermediate effector in the process of Akt activa-
tion by CVB3.

It has previously been shown that PI3K is a major upstream
activator of Akt through the production of phosphatidylinosi-
tol-3,4,5-triphosphates in response to growth factors and hor-
mones (1, 36). Recent studies revealed that PI3K is commonly
stimulated upon activation of membrane receptors that either
couple to heterotrimeric GTP proteins or have tyrosine kinase
activity (12, 22, 32). Our observation that replication-deficient
CVB3 cannot activate the PI3K/Akt pathway supports the idea
that activation of PI3K/Akt during CVB3 infection is not a
receptor-dependent event, and it is more likely this activation



VoL. 78, 2004

is induced directly or indirectly by viral products. It has also
been reported that PI3K can be activated indirectly by the
small GTPase Ras, which can bind and activate the p110 sub-
unit of PI3K (27, 39). Our previous findings also revealed
that the p21ras GTPase-activating protein RasGAP, a pro-
tein which negatively regulates the activation of Ras, is
cleaved at 5 h following CVB3 infection (24). Considering
these findings, it is suggested that RasGAP cleavage and con-
stitutive activation of Ras following CVB3 infection may par-
ticipate in the regulation of PI3K/Akt activation in infected
cells. However, the actual mechanism behind PI3K/Akt acti-
vation in the CVB3 infection model has yet to be fully char-
acterized.

To increase our understanding of the interaction between
Akt and virus replication, we also examined the effects of Akt
activation at different checkpoints of the virus life cycle, in-
cluding virus RNA transcription, viral RNA translation and
protein expression, and viral release from infected host cells.
We observed that inhibition of Akt phosphorylation by either
LY294002 or transfection of cells with a dominant negative
mutant of Aktl resulted in a significant decrease in virus RNA
transcription and translation as well as virus assembly and
release. Although the regulatory mechanism by which Akt
controls CVB3 replication is not well understood, there is
mounting evidence indicating that viral proteins can be phos-
phorylated by various protein kinases. Several protein kinases,
including ERK1/2 mitogen-activated protein kinase and pro-
tein kinase C, have been shown to enhance human immuno-
deficiency virus type 1 infectivity by direct phosphorylation of
viral proteins Vif, Tat, Gag, and Nef (6, 10, 20, 48-50). Hep-
atitis B virus large envelope protein can be phosphorylated
by ERK-type mitogen-activated protein kinases (42). There
is also an indication that poliovirus-specific RNA-dependent
RNA polymerase can be phosphorylated at serine residues
(38). These findings support the idea that Akt may regulate
CVB3 replication by direct phosphorylation of viral products,
including viral polymerases.

The PI3K pathway including the downstream effector Akt
also plays a pivotal role in cell survival and proliferation. It has
been reported that the inhibition of the PI3K/Akt pathway
results in a significant decrease in host cell viability in different
cell environments (7, 37, 43, 45). It is presumable that CVB3
enhances Akt phosphorylation to increase the viability of in-
fected host cells in order for viral replication to take place.
Although the downstream effectors of Akt that are involved
in cell survival and proliferation have been extensively stud-
ied in tumor models, the mechanism and significance of
antiapoptotic activity of Akt during CVB3 infection remain
obscure.

Our findings show that the inhibition of Akt phosphorylation
during CVB3 infection significantly enhances caspase-3 and
PAREP cleavage, indicating an antiapoptotic role for Akt during
CVB3 infection. Since we have already shown that inhibition of
Akt results in a substantial decrease in virus replication, it is
likely that increased apoptosis in infected cells is a direct con-
sequence of the inhibition of antiapoptotic activity of Akt but
not a result of virus replication. We also showed that treating
dn-Aktl cells with the general caspase inhibitor zVAD.fmk
blocked caspase-3 cleavage. Although zZVAD.fmk blocked cas-
pase-3 cleavage in infected cells, it did not show any effect on
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viral protein expression. In another words, even by blocking
apoptosis, we were unable to reverse the inhibitory effect of
dn-Aktl on viral protein expression and preserve VP1 produc-
tion. This evidence strongly supports the view that Akt regu-
lates viral replication through a mechanism which is not cas-
pase-dependent.

In summary, our study illustrates an important role for the
PI3K/Akt pathway during CVB3 infection in HeLa cells. The
present data together with our previous reports suggest that
signaling pathways such as ERK1/2 mitogen-activated protein
kinase and PI3K/Akt facilitate a productive viral infection.
Further studies are required to fully understand the mecha-
nisms by which these protein kinases interact with specific viral
components during infection. Our findings provide valuable
insights into the mechanism of viral pathogenesis and potential
therapeutic targets for enteroviral infections.
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