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The product of the herpes simplex virus 1 (HSV-1) US3 gene is a multifunctional serine-threonine protein
kinase that can block apoptosis induced by proapoptotic cellular proteins, exogenous agents, or replication-
defective viruses. Earlier studies showed that the US3 kinase activates and functionally overlaps cellular
protein kinase A (PKA). In this study we examined the status of phosphatidylinositol 3-kinase [PI(3)K] and
of its effector, protein kinase B/Akt (PKB/Akt), a component of a major pathway of mammalian antiapoptotic
signaling systems. We report the following. (i) Infection of target cells with HSV-1 induces transient phos-
phorylation of serine 473 of PKB/Akt early in infection, with a mechanism that is dependent on PI(3)K.
Inhibition of PI(3)K induced apoptosis in mock-infected or �US3 mutant-virus-infected but not in wild-type-
virus-infected cells and reduced the accumulation of specific viral gene products, including the US3 protein
kinase, but had a marginal effect on virus yields. (ii) At later times after infection, the total amounts of
PKB/Akt decreased and phosphorylated PKB/Akt forms disappeared in a US3-dependent and protein phos-
phatase 2A-independent manner. (iii) Activation of PKA by forskolin did not mediate significant dephosphor-
ylation of PKB/Akt. Our results are consistent with the model that PKB/Akt is activated early in infection and
acts to block apoptosis in infected cells prior to the accumulation of US3 protein kinase and that it persists and
continues to function as an antiapoptotic protein in the absence of US3 but becomes redundant or even inimical
once US3 protein kinase accumulates in effective amounts.

Earlier studies from this and other laboratories have shown
that cells infected with wild-type herpes simplex virus 1
(HSV-1) are protected against apoptosis induced by a number
of exogenous agents as well as by replication-incompetent mu-
tants lacking the regulatory genes �4 and/or �27 (13, 14, 18, 22,
24). The antiapoptotic functions identified to date map to
glycoprotein D (48), glycoprotein J (17, 18, 48), the protein
kinase encoded by the US3 gene (24, 25, 37), and the viral
ribonucleotide reductase (33). The US3 protein kinase, the
focus of this and several preceding reports (4, 5, 8, 9, 15, 17, 25,
29, 30, 32, 34, 37, 39), is a multifunctional protein. The three
major functions associated with this kinase are the disruption
of nuclear lamina to enable egress of capsids from nuclei (39),
phosphorylation of histone-deacetylating enzymes 1 and 2 (35),
and blocking apoptosis induced by viral gene products or ex-
ogenous agents (5, 8, 9, 17, 25, 29, 30, 32). It is noteworthy that
the transcriptional unit encoding the US3 protein kinase con-
tains in its domain a shorter transcript encoding a protein
lacking the 76 amino-terminal residues of the US3 protein. The
truncated protein, designated US3.5, is catalytically active and
mediates the phosphorylation of histone-deacetylating en-
zymes 1 and 2 but is unable to block apoptosis induced by viral
gene products or exogenous agents (34). The US3 protein
kinase appears to be the major antiapoptotic protein encoded
by the virus, inasmuch as it protects cells from apoptosis in-
duced by the proapoptotic cellular proteins BAD (5, 9, 28, 32),

BID (8, 32) and BAX (32), exogenous agents such as sorbitol
(15), and viruses lacking key regulatory genes (e.g., �ICP4
mutants) (25, 30). An important clue to the potential targets of
the US3 protein kinase emerged from the observation that the
motif of the preferred phosphorylation sites of the US3 protein
kinase is similar to that of cyclic AMP-dependent protein ki-
nase (protein kinase A [PKA]) (19, 40). Indeed, activation of
PKA by forskolin blocked apoptosis induced by BAD or infec-
tion with the �ICP4 mutant virus. Furthermore, the US3 pro-
tein kinase could phosphorylate both PKA targets in vitro and
a regulatory subunit of PKA in infected cells. These studies led
to the conclusion that the US3 protein kinase both activates
and mimics protein kinase A and that the antiapoptotic effects
of the US3 kinase reflect the functions of PKA, US3, or both
enzymes (4). It is also noteworthy that �US3 mutants induce
apoptosis weakly and in only a few cell lines, suggesting that HSV
also triggers additional pathways of resistance to apoptosis.

Protein kinase A is a prototype member of the AGC (PKA/
protein kinase G/protein kinase C) protein kinase extended
family, which comprises over 80 members. The kinases belong-
ing to this group share similarities in the sequences of their
catalytic domains, but not their flanking domains, and in their
mechanisms of activation; many are often deregulated in dis-
eases, including cancer (28). In particular, one member of this
family, protein kinase B (PKB)/Akt, has a well-documented
role in promoting cell survival and blocking apoptosis (2, 11,
21, 41, 43). Akt is activated in response to insulin and growth
signals through the phosphatidylinositol 3-kinase [PI(3)K] sig-
naling pathway (3). Activation requires the phosphorylation of
serine residue at position 473 and of the threonine residue at
position 308. PKA/Akt is activated by phosphorylation of res-
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idue 473, but the activity is significantly higher when both
residues are phosphorylated (3). Furthermore, an important
downstream regulator of Akt, protein phosphatase 2A (PP2A),
can be activated by PKA-mediated phosphorylation (16).

The purpose of the study presented in this report was to
investigate the effect of HSV-1 replication on PI(3)K signaling
and Akt phosphorylation. The key finding is that serine 473 of
PKB/Akt is phosphorylated in a PI(3)K-dependent fashion
early in infection. Inhibition of PI(3)K results in a decrease in
the accumulation of several viral proteins but only marginal
decrease in viral yields. At intermediate and late stages of
infection the phosphorylated species of PKB/Akt disappear
concurrently with a decrease in the amount of total PKB/Akt
protein. The PKB/Akt negative regulator protein phosphatase
2A did not appear to be activated or involved in the observed
PKB/Akt dephosphorylation. In cells infected with a �US3
mutant, PKB/Akt remained phosphorylated for a much longer
time interval—an observation that suggests the possibility that
PKB/Akt is phosphorylated in infected cells by activation of
the PI(3)K signaling pathway and that this pathway protects
�US3 mutant-infected cells from apoptosis. Finally, we report
that that in wild-type- or �US3 mutant-infected cells treated
with forskolin at concentrations sufficient to block apoptosis,
the phosphorylation of PKB/Akt was largely unchanged.

MATERIALS AND METHODS

Cells and viruses. SK-N-SH and HEp2 cells were obtained from the American
Type Culture Collection and propagated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (SK-N-SH) or 5% (HEp2) newborn calf
serum (NBCS). HSV-1(F) is the prototype HSV-1 strain used in the laboratory.
The recombinant virus R7041, lacking the US3 gene (�US3), is described in
reference 37. The HSV-1(KOS) d120 mutant, a kind gift from N. DeLuca
(University of Pittsburgh, Pittsburgh, Pa.), lacks both copies of the �4 gene
(�ICP4) and was grown in a Vero-derived cell line (E5) expressing the �4 gene
(12). In all experiments in which cells were infected with virus, cells grown in
25-cm2 flasks were either mock infected or exposed to approximately 10 PFU of
virus per cell for 1 h and 30 min at 37°C in medium 199V (mixture 199 [Sigma]
supplemented with 1% calf serum) and then maintained in DMEM supple-
mented with the proper amount of serum as described above.

Antibodies and reagents. Rabbit polyclonal antibody against total Akt, phos-
pho-Akt (Ser473-P), phospho-Akt (Thr308-P) (Cell Signaling Technologies,
Beverly, MA) were all used at a dilution of 1:1,000. Rabbit polyclonal antibody
against poly(ADP-ribosyl) polymerase (PARP) (Santa Cruz Biotechnology) was
used at a dilution of 1:700. Mouse monoclonal antibody against �-actin (Sigma)
was used at a dilution of 1:1,000. Monoclonal antibodies to ICP0 and glycopro-
tein D were purchased from the Goodwin Institute (Plantation, Fla.). Monoclo-
nal antibody against ICP4 was described in reference 1. Rabbit polyclonal anti-
body against viral thymidine kinase (TK), a product of the UL23 ORF (M.
Sarmiento and B. Roizman, unpublished data), was used at a dilution of 1:500.

Epidermal growth factor (EGF), the phosphatidylinositol 3-kinase inhibitor
LY294002, the PP2A inhibitor okadaic acid, and the adenylate cyclase activator
forskolin were obtained from Sigma. The proteasome inhibitors MG132 and
lactacystin were from Calbiochem.

Immunoblot assays. Cells were harvested at various times after infection,
rinsed three times with phosphate-buffered saline (PBS), and solubilized in
radioimmunoprecipitation assay buffer in the presence of phosphatase inhibitors
(10 mM NaF, 10 mM �-glycerophosphate, 0.1 mM sodium vanadate) and pro-
tease inhibitors (Complete; Roche). Lysed cells were stored on ice for 10 min
before centrifugation at 14,000 rpm for 10 min. The protein concentration of the
supernatant fluids was determined with the aid of a Bio-Rad protein assay.
Protein samples denatured in disruption buffer (50 mM Tris [pH 7.0], 2.75%
sucrose, 5% 2-�-mercaptoethanol, 2% sodium dodecyl sulfate) were heated at
95°C for 5 min, electrophoretically separated in denaturing polyacrylamide gels,
electrically transferred to a nitrocellulose sheet, blocked, and reacted with primary
antibody followed by appropriate secondary antibody conjugated to alkaline phos-
phatase (Bio-Rad). Protein bands were visualized with 5-bromo-4-chloro-3-in-
dolylphosphate–nitroblue tetrazolium (Denville Scientific, Metuchen, NJ).

PP2A activity assay. The activity of cellular protein phosphatase 2A was
assayed with a PP2A immunoprecipitation phosphatase assay kit (Upstate) with
minor modifications. Briefly, cells were harvested at various times after infection,
rinsed and solubilized in TBS (150 mM NaCl, 3 mM KCl, 20 mM Tris-base), and
disrupted with 50 strokes of a Dounce homogenizer. Cellular debris was precip-
itated by low-speed centrifugation, and the catalytic subunit of PP2A was im-
mune precipitated from the supernatants. Protein phosphatase 2A activity was
then assayed by incubating the immune-precipitated protein with the synthetic
phosphopeptide K-R-pT-I-R-R, as per the manufacturer’s instruction (Upstate).

DEVDase activity assay. Caspase 3 activity was assayed by using a tetrapeptide
conjugated to phenylnitraniline (DEVD-pNA) (Biomol). Cells were harvested at
various times after infection, rinsed three times with PBS, resuspended in 75 �l
of lysis solution A {0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate, 50 mM HEPES (pH 7.4)–1 mM dithiothreitol–0.1 mM EDTA}, held
on ice for 10 min, and centrifuged at 14,000 rpm for 10 min at 4°C in an
Eppendorf 5415C centrifuge. Equal amounts of protein in supernatant fluids

FIG. 1. Photographs of electrophoretically separated cell lysates reacted with antibody against total PKB/Akt, phosphorylated PKB/Akt serine
473 or threonine 308, US3, or �-actin. HEp-2 cells were mock infected or exposed to 10 PFU of HSV-1(F), �US3, or �ICP4 per cell and maintained
in DMEM supplemented with 5% NBCS. The cells were harvested at the time points shown, solubilized, and normalized for protein content. Equal
amounts of protein lysates (120 �g/lane) were subjected to electrophoresis on a denaturing gel, transferred to a nitrocellulose sheet, and reacted
with antibodies as indicated.
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were tested for DEVDase activity according to the manufacturer’s instructions
(Biomol).

RESULTS

PKB/Akt is transiently phosphorylated in HSV-1-infected
cells. The objective of this series of experiments was to deter-
mine whether PKB/Akt is activated by phosphorylation in cells
infected with HSV-1. HEp-2 cells were either mock infected or
infected with wild-type HSV-1(F) or �US3 or �ICP4 mutant
viruses. At times indicated in Fig. 1, replicate infected cultures
were harvested, and the cells were solubilized and subjected to
electrophoresis on a denaturing gel. The separated proteins
were reacted with antibodies that recognize total PKB/Akt
protein or specifically the phosphorylated form of the regula-
tory threonine 308 or serine 473. As shown in Fig. 1, PKB/Akt
phosphorylated on serine 473 accumulated in lysates of cells
harvested 3.5 h after infection with either wild-type or mutant
HSV (lanes 6 to 8). Phosphorylated PKB/Akt persisted in cells
infected with the �US3 mutant virus but disappeared in wild-
type-virus-infected cells in a manner that correlated with max-
imal accumulation of the protein kinase (lane 10). This pattern
was reproduced in cells maintained for longer intervals after
infection (lanes 13 to 25). It should be noted that at no time
were we able to detect the presence in mock-infected or in-
fected cells of PKB/Akt phosphorylated at threonine 308 (Fig.
1 and data not shown). An identical pattern of phosphorylated
PKB/Akt was observed in SK-N-SH cells at late time points
(data not shown). These results indicate that PKB/Akt is phos-
phorylated early in infection with HSV-1 and that the phos-
phorylated species disappear concomitantly with the appear-
ance and accumulation of the US3 protein kinase.

The amount of total PKB/Akt decreases in infected cells by
a proteasome-independent mechanism. In the results pre-
sented above, as infection progressed, the amounts of total
PKB/Akt decreased compared to those in mock-infected cells.
This decrease was US3 protein kinase independent, inasmuch
as it was also observed in �US3- and �ICP4 mutant-virus-
infected cells. Two series of experiments were done to test the
hypothesis that HSV-1 infection induces proteasomal degra-
dation of PKB/Akt. In the first, replicate cultures of HEp-2
cells were either mock infected or exposed to HSV-1(F) or
�US3 mutant virus for 1 h, maintained for 6.5 h in DMEM
supplemented with 5% NBCS, and then mock treated or in-
cubated for 2.5 h in medium containing MG132 (50 �M). In
the second series, the cells were mock infected or exposed to
HSV-1(F), �US3, or �ICP4 for 1 h, maintained for 5 h as
described above, and then incubated in medium containing
lactacystin (10 �M) for an additional 2.5 h. After the treat-
ments, cells were harvested, solubilized, subjected to electro-
phoresis on denaturing gels, and reacted with antibody against
total PKB/Akt, or against �-actin as a loading control. As
shown in Fig. 2, neither MG132 nor lactacystin altered the
pattern of accumulation of PKB/Akt in infected cells. We con-
clude from these results that the amount of total PKB/Akt
decreases during infection by a mechanism other than protea-
some-dependent degradation.

HSV infection induces signaling through PI(3)K. The next
series of experiments was designed to determine the role of the
PI(3)K signaling pathway in the phosphorylation of PKB/Akt

during HSV-1 infection. In order to test whether the PI(3)K
pathway was intact in HEp2 cells, replicate cultures were either
mock infected or exposed to HSV-1(F) or �US3 mutant virus,
maintained for 7 h, and incubated for 20 min in medium
containing epidermal growth factor (EGF) (100 ng/ml). EGF is
a mitogenic polypeptide used for activation of PKB/Akt. The
cells were then harvested, solubilized, subjected to electro-
phoresis on a denaturing gel, and reacted with antibody against
total PKB/Akt or PKB/Akt 473-P. As shown in Fig. 3A, EGF
treatment resulted in phosphorylation of PKB/Akt in unin-
fected cells; furthermore, EGF treatment also reversed the loss
of PKB/Akt phosphorylation observed at the late stages of
HSV-1(F) infection. As an additional control, we investigated
whether PKB/Akt phosphorylation in infected cells was depen-
dent on PI(3)K activation. Replicate cultures of HEp2 cells
were either mock infected or infected with wild-type virus for
1 h and incubated for an additional 2 h in medium containing
the PI(3)K inhibitor LY294002 (75 �M) (7, 44–46). Cells were
then exposed to EGF (100 ng/ml) for additional 30 min, har-
vested, solubilized, and subjected to electrophoresis and im-
munoblotting as described above. As shown in Fig. 3B, PI(3)K
inhibition prevented the phosphorylation of PKB/Akt induced
either by EGF treatment, by early events of HSV-1(F) infec-
tion, or by both. These results suggest that the PI(3)K pathway
is intact in HEp2 cells and that phosphorylation of PKB/Akt in

FIG. 2. Proteasomal inhibitors do not affect the accumulation of total
PKB/Akt in infected HEp2 cells. (A) Cells were mock infected or exposed
to 10 PFU of HSV-1(F) or �US3 mutant virus per cell, maintained for
6.5 h in DMEM supplemented with 5% NBCS, and treated with 50 �M
MG132 for 2.5 h. (B) HEp-2 cells were mock infected or exposed to 10
PFU of HSV-1(F) or �US3 or �ICP4 mutant virus per cell, maintained
for 5 h in DMEM supplemented with 5% NBCS, and treated with 10 �M
lactacystin for 2.5 h. The cells were then harvested and solubilized. Equal
amounts of protein lysates (120 �g/lane) were subjected to electrophore-
sis and subsequent immunoblotting with the indicated antibodies.

VOL. 80, 2006 ROLE OF PKB/Akt IN HSV-1 INFECTION 3343



infected cells is dependent on PI(3)K activity. We next as-
sessed the effect of PI(3)K inhibition on PKB/Akt phosphory-
lation and accumulation of viral proteins in wild-type- and
mutant-virus-infected HEp2 cells. Replicate cultures were ei-
ther mock infected or exposed to HSV-1(F), �US3, or �ICP4
viruses for 1 h. The cells were then maintained for an addi-
tional 2.5 h in the presence or absence of the PI(3)K inhibitor
LY294002 (75 �M) and then harvested, solubilized, subjected
to electrophoresis on a denaturing gel, and reacted with anti-
body against total PKB/Akt or PKB/Akt 473-P and against viral
proteins of different kinetic classes, i.e., � (ICP0 and ICP4), �
(TK and US3), and � (glycoprotein D [gD]). As expected,
treatment with LY294002 precluded the phosphorylation of
PKB/Akt in infected cells (shown in Fig. 3C). In addition, while
the inhibitor had no effect on the accumulation of ICP0 or
ICP4, it decreased the accumulation of viral TK and of the US3
protein kinase. The accumulation of gD was largely unchanged
in wild-type-virus- or �ICP4 mutant-infected cells but reduced
in �US3 mutant-virus-infected cells. Consistent with these re-
sults, the yield of virus from HEp-2 cells exposed to 10 PFU of
HSV-1(F) and to the drug was only fivefold lower than that
from untreated infected cells (�4.8 � 107 PFU compared to
�2.4 � 108 PFU). We conclude that, at least in cultured cells,
while PI(3)K is activated it may not play a major role in the
replication of wild-type virus.

Viral protein kinase US3 blocks apoptosis induced by
PI(3)K inhibition. The objective of the next series of experi-
ments was to determine the effect of prolonged inhibition of

the PI(3)K signaling pathway. Replicate cultures of HEp-2
cells were exposed to wild-type or mutant virus for 1 h as
described above, maintained for 5 h in DMEM supplemented
with 5% NBCS, and then mock treated or exposed to
LY294002 (75 �M). The cells were harvested 18 h after the
exposure to virus, harvested, solubilized, subjected to electro-
phoresis on a denaturing gel, transferred to a nitrocellulose
sheet, and reacted with antibody to PARP. In parallel, lysates
of the infected cells were tested for DEVDase activity. The
results were as follows. Inhibition of PI(3)K resulted in the
induction of programmed cell death, as measured by both
PARP cleavage (Fig. 4A) and caspase 3 activity assay (Fig. 4B),
in mock-, �US3- and �ICP4-infected cells. In particular, cells
infected with the �US3 mutant virus and maintained in the
presence of LY294002 were committed to apoptosis in a man-
ner comparable to that of untreated cells infected with �ICP4
mutant virus (compare lanes 6 and 7). In contrast to these
results, there was no evidence of apoptosis in wild-type-virus-
infected cells exposed to the LY294002 inhibitor (lane 4).
Finally, PKB/Akt was phosphorylated in mock-treated, �US3-
infected cells but not in LY294002-treated infected cells (data
not shown).

We conclude that an early event in HSV-1 infection triggers
signaling through the PI(3)K pathway, resulting in activation of
PKB/Akt. Expression of the US3 protein kinase both mediates
loss of phosphorylated PKB/Akt and blocks apoptosis induced
by viral gene products.

FIG. 3. Role of PI(3)K pathway in PKB/Akt phosphorylation and herpesvirus gene expression. (A) Replicate cultures of HEp-2 cells were mock
infected or exposed to 10 PFU of HSV-1(F) or �US3 mutant virus per cell; after 7 h, cells were exposed to EGF (100 ng/ml) for 20 min, harvested,
solubilized, and normalized for protein content. Equal amounts of protein lysates (120 �g/lane) were subjected to electrophoresis on a denaturing gel,
transferred to a nitrocellulose sheet, and reacted with the indicated antibodies. (B) HEp-2 cells were mock infected or incubated with HSV-1(F) for 1 h
and then exposed to the PI(3)K inhibitor LY294002 (75 �M) for 2 h. The cells were then treated with EGF (100 ng/ml) for an additional 30 min,
harvested, and solubilized. Equal amounts of protein lysates (120 �g/lane) were subjected to electrophoresis and immunoblotting with the indicated
antibodies. (C) Replicate cultures of HEp-2 cells were mock infected or exposed to 10 PFU of HSV-1(F) or �US3 or �ICP4 mutant virus per cell and
then exposed to LY294002 (75 �M) solubilized in dimethyl sulfoxide or to an equivalent amount of dimethyl sulfoxide added to the medium. The cells
were harvested at 3.5 h after the infection and processed as described above. While 120 �g/lane of protein lysates was used for immunoblotting with
antibodies against total and phosphorylated PKB/Akt, 60 �g/lane was used for immunoblotting with antibodies against viral proteins.
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Effect of okadaic acid treatment on the status of PKB/Akt in
HSV-1-infected HEp-2 cells. Members of the family of protein
phosphatases 2A (PP2A) can be activated by PKA to regulate
PKB/Akt (reviewed in reference 16). Since the US3 protein
kinase can functionally overlap protein kinase A, we investi-
gated whether activation of PP2A could account for the loss of
phosphorylated PKB/Akt correlated with the accumulation of
US3. Replicate cultures of HEp-2 cells were either mock in-
fected or exposed to HSV-1(F) or the �US3 mutant virus for
1 h. The cells were then maintained in DMEM supplemented
with 5% NBCS, harvested at either 7 or 18 h after infection,
and disrupted with a Dounce homogenizer. The catalytic sub-
unit of protein phosphatase 2A was then immune precipitated
from the cell lysates and assayed for activity with a synthetic
substrate as described in Materials and Methods. As shown in
Fig. 5A, no significant changes in total PP2A activity were
detected in infected cells compared to mock-infected cells.

These results, however, did not exclude an alternative sce-
nario in which US3 redirects part of the total PP2A pool to
dephosphorylate PKB/Akt, without altering its total activity. In
order to test this additional hypothesis, we analyzed okadaic
acid-treated and untreated infected cells for the status of phos-
phorylated PKB/Akt and the induction of apoptotic events.

HEp-2 cells were mock infected or infected with HSV-1(F) or
�US3 for 1 h. Cells were then maintained in DMEM supple-
mented with 5% NBCS for 11 h and subsequently exposed to
okadaic acid (50 ng/ml) for seven additional hours. The cells
were then harvested, solubilized, subjected to electrophoresis
on a denaturing gel, transferred to nitrocellulose paper, and
incubated with antibodies against PARP or either total PKB/
Akt or PKB/Akt 473-P. The results (shown in Fig. 5B) were as
follows. (i) Okadaic acid did not cause increased cleavage of
PARP. (ii) Okadaic acid treatment resulted in detection of a
faint band reactive with antibody against PKB/Akt 473-P in the
lysates of both mock- and HSV-1(F)-infected cells (lanes 2 and
4). However, the intensity of such bands was much lower than
the intensity of the band corresponding to PKB/Akt 473-P

FIG. 4. Effect of PI(3)K inhibition on infected-cell viability. Rep-
licate cultures of HEp-2 cells were mock infected or exposed to 10
PFU of HSV-1(F) or �US3 or �ICP4 mutant virus per cell, maintained
for 5 h in DMEM supplemented with 5% NBCS, and then exposed to
the PI(3)K inhibitor LY294002 (75 �M) or medium containing di-
methyl sulfoxide as described above. The cells were harvested at 18 h
after infection, solubilized, and processed as described above for im-
munoblotting with antibody directed against PARP (A) or tested for
DEVDase activity (B). The results for the DEVDase activity assays are
indicated as increase (-fold) above activity of untreated, mock-infected
cells.

FIG. 5. (A) Assays of PP2A activity in HSV-1(F)-infected cells.
Replicate cultures of HEp-2 cells were either mock infected or ex-
posed to HSV-1(F) or the �US3 mutant virus. At the indicated time
points, cells were harvested and lysed with a Dounce homogenizer.
The PP2A was precipitated from the lysates with the antibody to the
catalytic subunit of PP2A. The immune-precipitated PP2A was then
assayed for phosphatase activity, measured as release of phosphate
groups in the supernatant fluid from a synthetic PP2A substrate as
described in Materials and Methods. (B) Effect of okadaic acid treat-
ment on the accumulation of phospho-Akt in HSV-1-infected cells.
Replicate cultures of HEp-2 cells were either mock infected or ex-
posed to 10 PFU of HSV-1(F) or �US3 mutant virus per cell for 1 h
and maintained in DMEM supplemented with 5% NBCS for 11 h. At
that time the cells were mock treated or exposed to okadaic acid (50
ng/ml) for an additional 7 h. The cells were then harvested and solu-
bilized, and the lysates were normalized for protein content: equal
amounts of protein lysates were subjected to electrophoresis on a
denaturing gel and reacted with antibody against either PARP, total
PKB/Akt, or PKB/Akt P-473.
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from the lysates of untreated �US3-infected cells (lane 5).
Moreover, exposure of �US3-infected cells to okadaic acid also
increased the intensity of the Akt-473-P band (compare lanes
5 and 6). Taken together, these results do not support the
hypothesis that HSV-1 regulates PKB/Akt phosphorylation by
activating PP2A.

Phosphorylation of PKB/Akt in cells exposed to forskolin.
The results presented above suggested that PKA-regulated
PP2A was not involved in the observed dephosphorylation of
PKB/Akt. The question remained, however, whether the dis-
appearance of phosphorylated PKB/Akt observed at interme-
diate and late stages of infection was mediated by the US3
protein kinase-dependent activation of the PKA pathway. The
experiments described in this section were designed to resolve
this question. Specifically, earlier we showed that activation of
PKA by forskolin complemented �US3 mutants in blocking
apoptosis induced by proapoptotic agents or by the �ICP4
mutant (4). The objective of the experiment reported in this
section was to determine whether PKB/Akt is dephosphory-
lated as a consequence of activation of PKA by forskolin in the
absence of the US3 protein kinase. In this series of experi-
ments, HEp-2 cells were mock infected or infected with HSV-
1(F) or with �US3 or �ICP4 mutants for 1 h. The cells were
then maintained in DMEM supplemented with forskolin (100
�g/ml) for 1, 2.5, or 3.5 additional hours. The cells were then
harvested, solubilized, subjected to electrophoresis on a dena-
turing gel, transferred to a nitrocellulose sheet, and incubated
with antibodies against total PKB/Akt or PKB/Akt 473-P (Fig.
6, lanes 1 to 16). In addition, HEp-2 cells were infected as
described above, exposed to forskolin at 3 h after infection, and
harvested 18 h after infection (Fig. 6, lanes 17 to 24). The
results were as follows. (i) As expected, forskolin treatment
blocked �ICP4-induced PARP cleavage (lanes 23 and 24). (ii)
With the exception of cells harvested at 2 h after infection, the

pattern of Akt phosphorylation in forskolin-treated cells could
not be differentiated from that in untreated cells. At 2 h after
infection, the level of phosphorylated Akt in treated cells was
reduced with respect to that of untreated cells. A slight differ-
ence was also observed in �US3 virus-infected cells at 18 h
after infection. The data suggest that the antiapoptotic func-
tion of PKA does not involve the phosphorylation of PKB/Akt.

DISCUSSION

The salient features of the results reported in this article are
as follows.

(i) PKB/Akt was phosphorylated early after infection of cells
with either wild-type or mutant viruses. The extent of phos-
phorylation and the duration of accumulation of the phosphor-
ylated PKB/Akt were not uniform.

The phosphorylated PKB/Akt disappeared at intermediate
and late times after infection with wild-type virus but persisted
in cells infected with the �US3 mutant virus. In cells infected
with the �ICP4 mutant, the amounts of phosphorylated PKB/
Akt were lower than in cells infected with either the wild type
or the �US3 mutant, and the phosphorylated species was not
detected late in infection. In uninfected cells, PKB/Akt has
been reported to be dephosphorylated by activated cellular
protein phosphatase 2A. However, the disappearance of phos-
phorylated PKB/Akt we observed does not appear to be due to
PP2A, inasmuch as the cellular phosphatase was not activated
by HSV and, additionally, inhibition of PP2A by okadaic acid
had no effect on the accumulation of phosphorylated PKB/Akt.

The conclusion to be derived from these results is that PKB/
Akt phosphorylation was dependent primarily on post-� gene
expression and did not require the US3 protein kinase. On the
other hand, the results suggest that the US3 protein kinase

FIG. 6. Effect of forskolin treatment on the accumulation of phospho-Akt. For lanes 1 to 16, HEp-2 cells were either mock infected or exposed
to 10 PFU of HSV-1(F) or �US3 per cell for 1 h. The cells were then exposed to medium containing forskolin (100 �g/ml) initially dissolved in
ethanol or medium containing an equivalent amount of ethanol for 2.5 h. For lanes 17 to 24, the cells were maintained in DMEM supplemented
with 5% NBCS for 3 h, then treated with forskolin as described above, and harvested at 17 h postinfection. The cells were solubilized, and equal
amounts of protein lysates were subjected to electrophoresis on a denaturing gel, and reacted with antibody against PARP or against either total
PKB/Akt or PKB/Akt P-473.
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mediates the disappearance of phosphorylated species of PKB/
Akt by a mechanism other than dephosphorylation by PP2A.

Our results also indicate that the total PKB/Akt decreased
during HSV infection in a manner that is independent of
proteasomal degradation. Moreover, phosphorylation did not
seem to affect the turnover of Akt, since PKB/Akt decreased at
comparable rates at late time points in cells infected with
either wild-type, �US3, or �ICP4 virus.

(ii) The PI(3)K signaling pathway was activated in cells in-
fected with wild-type or mutant viruses, and activation of this
pathway was associated with phosphorylation of PKB/Akt.
Treatment with an inhibitor of the PI(3)K signaling pathway
blocked the phosphorylation of PKB/Akt and reduced the ac-
cumulation of specific viral gene products but had only a mar-
ginal negative (fivefold) effect on the yield of wild-type virus.
Furthermore, sustained inhibition of the PI(3)K signaling
pathway resulted in apoptosis that is readily apparent in mock-
infected cells and cells infected with �US3 or �ICP4 mutants
but not in cells infected with the wild-type virus [HSV-1(F)].
The evidence that inhibition of PI(3)K induced apoptosis in
�US3 mutant-infected cells but not in wild-type-virus-infected
cells raises the possibility that activated PKB/Akt can protect
�US3-infected cells from apoptosis. In wild-type-virus-infected
cells, however, protection from apoptosis is achieved by path-
ways that do not involve activation of PKB/Akt.

(iii) Lastly, we showed that concentrations of forskolin suf-
ficient to block apoptosis decreased the early accumulation of
phosphorylated PKB/Akt and may have retarded the degrada-
tion of the kinase in mock-infected cells but not in cells in-
fected with wild-type virus (Fig. 6, compare lanes 17 and 18 and
lanes 19 and 20). The results suggest, but do not prove, that the
loss of phosphorylated PKB/Akt mediated by US3 is unrelated
to the antiapoptotic effects mediated by the activation of PKA
by forskolin.

Activation of PI(3)K signaling is required for infectivity of
human herpesvirus 8 (31). Activation of PKB/Akt in cells in-
fected with human cytomegalovirus (20), Epstein-Barr virus
(36), hepatitis C virus (26, 42), simian virus 40 (6, 47), dengue
and Japanese encephalitis viruses (23), adenovirus type 19
(38), and severe acute respiratory syndrome coronavirus (27)
has been reported.

A well-established feature of HSV is that it uses multiple
pathways to achieve its objectives to suppress host responses to
infection. The relevant example is that HSV contains five genes
whose products block cell death (US3, gD, gJ, UL36, and
�134.5) (10, 17, 25, 33, 48). On the cellular side, activation of
PKB/Akt is a major pathway for blocking apoptosis in unin-
fected cells. Given the obvious intent to suppress cellular sui-
cidal impulses in every way possible, why are the phosphory-
lated forms of PKB/Akt removed from the milieu of infected
cells? One possible explanation is that PKB/Akt serves an
antiapoptotic function early in infection, prior to the accumu-
lation of the US3 protein kinase. Late in infection, its presence
is no longer necessary and may even be inimical to viral rep-
lication. The observation that phosphorylated PKB/Akt per-
sists in �US3 mutant-virus-infected cells and the observation
that �US3 mutant viruses induce apoptosis in only a few of the
many cell lines tested are consistent with the hypothesis that
PKB/Akt serves as an antiapoptotic protein on an as-needed
basis.
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