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We previously showed that the herpes simplex virus 1 (HSV-1) tegument protein VP11/12 activates the
lymphocyte-specific Src family kinase (SFK) Lck and is tyrosine phosphorylated in an Lck-dependent manner
during T cell infection. We now extend these findings to show that ectopic expression of Lck induces robust
tyrosine phosphorylation of VP11/12 in Vero cells, strongly suggesting that VP11/12 participates in an Lck-
mediated signaling pathway as a substrate of Lck or a kinase activated by Lck. We sought to elucidate signaling
events downstream of VP11/12-SFK interactions. SFKs lie upstream of the canonical phosphoinositide 3-ki-
nase (PI3K)-Akt pathway in signaling emanating from immune receptors, growth factor receptors, and
polyomavirus middle T antigen. Here, we show that VP11/12 is required for virus-induced activation of
PI3K-Akt signaling in HSV-infected Jurkat T cells and primary fibroblasts. VP11/12 interacts with PI3K or
PI3K signaling complexes during infection, suggesting that VP11/12 activates PI3K directly. SFK activity is
required for tyrosine phosphorylation of VP11/12, VP11/12-PI3K interactions, and Akt activation in infected
fibroblasts, suggesting that SFK-dependent phosphorylation of VP11/12 is required for interactions with
downstream signaling effectors. Akt controls many biological functions, including cell survival, cell motility,
and translation, but it is currently unclear which Akt targets are modulated by VP11/12 during infection.
Although the Akt target mTORCI1 is activated during HSV-1 infection, VP11/12 is not required for this effect,
implying that one or more additional viral proteins regulate this pathway. Further studies are therefore
required to determine which Akt targets and associated biological functions are uniquely modulated by

VP11/12.

Tegument proteins are layered between the capsid and the
envelope in virions of the Herpesviridae family, including those
of herpes simplex virus 1 (HSV-1). These proteins are deliv-
ered into the cytoplasm during viral entry, and from there, they
translocate to various subcellular locations to manipulate host
cell functions. Examples include virion protein 16 (VP16), a
viral transcription factor that promotes immediate-early gene
transcription during infection (reviewed in reference 68), and
virion host shutoff protein, which contributes to an early block-
ade of host protein synthesis by destabilizing cellular mRNAs
(reviewed in reference 55). Many tegument proteins likely play
important roles in virus-host interactions, but the functions of
most of these remain undefined.

VP11/12, one of the most abundant proteins in the HSV-1
tegument, lacks a well-established function during infection;
however, studies from our laboratory suggest that it serves as a
substrate and an activator of the lymphocyte-specific Lck ty-
rosine kinase (64, 72). Originally identified as two proteins,
VP11 and VP12, based on its mobility relative to that of other
virion proteins in a denaturing SDS-polyacrylamide gel (at ca.
87 and ca. 93 kDa) (57), VP11/12 is now known to be one
protein encoded by the open reading frame UL46 (74).
VP11/12 enhances immediate-early viral gene expression in
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transfection-based assays by augmenting the activity of the
HSV-encoded transcriptional activator VP16 (19, 32). How-
ever, studies of VP11/12-null viruses have demonstrated that
VP11/12 is not required for viral immediate-early gene expres-
sion during HSV infection (72, 75). VP11/12 is present in the
membrane fraction of infected cells, although it is not mem-
brane associated in mature virions (36). In addition, VP11/12
localizes to the plasma membrane immediately following viral
entry (67). These studies suggest that VP11/12 may serve a
membrane-associated function that is distinct from its role in
virion assembly.

Our previous studies raised the possibility that VP11/12
modulates one or more cellular signaling pathways (64, 72).
VP11/12 is highly tyrosine phosphorylated in lymphocytes, and
in Jurkat T cells, tyrosine phosphorylation is largely dependent
on the lymphocyte-specific Src family kinase (SFK) Lck (72).
Lck is activated during HSV-1 infection of T cells, and
VP11/12 is required for this effect; moreover, VP11/12 inter-
acts with Lck or Lck signaling complexes (64). These data
suggest that VP11/12 activates Lck to induce its own tyrosine
phosphorylation, perhaps thereby inducing or modifying down-
stream signaling events. However, effects of VP11/12 on sig-
naling downstream of Lck or other SFKs have not yet been
documented. Despite the well-established role of Lck in initi-
ating signaling through the T cell receptor (TCR) (reviewed in
reference 56), VP11/12-dependent activation of Lck does not
trigger TCR signaling (72). Indeed, HSV-1 infection inhibits
TCR signaling (53), and VP11/12 is not required for this effect
(72). Thus, the biological function of Lck-dependent tyrosine
phosphorylation of VP11/12 has yet to be defined.
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It is possible that VP11/12 also interacts with SFKs other
than Lck. Robust tyrosine phosphorylation of VP11/12 is ob-
served for infected T and B cells and natural killer lympho-
cytes, and lower levels of tyrosine phosphorylation are ob-
served for epithelial cells and fibroblasts (72). B cells, epithelial
cells, and fibroblasts lack Lck, raising the possibility that
VP11/12 serves as an activator and a substrate for multiple Src
family members.

In this paper, we describe a role for VP11/12 in the activa-
tion of the phosphoinositide 3-kinase (PI3K)-Akt signaling
pathway. Signaling through this pathway controls many biolog-
ical processes, such as cell motility, growth, proliferation, tran-
scription, translation, and metabolism (reviewed in reference
29). Immune receptors, such as the TCR and BCR (reviewed
in references 17 and 56), growth factor receptors, including
platelet-derived growth factor receptor beta (PDGFR-B) and
insulin receptor (reviewed in reference 38), and the viral pro-
tein polyomavirus middle T antigen (MTAg) (reviewed in ref-
erence 7) are all known to initiate signaling through this path-
way. The PI3K-Akt signaling module begins with the
membrane recruitment and activation of class IA PI3K. Class
IA PI3K (here referred to as PI3K) consists of a catalytic
subunit, p110, and a regulatory subunit, p85, which includes an
Src homology 3 (SH3) and two SH2 adaptor domains. PI3K is
brought to its substrate in the plasma membrane by interac-
tions between the p85 subunit and membrane-associated pro-
teins, such as activated PDGFR-B (69), the insulin receptor
substrate 1 (IRS-1) adaptor protein (37), or polyomavirus
MTAg (62). Once proximal to its substrate, PI3K converts
phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidyl-
inositol 3,4,5-triphosphate (PIP3), a secondary messenger that
leads directly to Akt activation (26). PI3K activity is antago-
nized by a lipid phosphatase, phosphatase and tensin homo-
logue (PTEN), an important negative regulator of PI3K-Akt
signaling (26). PIP3 binds Akt and the Akt activator 3-phos-
phoinositide-dependent kinase 1 (PDK1) through their pleck-
strin homology (PH) domains (39). Colocalization of Akt and
PDKI1 along with a conformational change induced by PIP3
binding to Akt allows PDKI1 to phosphorylate Akt at T308 of
the activation loop (58, 59). Phosphorylation at S473 of the Akt
hydrophobic motif by an enzyme known as PDK2 is also re-
quired for full Akt kinase activity (47). Several kinases have
been proposed to have PDK2 activity, with mammalian target
of rapamycin complex 2 (mTORC2) currently being the fa-
vored candidate (47).

Several lines of evidence suggest that SFKs influence the
PI3K-Akt signaling module; however, in some cases, the mech-
anisms underlying this link have not been clearly defined. The
strongest correlation between SFK activity and Akt signaling is
provided by studies of viral Src (v-Src) from Rous sarcoma
virus. v-Src resembles a constitutively active mutant form of
cellular Src (reviewed in reference 31). Transformation of cells
by v-Src is accompanied by the formation of a v-Src-PI3K
complex and an increase in PI3K activity (14), suggesting that
an active SFK is sufficient to induce signaling through the
PI3K-Akt pathway. Early studies suggested that SFKs, like
v-Src, activate PI3K through a mechanism that involves direct
binding, since the SH3 domains of v-Src (27), Lck (63), and
Fyn (45) bind PI3K in vitro. However, in vivo data supporting
this theory seem to be lacking.
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SFKs are also used to recruit PI3K to cell surface receptors
or other membrane-associated proteins in a variety of signaling
pathways. Examples include signaling through the TCR (56),
BCR (17), PDGFR-B (3, 35, 70), insulin receptor (37, 38, 70),
and polyomavirus MTAg (62). In the cases of the PDGFR-B,
insulin receptor, and polyomavirus MTag, PI3K is brought to
the membrane through interactions of the p85 SH2 domain
and a phosphorylated p85 SH2 binding motif (consensus se-
quence YXXM). SFKs mediate phosphorylation of the p85
SH2 binding motif, either directly or indirectly. For example,
active Src binds MTAg and directly phosphorylates the YXXM
motif within MTAg (5, 8, 9, 48) to facilitate PI3K binding and
PI3K-Akt signaling in vivo (60, 62). In signaling from the in-
sulin receptor, Src phosphorylates and activates the insulin
receptor kinase (70) to indirectly allow for YXXM phosphor-
ylation in the adaptor protein IRS-1 (37).

One report further suggested that SFKs activate Akt signal-
ing by disrupting the activity of PTEN (28). This second in vivo
mechanism is not well established. However, the possibility
that SFKs may simultaneously activate PI3K and suppress
PTEN to induce in vivo Akt activity is intriguing.

Many viruses have been shown to manipulate Akt signaling
for their benefit. Some activate Akt to prevent apoptosis and
enhance infected cell survival; these include Epstein-Barr virus
(EBV) (11, 49, 61), human papillomavirus (73), and hepatitis B
virus (52). The EBV protein BRLF1 also activates Akt signal-
ing to drive transcription of a subset of immediate-early and
early genes, consequently triggering lytic viral replication in
EBV-positive cell lines (10). Human immunodeficiency virus
(HIV) virion production is enhanced by Akt signaling, which
appears to be mediated by at least two viral proteins. HIV
gp120 initiates this signaling during virion binding and entry,
and Nef participates in the assembly of a PI3K signaling com-
plex (13, 25). In addition, many viruses activate the down-
stream mTORCTI signaling module (reviewed in reference 6),
which controls cell growth by integrating signals from growth
factors, amino acids, and energy and oxygen levels (reviewed in
references 12 and 43). The mTORCI complex contains the
mTOR kinase and the scaffolding protein, regulatory associ-
ated protein of mTOR (Raptor). Typically, activation of
mTORCI leads to phosphorylation and activation of p70 ribo-
somal S6 kinase (S6K) and hyperphosphorylation and inhibi-
tion of eukaryotic translation initiation factor 4E (eIF4E) bind-
ing protein 1 (4EBP1). These two events then converge to
enhance translation. Active mTORCI has also been reported
to support functions other than translation, such as enhance-
ment of viral DNA replication during adenovirus infection
(41). For human cytomegalovirus (18) and adenovirus (41)
infections, mMTORCI1 activation is known to require PI3K, but
for many other viral infections, it is unknown whether
mTORC1 is activated by the PI3K-Akt pathway. The
mTORCI1 complex may be activated directly by a virus-en-
coded protein or it may be targeted through an alternate cel-
lular mechanism, such as the ill-defined pathway linking excess
amino acids and mTORCI activation (reviewed in references
12 and 43).

HSV-1 infection activates Akt and the mTORCI pathway (4,
65); however, the viral gene products responsible for these
effects have not been defined and it is not known whether these
two pathways are linked in the context of HSV infection.
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HSV-1 activates Akt early in infection of Hep-2 epithelial cells
(4). However, activation appears to be dampened (although
not eliminated) by the viral serine-threonine kinase US3 at
later times postinfection (4). It is possible that US3 negatively
regulates Akt by directly phosphorylating cellular proteins that
modulate Akt signaling, but the viral or cellular component(s)
that acts with US3 to suppress Akt activation remains un-
known. HSV-1 infection also activates the Akt target
mTORCI in primary fibroblasts and several cell lines (65),
leading to rapamycin-sensitive hyperphosphorylation of
4EBP1 (65). Whether HSV-induced activation of Akt contrib-
utes to the mTORCI1 activation observed during infection is
yet to be investigated.

Our earlier studies demonstrated that HSV activates Lck in
a VP11/12-dependent fashion and that tyrosine phosphoryla-
tion of VP11/12 is dependent largely on Lck. In the present
study, we show that VP11/12 is required for HSV-induced
activation of Akt, and we provide evidence that this effect
requires SFK and PI3K activity.

MATERIALS AND METHODS

Cells and viruses. Human embryonic lung (HEL) fibroblasts and Vero cells
were obtained from the ATCC, while Jurkat 6.8 cells were donated by H. L.
Ostergaard (University of Alberta). These cells were maintained as described
previously (72). The HSV-1 KOS recombinants, GHSV-ULA46 (67) and KOS-G
(34), have been described previously. HSV-1 strain KOS37 was derived from the
KOS37 bacmid (15). The KOS37-derived mutants AUL46galK (VP11/127),
AULA46 (VP11/127), and RUL46 (VP11/12 repaired) have been described pre-
viously (72). All virus stocks were prepared from infected Vero cells.

Infection. Jurkat and HEL cells were infected in serum-free RPMI medium
and Dulbecco’s modified Eagle’s medium (DMEM), respectively, for 1 h at a
multiplicity of infection (MOI) of 10. Cells were harvested at 9 to 20 h postin-
fection (hpi), as indicated in the figure legend.

Transfection and plasmids. Vero cells were transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. pSX-SR Lck
Y505F has been described previously (66) and was kindly donated by D. N.
Burshtyn (University of Alberta). pUL46 has been described previously (72).
pGULA46 was constructed by inserting a green fluorescent protein (GFP) tag into
pULA46 10 amino acids from the C terminus of VP11/12 (after L710), to give a
VP11/12-GFP fusion protein analogous to that encoded by GHSV-UL46 (67).
First, a portion of the multiple cloning site of pUL46 containing a HindIII
restriction site was removed by excision of the Nhel-EcoRI fragment. GFP
c¢DNA was amplified from pEGFP-N1 (Clontech) using the primer pair gtcaaa
gcttAAGATGGTGAGCAAGGGCGA and cttgaagcttCTTGTACAGCTC
GTCC (lowercase letters indicate restriction endonuclease cleavge sites, while
uppercase letters indicate eGFP sequences). GFP cDNA was then inserted into
the remaining HindIII site within UL46.

Western blotting. Cell extracts were prepared at 4°C by a 20-min incubation in
lysis buffer (1% Nonidet, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EGTA, 10 mM NaF, 10 mM B-glycerol phosphate, 1 mM Na;VO,, 50 mM
Tris-HCI [pH 7.4]) supplemented with a complete protease inhibitor cocktail
(Roche). Western blotting was performed as described previously (64).

Immunoprecipitation. Cell extracts were prepared as described for Western
blotting. Immunoprecipitation was performed at 4°C as previously described
(64).

Antibodies. Immunoprecipitation was performed using anti-p85 (4 ng; Milli-
pore), anti-rabbit IgG (4 wg; Sigma), and anti-GFP (2 pl; kind gift of L. Berthia-
ume). Antibodies used for primary detection by Western blotting included an-
tibodies directed against p85 (1:10,000), GFP (1:3,000), phosphotyrosine (4G10,
1:30,000; Upstate), HSV-1 VP16 (LP1, 1:32,000; provided by Tony Minson), and
actin (1:1,000; Sigma). Antibodies directed against the following were also used
for primary detection by Western blotting (1:1,000; Cell Signaling): phospho-Akt
(Thr308), phospho-Akt (Ser473), Akt, phospho-p38 (Thr180/Tyr182), p38, phos-
pho-SAPK/JNK (Thr183/Tyr185), SAPK/JNK, phospho-p70 S6 kinase (Thr389),
p70 S6 kinase, 4E-BP1, phospho-GSK-3B (Ser9), and GSK-3B (27C10). The
anti-phospho-Src family (Tyr 416) from Cell Signaling was used at a 1:2,000
dilution. Secondary antibodies included donkey anti-mouse IR800 (1:15,000;
Rockland, Inc.), goat anti-rabbit Alexa Fluor 680 (1:15,000; Invitrogen), goat
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FIG. 1. Constitutively active Lck enhances tyrosine phosphoryla-
tion of VP11/12 in Vero cells. Vero cells were transfected with plas-
mids encoding constitutively active Y505F Lck, VP11/12, and a VP11/
12-GFP fusion protein, as indicated. Cell lysates were collected 46 h
posttransfection. Phosphotyrosine, GFP, and B-actin were detected by
Western blotting. In all figures, the numbers on the left are molecular
size markers (in kilodaltons).

anti-mouse Alexa Fluor 680 (1:15,000; Invitrogen), goat anti-rabbit horseradish
peroxidase (HRP) (1:3,000; Promega), and donkey anti-goat HRP (1:15,000;
Jackson ImmunoResearch).

RESULTS

Lck enhances tyrosine phosphorylation of VP11/12. We pre-
viously reported that VP11/12 is highly tyrosine phosphory-
lated in lymphocytes and much less so in Vero epithelial cells
(72). We also found that tyrosine phosphorylation in Jurkat T
cells is heavily dependent on the lymphocyte-specific SFK Lck
(72). Therefore, we asked if ectopic overexpression of Lck is
sufficient to enhance tyrosine phosphorylation of VP11/12 in
Vero cells. Cells were transfected with a plasmid(s) encoding
VP11/12, a VP11/12-GFP fusion protein (VP11/12-GFP), and
constitutively active Lck bearing a YS05F mutation. Constitu-
tively active Lck was used in this experiment to ensure Lck
activity in the absence of the leukocyte-specific phosphatase
CD45 (21, 42, 50). Tyrosine-phosphorylated proteins were de-
tected in transfected cell lysates by Western blot analysis with
an anti-phosphotyrosine antibody (Fig. 1). Cells transfected
with the VP11/12 and VP11/12-GFP expression plasmids did
not display a greatly altered tyrosine phosphorylation profile
relative to that of cells transfected with empty vector, while
cells expressing Lck alone showed a prominent ca. 56-kDa
tyrosine-phosphorylated band that we assume is Lck, as well as
an additional ca. 30-kDa protein that remains to be identified
(it is well known that Lck YS505F enhances cellular tyrosine
phosphorylation, including the autophosphorylation of Lck [1,
30]). In contrast, cells transfected to coexpress Lck and
VP11/12 displayed a prominent novel doublet at ca. 90 kDa,
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consistent with the mobility of tyrosine-phosphorylated
VP11/12 (57), as well as additional bands at ca. 60, 40, and 30
kDa. As expected, the ca. 90-kDa VP11/12 doublet was re-
placed by the predicted ca. 120-kDa VP11/12-GFP fusion pro-
tein in cells coexpressing Lck and VP11/12-GFP. This sample
also displayed additional bands at ca. 60 and 30 kDa. The ca.
60-, 40-, and 30-kDa proteins may be degradation products of
VP11/12 and VP11/12-GFP or indicative of separate tyrosine
phosphorylation events related to Lck-VP11/12-mediated sig-
naling. Consistent with the former possibility, Western blotting
with an anti-GFP antibody revealed several prominent GFP-
reactive bands that migrated more rapidly than full-length
VP11/12-GFP (Fig. 1). Overall, these data document that Lck
is sufficient to enhance tyrosine phosphorylation of VP11/12 in
vivo.

HSYV requires VP11/12 for Akt activation during Jurkat T
cell infection. We sought to identify HSV-1-induced signaling
events downstream of VP11/12-Lck interactions. Previous
studies have documented that HSV-1 infection activates sev-
eral host signaling effectors, including p38 (22, 33, 54, 71), INK
(22, 33, 54, 71), Akt (4), and the Akt target mTORCI1 (65).
Since HSV-induced activation of p38 and JNK has been de-
scribed for Jurkat T cells (54), we first asked whether activa-
tion of these kinases requires VP11/12. To address this
question, the activating phosphorylation of p38 and JNK
was measured for Jurkat T cells infected with wild-type
HSV-1 KOS37, two VP11/12-null HSV-1 mutants derived
from KOS37, AUL46galK and AUL46, and a AUL46galK
derivative with a repaired VP11/12 open reading frame,
RULA46 (see Fig. S1 in the supplemental material). All four
viruses enhanced the activating phosphorylation of these
kinases, demonstrating that VP11/12 is not required for
HSV-induced activation of p38 and JNK.

As reviewed in the introduction, SFKSs lie upstream of PI3K-
Akt in many signaling pathways. Therefore, we asked whether
HSV-1 infection activates Akt in a VP11/12-dependent man-
ner in Jurkat cells. Active Akt was detected by Western blot-
ting using an antibody specific for Akt phosphorylated at the
activating serine of the hydrophobic motif (anti-pS473) (Fig.
2). The ratio of the infrared signal generated by anti-pS473
relative to that of total anti-Akt was used to quantitatively
compare Akt activation between samples. As a leukemic cell
line, Jurkat T cells are PTEN deficient, a defect that promotes
cell survival through constitutive activation of Akt (51). Ac-
cordingly, mock-infected Jurkat T cells displayed high levels of
active phospho-S473 Akt. Nevertheless, KOS37 and RULA46
increased the levels of phospho-S473 Akt more than 2-fold
relative to levels in mock-infected cells. Both infected samples
also demonstrated a slight reduction in the electrophoretic
mobility of total Akt. This change in the mobility of Akt is
consistent with activation-induced posttranslational modifica-
tions, including phosphorylation of S473. In contrast, samples
infected with the VP11/12-null mutants AUL46galK and
AULAG6 displayed lower levels of phospho-S473 Akt than those
in the KOS37, RUL46, and mock-infected samples.
AUL46galK and AULA46 also failed to induce a mobility shift in
the total Akt signal relative to that for mock-infected cells.
Importantly, the late viral protein VP16 accumulated to wild-
type levels during infection with AUL46galK and AULA46, sug-
gesting that defects observed did not arise from reduced ex-
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FIG. 2. VP11/12 is necessary for Akt activation in HSV-infected
Jurkat cells. Jurkat T cells were mock infected and infected with
HSV-1 KOS37, the VP11/12-null mutants AUL46galK and AULA46,
and the VP11/12-repaired virus RULA46. Cell lysates were collected at
9 hpi and analyzed for the activating phosphorylation of Akt at S473
(anti-pS473), total Akt, VP16, and B-actin by Western blotting.

pression of viral proteins other than VP11/12 (Fig. 2). These
findings indicate that VP11/12 is required for HSV-induced
activation of Akt. Furthermore, infection with VP11/12-null
HSV appears to decrease phospho-S473 Akt levels relative to
those for mock-infected cells, suggesting that one or more viral
gene products inhibit Akt activity in the absence of VP11/12.

VP11/12 is required for Akt activation in primary HEL fi-
broblasts. A thorough investigation of VP11/12-dependent
Akt signaling in Jurkat T cells was not possible due to the
PTEN defect in these cells (51). We therefore sought to ex-
amine Akt activation following infection of primary CD8* T
cells. Others have shown that although primary T cells cannot
be infected by cell-free HSV, they are efficiently infected fol-
lowing exposure to HSV-infected fibroblasts (2, 20, 44). During
the course of preliminary experiments along these lines, it
became apparent that HSV-1-infected primary human embry-
onic lung (HEL) fibroblasts display high levels of active Akt.
To determine the time course of activation, HEL fibroblasts
were infected with wild-type HSV-1 strains F and KOS, and
samples harvested at various times postinfection were analyzed
by Western blotting using antibodies specific for Akt phosphor-
ylated at each of the activating residues, threonine 308 in the
activation loop and serine 473 in the hydrophobic motif (anti-
pT308 and anti-pS473) (Fig. 3). The signals obtained with the
anti-Akt antibody suggested that total Akt levels decline some-
what over the course of infection in HEL cells. Thus, any
increases in the signal obtained with the anti-phospho-T308
and anti-phospho-S473 Akt antibodies reflect enhanced Akt
activation. HSV-1 strains F and KOS both induced increased
Akt phosphorylation, with the increase being detectable by 4
hpi and rising until 20 hpi.

We asked if HSV-1-induced activation of Akt in HEL cells
requires VP11/12 (Fig. 3B). Infection with KOS37 and RUL46
led to a large increase in the levels of active Akt compared to
those in mock-infected cells, while AUL46galK and AUL46
had no such effect (Fig. 3B). Thus, VP11/12 is required for
activation of Akt in primary HEL fibroblasts, providing a con-
venient system for studying the underlying mechanisms. It is
interesting to note that although VP11/12 is an abundant com-
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FIG. 3. HSV requires VP11/12 to activate Akt late during HEL fibroblast infection. (A) HEL fibroblasts were mock infected (M) or infected
with HSV-1 strain F or KOS. Cell lysates were collected at the indicated times postinfection and analyzed by Western blotting using anti-pS473,
anti-pT308, anti-VP16, and anti-Akt. (B) HEL fibroblasts were mock infected and infected with HSV-1 KOS37, VP11/12-null viruses, AUL46galK
and AULA46, and the VP11/12-repaired virus RULA46. Cell lysates were collected 15 hpi and analyzed by Western blotting using antibodies against

the activating phosphorylation of Akt at T308 (anti-pT308) and S473 (anti-pS473), total Akt, VP16, and B-actin.

ponent of the virion tegument, no increase in Akt phosphory-
lation was observed at 1 hpi (Fig. 3A). This observation sug-
gests that the enhanced Akt phosphorylation that we have
observed depends on de novo synthesis of VP11/12 rather than
on VP11/12 delivered by the infecting virion.

HSYV infection activates Akt through cellular PI3K. PI3K
often lies upstream of Akt in signaling pathways triggered by
host cell surface receptors. To assess whether PI3K activity is
also required for the VP11/12-dependent activation of Akt
observed late during HSV infection, we infected HEL fibro-
blasts with wild-type HSV-1 KOS and then treated the cultures
with the PI3K-specific inhibitors wortmannin and Ly294002
(Fig. 4). The inactive LY294002 analogue LY303511 was used
as a negative control. Wortmannin and LY294002 completely
blocked HSV-induced activation of Akt as assessed by phos-
phorylation of S473, while LY303511 had no effect. Given that
the inhibitors had little or no effect on expression of VP16,
these results suggest that HSV infection triggers VP11/12-de-
pendent PI3K-Akt signaling.
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FIG. 4. Infection-induced activation of Akt is PI3K dependent.
HEL fibroblasts were mock infected or infected with HSV-1 KOS.
Kinase inhibitors specific for PI3K, wortmannin, and LY294002 and
the inactive analogue of 1.Y294002, LY303511, were added to cultures
at 11 h postinfection as indicated. Cell lysates were collected at 19 hpi
and analyzed by Western blotting using the indicated antibodies.

VP11/12 interacts with the regulatory subunit of PI3K, p85.
The Scansite 2.0 algorithm (40) identified a potential binding
motif for the SH2 domain of the regulatory subunit of PI3K
p85 in VP11/12 (YTHM, at Y519). In addition, VP11/12 has
been reported to associate with infected cell membranes (36).
Therefore, it seemed possible that direct interactions between
PI3K and VP11/12 might activate cellular PI3K-Akt signaling,
by recruiting PI3K to its substrate PIP2. As a test of this
possibility, we used immunoprecipitation/Western blot assays
to determine whether VP11/12 interacts with PI3K during in-
fection (Fig. 5). Jurkat T cells were either mock infected or
infected with HSV-1 KOS or the KOS derivatives GHSV-
ULA46 and KOS-G, which encode GFP-tagged VP11/12 or un-
modified enhanced GFP (eGFP), respectively. Cell extracts
were immunoprecipitated with an anti-GFP antibody and then
analyzed by Western blotting for p85. We found that p85 was
coimmunoprecipitated only from the GHSV-UL46-infected
samples (Fig. 5A); note that the ca. 100-kDa species detected
by the p85 antibody in the cell lysates was not consistently
observed and was not coimmunoprecipitated with VP11/12.
Conversely, the VP11/12-GFP fusion protein was pulled down
by the anti-p85 antibody but not by control rabbit IgG (Fig.
5B). Collectively, these assays indicate that VP11/12 interacts
with p85 either directly or indirectly during infection.

SFK activation in HEL fibroblasts does not strictly require
VP11/12. We previously demonstrated that VP11/12 is re-
quired for HSV-induced activation of Lck (64) and that Lck
activity contributes to tyrosine phosphorylation of VP11/12
(72). Tt therefore seemed plausible that Lck may be required
for activation of Akt in T cells and that other SFKs may
support VP11/12-dependent Akt activation in HEL fibroblasts
and other cell types that do not express Lck. To address this
hypothesis, we first asked whether VP11/12 is required for
activation of SFKs in HEL fibroblasts, as it is for Lck activation
in Jurkat T cells (64). To detect SFK activation, we probed
Western blots with an antibody specific for SFKs phosphory-
lated at the activating tyrosine residue (the equivalent of Y416
of Src) (Fig. 6). SFKs phosphorylated at this residue increased
relative to B-actin during HSV infection. However, this in-
crease was only partially impaired during infection with the
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FIG. 5. VP11/12 interacts with p85 during infection. Jurkat T cells were mock infected or infected with KOS or KOS-derived viruses which
express either GFP (KOS-G) or a VP11/12-GFP fusion protein (GHSV-UL46). (A) Western blot analysis of p85 and GFP in anti-GFP
immunoprecipitates. Lysate controls were analyzed by Western blotting directly. The ca. 100-kDa band in the cell lysate that cross-reacts with
anti-p85 antibody was not consistently observed. (B) Western blot analysis of p85 and GFP in immunoprecipitates obtained with anti-p85 or rabbit
IgG. Lysate controls were analyzed by Western blotting directly. WB, Western blot; IP, immunoprecipitation.

VP11/12-null viruses AUL46galK and AUL46. These results
indicate that although VP11/12 may contribute to SFK activa-
tion in HEL fibroblasts, other viral gene products are able to
activate SFKSs in its absence. In this context, it is interesting to
note that a previous report implicated ICP0, US3, and UL13 in
activating SFKs other than Lck in Vero cells (24).

SFK activity is required for VP11/12-PI3K interactions and
Akt activation. Although tyrosine phosphorylation of VP11/12
is weaker in HEL fibroblasts than in lymphocytes (72), it is
nevertheless detectable in these cells by Western blot analysis
using an anti-phosphotyrosine antibody (Fig. 6 and additional
data not shown). To determine whether SFK activity is re-
quired for tyrosine phosphorylation of VP11/12 in HEL cells,
we examined the effects of the SFK-specific inhibitor PP2 (Fig.
7). Cells were infected with wild-type HSV-1 KOS and then
treated with PP2 at a concentration of 10, 20, or 30 uM at 11
hpi, and tyrosine phosphorylation was analyzed by Western
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FIG. 6. VP11/12 is tyrosine phosphorylated and promotes SFK ac-
tivation in infected HEL fibroblasts. HEL fibroblasts were infected
with HSV-1 KOS37, AUL46galK, AUL46, and RULA46. Cell lysates
were collected at 21 h postinfection and analyzed by Western blotting.
Western blot detection of SFKs phosphorylated at the activating ty-
rosine (the equivalent of phospho-Y416 of Src, anti-active SFK), phos-
photyrosine (anti-pTyr), VP16, and B-actin.

blotting at 20 hpi. The inactive PP2 analogue PP3 (30 pM)
served as a control. PP2 greatly reduced the ca. 90-kDa phos-
photyrosine signal arising from VP11/12, while exposure to
PP3 (30 uM) had no effect. Inasmuch as PP2 has little or no
effect on the levels of (GFP-tagged) VP11/12 (Fig. 8), these
data suggest that tyrosine phosphorylation of VP11/12 is de-
pendent largely on SFKs in HEL fibroblasts, just as it is in
Jurkat cells. HSV infection also greatly enhanced the intensity
of a ca. 55-kDa tyrosine-phosphorylated band (Fig. 7). Some of
this signal presumably arises from activated SFKs. Whether
additional ca. 55-kDa proteins are also tyrosine phosphory-
lated remains to be determined.

To determine whether SFK-dependent phosphorylation of
VP11/12 is required for the interaction between VP11/12 and
PI3K, we assessed whether inhibiting SFK activity reduces the
association of these two proteins (Fig. 8). HEL fibroblasts were
infected with the HSV-1 KOS derivatives GHSV-UL46 and
KOS-G. Some of the cultures infected with GHSV-ULA46 were
treated at 11 hpi with PP2 (10 pM) and PP3 (10 pM). Cell
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FIG. 7. SFK activity is required for tyrosine phosphorylation of
VP11/12. HEL fibroblasts were mock infected or infected with HSV-1
KOS. At 11 h postinfection, the specific SFK inhibitor PP2 was added
at 10, 20, and 30 wM, and the inactive analogue of PP2, PP3, was added
at 30 pM as indicated. Cell lysates were collected at 16 hpi and
analyzed by Western blotting using anti-phosphotyrosine and anti-f3-
actin.
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FIG. 8. SFK activity is required for VP11/12-p85 interaction(s).
HEL fibroblasts were infected with the HSV-1 KOS-derived viruses
KOSG and GHSV-ULA46. At 11 h postinfection, PP2 (10 wM) and PP3
(10 pM) were added to cultures as indicated. Cell lysates were col-
lected at 18 hpi. Anti-GFP immunoprecipitates were analyzed by
Western blotting using the indicated antibodies. Lysate controls were
analyzed directly.

lysates were prepared 7 h later and immunoprecipitated with
the anti-GFP antibody, and the precipitates were analyzed for
p8S5 by Western blotting. PP2 treatment greatly reduced the
association between p85 and the VP11/12-GFP fusion protein
encoded by GHSV-ULA46, while PP3 had no effect. A similar
result was also seen for Jurkat T cells (data not shown). These
data indicate that SFK activity is required for p85-VP11/12
interactions and suggest that SFK activation is one of the initial
steps in VP11/12-dependent PI3K-Akt signaling. Consistent
with this hypothesis, PP2 treatment severely reduced HSV-
induced activation of Akt as assessed by phosphorylation of
Akt S473, while PP3 had no effect (Fig. 9).

VP11/12 is not required for HSV-induced activation of
mTORCI1. A previous report by Walsh and Mohr demon-
strated that HSV infection activates mTORCI, resulting in
hyperphosphorylation and inactivation of the mTORC1 target
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FIG. 9. Inhibition of SFK activity prevents Akt activation during
HSV infection. HEL fibroblasts were mock infected or infected with
HSV-1 KOS. At 11 h postinfection, the SFK inhibitor PP2 was added
at a concentration of 10, 20, and 30 M, and the inactive PP2 analogue
PP3 was added at a 30 pM concentration. Cell lysates were collected
at 16 hpi and analyzed by Western blotting using the indicated anti-
bodies.
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FIG. 10. VP11/12 is not required for infection-induced phosphory-
lation of the mTORCT1 substrates S6K and 4E-BP1. HEL fibroblasts
were infected with HSV-1 KOS37, AUL46galK, AUL46, and RULA6.
At 20 h postinfection, lysates were collected and analyzed for phos-
phorylation of S6K at T389 (anti-pT389), total S6K, and total 4E-BP1
by Western blotting.

4EBP1 (65). Because Akt is a well-known activator of
mTORCI, we asked if VP11/12 contributes to mTORCI sig-
naling and examined the effects of VP11/12-null mutations on
phosphorylation of the downstream mTORCI targets 4EBP1
and S6 kinase (S6K) (Fig. 10). As seen previously (65), infec-
tion with wild-type HSV-1 KOS37 and RUL46 induced hyper-
phosphorylation of 4EBP1, as was evident by a decrease in its
electrophoretic mobility. KOS37 and RULA46 also increased
the fraction of S6K phosphorylated at the activating residue,
T389 (anti-pT389) compared to that seen with mock infection.
These changes are consistent with the previously reported
HSV-induced activation of mMTORCI. Interestingly, the VP11/
12-null mutants AUL46galK and AULA46 displayed wild-type
activity levels in these assays, indicating that VP11/12 is not
required for activation of mTORCI.

Phosphorylation of another Akt substrate, glycogen syn-
thetase kinase 38 (GSK-33), was also examined. Akt phosphor-
ylates GSK-3pB at residue S9, inactivating the enzyme and pro-
moting glycogen synthesis and protein synthesis by releasing
inhibition of glycogen synthase and eIF2B (46). Phosphoryla-
tion of GSK-3B S9 was enhanced during infection with wild-
type HSV KOS37, AUL46galK, AUL46, and RULA46 (see Fig.
S2 in the supplemental material). Thus, HSV infection en-
hances GSK-3B phosphorylation, but it does not require
VP11/12 to do so.

DISCUSSION

A previous study documented that HSV-1 infection leads to
activation of Akt (4); however, the viral gene product respon-
sible was not identified. Here, we demonstrate that the HSV-1
tegument protein VP11/12 is essential for this process, and we
present evidence that VP11/12 acts by recruiting and activating
cellular PI3K. Along with our previous reports, the results
presented in the present study support a model in which
VP11/12 recruits Lck and other SFKs to initiate signaling
through the PI3K-Akt signaling module. VP11/12 contains a
putative high-affinity SFK SH2 binding motif, YEEI, at residue
Y624, and we have previously suggested that this motif binds
and activates Lck and other SFKs (64), leading to tyrosine
phosphorylation of VP11/12 (72). Based on the results of the
present study, we further propose that the activated SFK then
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promotes binding of PI3K to membrane-associated VP11/12,
most likely by triggering phosphorylation of VP11/12 residue
Y519 within the predicted p85 SH2 binding motif, YTHM.
According to this model, VP11/12 activates PI3K-Akt signaling
by mimicking an activated growth factor receptor, such as
PDGFR-B. In support of this theory, VP11/12 is found in a
complex with PI3K (Fig. 5) and associates with cellular mem-
branes during infection (36). Thus, binding of PI3K to VP11/12
may recruit PI3K to its substrate PIP2. Also consistent with this
model, SFK activity is required for VP11/12 tyrosine phosphor-
ylation (Fig. 7), PI3K binding to VP11/12 (Fig. 8), and activa-
tion of Akt (Fig. 9). It is interesting to note that the YEEI and
YTHM motifs are conserved in the VP11/12 orthologues of
several closely related members of the Simplexvirus genus of
the Alphaherpesvirinae, including HSV-2, cercopithecine her-
pesvirus 1 (CHV-1), CHV-2, and CHV-16, suggesting that
these proteins may also participate in SFK- and PI3K-depen-
dent signaling. We currently seek to directly test the roles of
the YEEI and YTHM motifs in SFK activation and PI3K
recruitment, respectively, and determine whether VP11/12 is
sufficient to trigger activation of Akt when it is expressed in
isolation.

VP11/12 interacts with PI3K, suggesting that it directly
activates PI3K. However, it is unclear whether VP11/12-
mediated PI3K activation fully accounts for the Akt activa-
tion observed during HSV-1 infection. For example, full
activation of Akt requires phosphorylation of S473 in the
hydrophobic motif by PDK2 in addition to phosphorylation
of the activation loop by PDKI1 (47), and the identity of
PDK2 and the trigger for its activation have yet to be con-
clusively determined. To date, the best candidate for PDK2
is mTORC2 (47). Thus, determining whether and how
HSV-1 activates mTORC2 is of great interest. It is also
possible that HSV-1 infection stimulates Akt by inhibiting
the PI3K antagonist PTEN in addition to activating PI3K. In
this context, it is interesting to note that overexpression of
active Src interferes with PTEN activity (28), although it is
unclear whether active SFKs generally disrupt PTEN activ-
ity in other signaling systems. It will therefore be interesting
to determine whether HSV-1 infection inhibits PTEN, and if
so, whether VP11/12 is involved.

HSV-1 may also encode Akt activators in addition to
VP11/12. One report demonstrated that expression of
HSV-1 latency-associated transcript in neuroblastoma cells
was sufficient to increase levels of total Akt and phosphor-
ylated Akt (23). Another report suggested that the serine/
threonine kinase activity of HSV-2 ICP10 activates Akt (16).
We have yet to investigate whether ICP6 (the HSV-1 ho-
mologue of HSV-2 ICP10), the latency-associated tran-
script, or other HSV-1-encoded signaling modulators are
able to contribute to the VP11/12-dependent activation
of Akt.

Previously, the HSV-1 serine threonine kinase US3 was
shown to contribute to the loss of the active phosphorylated
form of Akt late during HSV-1 infection of Hep-2 cells (4).
Combined with our findings, these results suggest that
HSV-1 encodes both positive and negative regulators of
Akt. Supporting this theory, the levels of phospho-S473 Akt
were greatly reduced compared to those for mock-infected
cells after infection of Jurkat T cells with VP11/12-null

J. VIROL.

HSV-1 (Fig. 2). Further experimentation is required to de-
termine whether US3 is responsible for this inhibition. If
HSV does indeed encode both an activator and an inhibitor
of Akt, then the status of this key signaling kinase is likely to
be subject to complex control, implying that it modulates
one or more important aspects of the viral life cycle.

Although HSV-1 infection clearly induces VP11/12-de-
pendent activation of Akt, as indicated by phosphorylation
of Akt on its activation loop and hydrophobic motif, we have
yet to identify downstream Akt targets that are phosphory-
lated in a VP11/12-dependent fashion during HSV-1 infec-
tion. Although HSV-1 infection activates the Akt target
mTORC1 (65), our data indicate that VP11/12 is not re-
quired for this effect (Fig. 10). Likewise, HSV-1 infection
enhances phosphorylation of the Akt substrate GSK-38, but
in a VP11/12-independent fashion (Fig. S1). These surpris-
ing data raise the possibility that these Akt substrates are
phosphorylated via an alternative Akt-independent pathway
during HSV-1 infection. Further studies are required to test
this hypothesis and determine which (if any) Akt targets are
phosphorylated in a VP11/12-dependent manner during in-
fection.
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