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1.   ABSTRACT

Herpes simplex viruses types 1 (HSV-1) and 2
(HSV-2) are associated with a wide range of diseases
related to infection of epithelial or neuronal tissues. The
two viruses evidence distinct pathogenesis aspects, which
are likely mediated by distinct viral genes.  One such gene
is UL39, which codes for the large subunit of
ribonucleotide reductase (R1, also known as ICP6 and
ICP10 for HSV-1 and HSV-2 respectively).   The HSV-2
R1 has serine-threonine protein kinase (PK) activity, which
is located within the first 411 amino acids (ICP10PK).
ICP10PK is a constitutively activated growth factor
receptor (GFR) that signals through the Ras/MEK/ERK
pathway.  It has transforming activity in immortalized cells,
mitogenic (but not transforming) activity in normal diploid
cells, and anti-apoptotic (survival) activity in post mitotic
neurons in the central nervous system (CNS).  In addition
to the Ras/MEK/ERK, ICP10PK also activates the PI3-
K/Akt pathway, upregulates the Ras family member Rap-1
and adenylate cyclase and activates the B-Raf kinase
activity.  ICP10 PK appears to have a cellular origin.  Its
conservation is most likely to reflect the ability to impart an
evolutionary advantage, particularly in the face of pro-
apoptotic viral genes.  Indeed, activation of the
Ras/MEK/ERK pathway by ICP10PK is required for virus
growth.

2.   INTRODUCTION

Herpes simplex viruses types 1 (HSV-1) and 2
(HSV-2) are associated with a wide range of diseases
related to infection of epithelial or neuronal tissues.   Both
viruses initially infect skin and mucous membranes.  They

replicate in epithelial cells at these sites, causing clinically
overt disease (primary infection), which is characterized by
vesicular lesions of different severity that often coalesce.
The virus is then transported by retrograde axonal transport
to trigeminal and cervical (HSV-1) or sacral (HSV-2)
sensory ganglia, where a latent infection is established.
During latency the viral genome persists as an episome, in
a largely transcriptionally silent state.   Transcription
resumes upon patient exposure to a wide range of stimuli,
including immunosuppression, nerve damage,
psychological stress, or UV exposure. It results in virus
reactivation and transport back to the initial site of
infection. Contrary to the widely held belief that HSV-1
and HSV-2 are indistinguishable, the two viruses evidence
distinct pathogenesis, notably the ability of HSV-1, but not
HSV-2, to cause encephalitis in adult subjects (1,2). These
differences point to the existence of serotype-specific
functions, which are likely mediated by distinct viral genes.

The overall homology between HSV-1 and HSV-
2 is 50%, and it is considerably lower for some genes or
sequences within them.  One viral gene that is structurally
and functionally different in HSV-1 and HSV-2 is UL39,
which codes for the large subunit of ribonucleotide
reductase (R1, also known as ICP6 and ICP10 for HSV-1
and HSV-2 respectively).  In HSV-2, the R1 protein has a
serine-threonine protein kinase (PK) activity, which is
located within the first 411 amino acids (ICP10PK) (3).
The ICP10PK protein has a relatively low level of
homology to its HSV-1 counterpart (<40%), while the R1
domain that binds the small subunit of ribonucleotide
reductase, is highly conserved (90% homology). The HSV-
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1 counterpart of ICP10PK does not have enzymatic activity
and its function is dramatically different. This review
discusses the different functions of ICP10PK, with
particular emphasis on the mechanism involved in its
proliferative and anti-apoptotic activities and the
contribution of the cell type and its mitotic state.

3.  ICP10PK IS A CONSTITUTIVELY ACTIVATED
GROWTH FACTOR RECEPTOR (GFR) SERINE-
THREONINE KINASE

The HSV UL39 gene product is R1, the large
subunit of the viral ribonucleotide reductase (4,5).  Unlike
R1 counterparts in eukaryotic and prokaryotic cells and in
other herpesviruses, the HSV-1/2 R1 proteins have a
unique amino terminal domain that is poorly conserved
relative to the carboxy-terminal domain. In HSV-2, the R1
amino-terminal domain has serine-threonine kinase activity
(ICP10PK) with both auto- and trans-phosphorylating
functions (6-11).  The targets of ICP10PK include
calmodulin, histones, ras-GAP, and the HSV-2 proteins
RR2, VP16, and vhs (7-13).   Philogenetic studies indicated
that this amino terminal domain, which is located at amino
acids 1-411, might have originated from a cellular protein
with atypical serine-threonine PK activity (12). This
interpretation is supported by subsequent findings that
ICP10PK is homologous to a heat shock protein with
atypical serine-threonine PK activity  (14).

Most orthodox eukaryotic PKs have 12 catalytic
motifs and function with only one ATP binding site.
However, recent studies have identified eukaryotic proteins
with demonstrated kinase activity that shares little or no
recognizable sequence similarity with the canonical PKs
(15,16). ICP10PK, which was originally considered
uniquely distinct, is now recognized as a member of the
growing family of atypical kinases (15).  Indeed, ICP10PK
has only 8 catalytic motifs.  The catalytic core is localized
within the first 270 amino acids (29kDa protein) (7), and
two lysine residues that bind ATP are required for
enzymatic activity.  Kinase activity was significantly
reduced by replacement of Lys176 (Km = 1.2 and 6.6 µM
for the wild type and mutant respectively) or Lys259 (Km =
1.2 and 9.4 µM for the wild type and mutant respectively),
both of which bind ATP, as evidenced by FSBA-binding
and competition studies. Enzymatic activity was abolished
only when both lysine residues were mutated (8,9).

The ICP10 PK catalytic core is preceded by a
single transmembrane (TM) helical segment, which is
followed by a basic amino acid that is responsible for
anchoring the TM into the cell membrane. There is a short
(88 amino acids) extracellular domain, which initiates with
a signal peptide (6,13).  In HSV-2 infected and stably
transfected cells, ICP10PK is localized on the cell surface
(11) and it is internalized by the endocytic pathway (17).
The ICP10 kinase activity is constitutively activated, and
ligand binding does not regulate it. However, it is ligand
inducible, as shown  with  a chimera in which the ICP10
extracellular domain was replaced with that of the
epidermal growth factor receptor (18).  Thus, ICP10PK is
an activated growth factor receptor that can transmit

extracellular signals. Significantly, the HSV-1 R1 protein
(also known as ICP6) retained the unique amino-terminal
sequences that were likely co-opted from a cellular gene
(14).  However, ICP6 does not have kinase activity (6), it is
not located on the cell surface (19) and it does not function
as a growth factor receptor.  The evolutionary pressures
responsible for these differences are unknown, and may be
reflect the distinct tissues infected by the two HSV
serotypes and/or the ganglia in which they establish latent
infection.

4.  ICP10PK HAS TRANSFORMING ACTIVITY IN
IMMORTALIZED CELLS

Following up on the original report that HSV-2,
the lytic function of which had been inactivated, causes
morphological transformation of immortalized cells (20),
early studies from Aurelian’s laboratory sought to identify
the transforming viral DNA sequences using restriction
endonuclease mapping.  DNA sequences within the BglIIC
restriction endonuclease fragment were shown to cause
multistep neoplastic transformation of primary diploid
rodent cells.  The first step was cellular immortalization
and it was mediated by sequences located within the left
hand region of the BglIIC fragment. The mechanism of
cellular immortalization is still unclear.  It may involve the
functional disruption of tumor suppressor genes and/or
activation of telomerase activity (21).  Immortalization was
followed by transformation mediated by sequences within
the right hand region of the BglIIC fragment that code for
ICP10PK (22-26).  ICP10PK also transformed
immortalized human cells, but it did not transform normal
diploid cells.

Immortalization is required for transformation by
ICP10PK.  However, transformation is independent of the
mechanism of cellular immortalization, and it is equally
effective in cells immortalized by spontaneous genetic
alterations, HSV-2 immortalizing DNA sequences or other
immortalizing viral genes (viz. adenovirus E1a) (11,22).
Cell proliferation and the maintenance of the
transformed/tumorigenic phenotype depends on the
constitutive expression of ICP10PK, as evidenced by
inhibition with antisense oligonucleotides that specifically
inhibit ICP10PK expression. As will be discussed below,
the mechanism of ICP10PK-mediated cell proliferation is
activation of the Ras/MEK/ERK signaling pathway.  This
is a relatively unusual mechanism for the regulation of cell
life/death decisions by a viral gene, but it is common for
cellular genes that regulate such decisions, notably Ras.
Indeed, enforced Ras expression converts immortalized
cells to a neoplastic phenotype, and the adenovirus
immortalizing early region gene (E1a) collaborates with
both ICP10 PK (11) and Ras (27) to convert cells to a full
neoplastic phenotype.

5. ICP10PK HAS MITOGENIC ACTIVITY IN
DIPLOID CELLS

Although ICP10PK does not transform normal
diploid cells, it can stimulate their proliferation.  Thus, a
complication of HSV-2 infection is the development of
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Figure  1.  ICP10 expression is higher in HSV-2
hyperproliferative than vesicular lesions. Extracts from
normal skin (lane 1), HSV-2 hyperproliferative (lane 2), and
vesicular (lane 3) lesions were immunoblotted with ICP10
specific antibody (upper panel). Loading control protein
(actin) (lower panel).

hyperproliferative lesions, which can be difficult to treat.
We reported the case of a patient with common variable
immunodeficiency that presented with large
hyperproliferative lesions caused by an acyclovir resistant
HSV-2 mutant.  Histopathology revealed pseudo-
epitheliomatous hyperplasia, but the lesion did not contain
malignant cells and the patient was successfully treated
with foscarnet (28). The lesions recurred and were similarly
controlled with foscarnet therapy. Immunoblotting of
extracts from hyperproliferative and vesicular HSV lesions
using antibody specific for ICP10 PK indicated that the
levels of ICP10 PK were significantly higher in the
hyperproliferative (Figure 1, lane 2) than the vesicular (Fig
1, lane 3) lesion.  Normal skin tissue did not express ICP10
PK (Fig 1 lane 1), and the loading control protein showed
that equivalent amounts of extracts were analyzed. Because
the patient suffered from common variable
immunodeficiency, which may favor virus replication due
to immune evasion, the increased levels of ICP10 PK in the
hyperproliferative lesion may be due to higher levels of
replicating virus.  Virus titers were not directly compared in
these studies. However, an alternative interpretation that is
not excluded by our studies is that the increased levels of
ICP10 PK in the hyperproliferative lesions are indicative of
impaired regulation of viral gene expression related to
acyclovir resistance. HSV-induced hyperproliferative
lesions were also described by others (29). Collectively, the
data indicate that ICP10 PK overexpression is associated
with benign cellular hyperproliferation, a conclusion
supported by the results of experimental studies
(unpublished observation).

6.   ICP10PK ACTIVATES THE RAS/MEK/ERK
SIGNALING PATHWAY

6.1. Ras signaling defines cell life and death decisions
Cell proliferation is induced by GFR activation

and/or binding of cell adhesion molecules (viz. integrins) to
specific extracellular matrix (EM) molecules.  Their
stimulation results in a cascade of phosphorylation events
which lead to the upregulation of transcription factors,
increased expression of genes that regulate cell cycle
progression (viz. cyclin D1) and downregulation of cyclin
dependent kinase inhibitors (CDK).  Ras activation initiates
the cascade of protein-protein interactions known as the

ERK signaling pathway.  It also activates the PI3-K/Akt
cascade (Figure  2B).

Ras is a membrane bound G protein, which is
activated by binding of GTP as a result of growth factor-
mediated activation of cognate receptors.  Exchange
factors, such as Sos are involved in the conversion of Ras-
GDP to Ras-GTP.  Once activated, Ras triggers activation
of a cascade of serine/threonine PKs beginning with Raf-1
and followed by MAP kinase kinase (MEK 1/2) and
mitogen activated kinase (ERK1/2). It culminates in
increased expression/ activation of transcription factors,
such as c-Fos, which is important for cell cycle progression
into S phase. This conserved Ras-activated PK cascade
regulates cell growth, proliferation and differentiation in
response to growth factors, cytokines and hormones.
Under normal conditions, Ras is downregulated by the
GTPase activating protein Ras-GAP, which enhances the
weak GTPase activity of Ras, and hydrolyzes the bound
GTP to GDP.  The transcription factors that are upregulated
by the Ras activated pathways are likely to contribute to the
cell type specificity of the response and its outcome.
Determinant roles are played by the cell type, its mitotic
state (position on the cell cycle) and the nature and duration
of the external stimulus.  For example, c-Fos is
upregulated/stabilized as a result of the ICP10PK-mediated
activation of the Ras/MEK/ ERK pathway in mitotic cells
(30).  By contrast, in post-mitotic neurons, pathway
activation by ICP10PK results in the upregulation of the
transcription factor CREB (31).

C-Raf-1 activation is initiated by the activated
Ras (Ras-GTP), which binds to the Ras-binding domain
(RBD) within the Raf-1 N-terminal regulatory region.
Concomitant conformational changes and recruitment to
the cell membrane promote changes in Raf phosphorylation
that combine to stimulate its serine-threonine kinase
activity.  Raf activation is followed by the sequential
phosphorylation (activation) of MEK and ERK (32).  In
humans, there are 3 functional Raf proteins (A-Raf, B-Raf
and C-Raf) but only A-Raf and C-Raf require additional
serine and tyrosine phosphorylation within the N region of
the kinase domain for full activity (33).  Communication
between Raf, MEK and ERK requires the scaffolding
protein KSR1, a Raf homolog that lacks kinase activity
(34).

The Ras/MEK/ERK signaling pathway is
constitutively activated in many cancers and these have
been associated with mutations in Ras or B-Raf (35-37).
The mechanism of oncogenic activation by B-Raf differs
fundamentally from that of v-Raf, a retroviral oncogene
derived from C-Raf.  The constitutive activity and high
transforming potential of v-Raf is likely to result from loss
of the auto inhibitory N-terminal region combined with
targeting to the plasma membrane, while most of the
mutations in B-Raf are located at other sites within the
catalytic domain.  In most cases this stimulates the activity
of B-Raf toward MEK. However, in some cases the B-Raf
mutants adopt a conformation that stimulates the wild type
C-Raf that in turn signals to ERK (38).  These
considerations underscore the cross talk between members
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Figure   2.  ICP10PK and the signaling cascades it activates.  (A).  Schematic representation of the ICP10PK map includes the
signal peptide (SP, aa 1-13), extracellular domain (EC, aa14-85), transmembrane domain (TM, aa 86-105), and catalytic core (aa
106-270). The catalytic core contains two ATP binding sites (ATP) and an ion-binding site (Ion).  The major Ras-GAP binding site
is a WD40-like motif that interacts with the PH domain of Ras-GAP PH (PH).  Two phosphorylated threonine residues (P) bind the
Ras-GAP N-SH2 domain.  The major Grb2-hSOS-major binding site is the proline rich motif at position 396-405. A minor binding
site is at position 149-159.  They bind the SH3 domain on Grb2 (SH3).  (B).  Schematic representation of signaling pathways
activated by ICP10PK.  ICP10PK functions as a constitutively activated GFR. It activates the Ras/c-Raf-1/MEK/ERK, PI3-K/Akt,
and Rap-1/B-Raf pathways.   Ral-GEF may also be activated. In addition, ICP10PK binds and phosphorylates Ras-GAP, thereby
inhibiting its Ras downregulatory activity.  PD98059 is a MEK specific inhibitor.

of signaling pathways, which enables them to regulate the
cell response to extracellular stimuli.

The expression of cyclin D1 is controlled by
MEK/ERK signaling (39).  At least in part, this induction is
likely to be mediated by the activation of the AP-1
transcription factor (40). However, the intensity and duration
of the signaling through the MEK/ERK pathway determines
whether the cell undergoes proliferation, differentiation or
cell-cycle arrest (41).   For example in response to a strong
Raf signal, G1-specifc cell cycle arrest leads to the inhibition
of  cyclin D and E dependent kinases, and this results in cell
cycle arrest (42). By contrast, moderate Raf activity is

sufficient to induce cyclin D expression and DNA
synthesis (43).  The transcription factors c-Fos, Myc and
c-Jun have been shown to dictate biological outcome (44),
in a cell-type specific fashion.  For example, sustained
ERK signaling that results in c-Fos phosphorylation leads
to its stabilization, thereby positively impacting entry into
the cell cycle (45).  Given the role of the MEK/ERK
signaling pathway in mediating both cell cycle progression
and arrest, it is particularly surprising that the
Raf/MEK/ERK pathway is constitutively activated in most
tumors.  A possible interpretation that is gaining
increasing support, is that tumor cells use this pathway to
promote their survival by inhibiting apoptosis.  Indeed,
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Figure 3. ICP10PK activates Ras and upregulates/stabilizes
c-Fos.  (A). Vero cells were labeled with [32P]-
orthophosphate for 18h and infected with HSV-2, the
ICP10PK deleted mutant ICP10deltaPK, the revertant virus
HSV-2(R), or mock infected with PBS. Cell extracts
obtained at various times p.i. were precipitated with Ras
antibody and the levels of Ras-GTP and Ras-GDP in the
precipitates were determined after separation on PEI
cellulose thin layer plates.  Ras was activated by HSV-2
and HSV-2(R), but not ICP10deltaPK.  (B).  Extracts from
Vero cells mock-infected with PBS (lane 1), or infected
(18h) with HSV-2 (lane 2), HSV-2 in the presence of the
MEK inhibitor PD98059 (50µM)(lane 3), HSV-2 (R) or
ICP10deltaPK were immunoprecipitated/ immunoblotted
with c-Fos antibody.  C-Fos is induced/stabilized as a result
of the MEK/ERK pathway activated by ICP10PK.

members of the Raf family are important mediators of
MEK-dependent and independent anti-apoptotic activity
(46).

6.2.  ICP10PK activates the Ras/MEK/ERK signaling
pathway

ICP10 PK is a constitutively activated GFR
kinase that signals by activating the Ras/Raf-1/MEK/ERK
pathway in order to induce cell proliferation and block
apoptosis (9,11,30). The autophosphorylated (constitutively
activated) ICP10 PK receptor binds the Grb2-hSOS
complex through a direct interaction between the Grb-2
adaptor protein and proline rich SH3 binding modules on
ICP10 PK (Figure  2A).  The result of this interaction is to
localize the guanine nucleotide exchange factor, hSOS, to
the vicinity of Ras at the plasma membrane (Figure  2B),
where it converts inactive Ras-GDP to the active Ras-GTP.

ICP10 PK also binds and phosphorylates (and, thereby,
inactivates) Ras-GAP (11), a GTPase activating protein that
downregulates Ras activation by converting Ras-GTP to
Ras-GDP.  Ras-GAP is bound at both its N- SH-2 and PH
modules (30).  Interaction with the PH module is
independent of ICP10PK phosphorylation, whereas binding
to the N-SH2 module depends on the phosphorylation of
two threonine residues, (pThr117 and pThr141) on ICP10
PK. Binding of both Ras-GAP sites may function to
stabilize the interaction and/or improve presentation to the
adjacent ICP10 PK catalytic core (30), thereby favoring its
inactivation by ICP10PK-mediated phosphorylation. The
combined effect of hSOS binding and Ras-GAP
inactivation is a significant increase in the levels of
activated Ras (Figure 3A) and the increased
expression/stabilization of c-Fos (Figure  3B).

Kinase activity and cell membrane localization
are required for the mitogenic function of ICP10PK, as
evidenced by studies of ICP10PK mutants. These include a
transmembrane deleted mutant (p139TM) and a mutant
deleted in the entire ICP10PK domain, both of which are
kinase negative.  The TM deleted ICP10 PK mutant
(p139TM) failed to anchor into the plasma membrane,
resulting in the inhibition of PK activity. It did not bind
Grb2-SOS nor phosphorylate Ras-GAP, thereby failing to
activate Ras (11).  This presumably reflects a stringent
requirement for presentation of its ATP binding sites that is
only achieved through relative structural rigidity imparted
by protein anchorage into the plasma membrane. Mutants
in various residues required for enzymatic activity had
different levels of kinase reduction (11) and they were
studied in parallel. There was a direct correlation between
the ICP10PK kinase activity of the various mutants and
their mitogenic/transforming function (Figure 4),
supporting the conclusion that the ICP10PK mitogenic
potential depends on its kinase activity and membrane
localization, both of which are required for Ras activation.
The involvement of the TM in PK activity and
transforming potential has also been reported for other
constitutively activated GFRs (47-49).

We conclude that Ras-GAP inactivation
contributes to the mitogenic activity of ICP10 PK because
an ICP10PK mutant that is deleted in the Ras-GAP binding
site but retains PK activity increased Ras activation, and
had a 10-20 fold higher transforming activity than the wild
type ICP10PK (3). The levels of activated Ras (Ras-GTP)
were significantly increased in cells infected with HSV-2,
while a similar increase was not seen in cells with an HSV-
2 mutant deleted in ICP10PK (ICP10deltaPK). This
correlated with significantly reduced GTPase activity in
HSV-2 infected cells, in which Ras-GAP was bound and
phosphorylated by ICP10PK, as compared to
ICP10deltaPK infected cells in which Ras-GAP was not
similarly altered.   The contribution of Ras-GAP regulation
to ICP10PK-mediated mitogenic activity is consistent with
independent reports that Ras-GAP is inactivated by
phosphorylation on serine/threonine residues (50).

Ras activation by ICP10 PK stimulates a
downstream kinase cascade, which  results in increased
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Figure 4. ICP10PK kinase activity correlates with its
mitogenic/transforming potential.  HEK293 cells were
stably transfected with wild type ICP10PK (JHLA1), an
ICP10PK mutant deleted in the extracellular domain
(JHL10), a site directed mutant in Lys176 (to Leu176) (JHL4)
the transmembrane domain deleted mutant p139TM

(JHL15), or a mutant deleted in the entire PK domain
(JL9).  They were assayed for ICP10PK kinase activity and
cloning efficiency in soft agar. Because ICP10PK is
constitutively activated, the extracellular domain is not
required for PK and mitogenic activities.

phosphorylation of Raf-1, MEK1/2, and ERK.  This
cascade was not activated by the PK negative mutant
p139TM that is deleted in the ICP10PK transmembrane
domain nor by the ICP10deltaPK mutant in which the
entire ICP10PK domain was deleted (30).   ICP10 PK-
induced cell proliferation depends on the activation of the
Ras/Raf-1/MEK/ERK pathway because the p139TM mutant,
who fails to activate the Ras pathway, does not induce
proliferation (11,17).  Consistent with previous reports
about Ras effectors and their role in mitogenesis (51), it is
likely that other pathways activated by ICP10PK also
contribute to cell proliferation. Indeed, in addition to Raf-1,
the ICP10 PK-activated Ras in turn activates
phosphatidylinositol 3-kinase (PI3-K) (unpublished).  It
may also activate Ral-GEFs, which are guanine nucleotide
exchange factors for another Ras family protein, Ral
GTPase (Figure  2). PI3-K and Ral-GEFs synergize with
Raf-1 in Ras-mediated transformation of rodent cells and
Ral-GEFs are essential for Ras-mediated transformation of
human cells (21).

7.   ICP10PK HAS ANTI-APOPTOTIC, BUT NOT
PROLIFERATIVE, ACTIVITY IN CNS NEURONS

Apoptosis (programmed cell death) is an
important cellular response that controls cell number by
removing damaged cells. In tumor cells, disruption of
normal apoptotic pathways due to genomic damage
protects from cell death and provides a selective advantage
for tumor cell growth.  Oncogenes, such as Ras, Bcr/Abl,
and protein kinase B (PKB) have antiapoptotic activity,
likely related to their mitogenic functions (52-54).  This
property is shared by ICP10PK. Thus, HEK293 cells that
constitutively express ICP10PK were protected from
treatment with staurosporine (induces apoptosis by PK
inhibition) or D-mannitol (induces apoptosis by osmotic
shock due to oxidative stress). Protection was not seen in

cells that constitutively expressed the PK negative mutant
p139TM (55), suggesting it depends on the ICP10PK kinase
activity.  Anti-apoptotic activity required activation of the
Ras/Raf/MEK/ERK pathway (56,57).

7.1.   ICP10PK is neuroprotective
Having seen that ICP10PK has anti-apoptotic

activity, the question that arises is whether this activity is
cell-type specific and depends on the mitotic state of the
cells.  HSV-1 triggers apoptosis in CNS neurons
(31,55,58).  In primary hippocampal cultures apoptosis
involves activation of the JNK/c-Jun pathway. This results
in the activation of caspase-3, destabilization of the anti-
apoptotic protein Bcl-2 and increased expression of the
proapoptotic protein Bad (31).  Significantly, JNK/c-Jun
activation was also observed in the brains from patients
with HSV-1-induced encephalitis (HSE), where it was
located at the sites of HSV infection, suggesting that JNK-
c-Jun apoptosis plays a significant role in HSE
pathogenesis (58). HSV-2 does not cause apoptosis in
primary hippocampal cultures.  Because the ICP10PK
deleted HSV-2 mutant (ICP10deltaPK) also triggers
apoptosis in these cells, the failure of HSV-2 to cause HSE
is likely due to the anti-apoptotic activity of ICP10 PK.
Indeed, apoptosis of primary hippocampal cultures induced
by HSV-1 or ICP10deltaPK was blocked by ectopic
delivery of ICP10PK, indicating that ICP10PK has
dominant anti-apoptotic activity, which overrides virus-
induced apoptosis.  The anti-apoptotic activity of ICP10 PK
is c-Raf-1 dependent, as evidenced by loss of
neuroprotection in hippocampal cultures transfected with a
dominant negative c-Raf-1 mutant, or by treatment with a
pharmacologic inhibitor of c-Raf kinase. Anti-apoptotic
activity was also blocked by the MEK inhibitor U0126,
indicating that it is Raf-1/MEK/ERK dependent (31).

The contribution of the cell’s mitotic state
towards the outcome of Ras activation by ICP10PK is
significant, with cell survival as the outcome in terminally
differentiated neurons, proliferation as the outcome in
diploid cells and transformation as the outcome in
immortalized cells, in which the cell cycle is de-regulated.
These different outcomes may reflect the
upregulation/activation of distinct transcription factors.
Indeed c-Fos is upregulated stabilized in immortalized cells
transformed by ICP10PK. C-Fos has growth promoting
activity, which is mediated by the repression of tumor
suppressor genes (59) and by the upregulation of cell cycle
regulators, such as cyclin D1 (59,60).  However AP-1 does
not have a mitogenic effect in post-mitotic cells, such as
hippocampal neurons. Moreover, in these cells, ICP10PK
induces/activates/ stabilizes CREB, a transcription factor
that is involved in neuronal cell survival. CREB is the
primary transcription activator of Bcl-2 (61) and it has been
implicated in neurotrophin-mediated gene transcription
associated with neuronal survival (62). Either the PI-
3K/Akt or the MEK/ERK pathways can activate CREB,
which is required for basal maintenance of hippocampal
neurons (63).  Since activation of the PI-3K/AKT pathway
is not involved in ICP10 PK-mediated protection from
virus infection (55), any involvement of CREB in ICP10
PK protection in this paradigm would most likely be due to



ICP10PK signaling in mitogenic and anti-apoptotic activity

2826

the MEK/ERK pathway.  However, the exact role played
by CREB in inhibition of virus-induced apoptosis, is still
unclear.

In post-mitotic neurons, Bag-1 is another factor
that is upregulated as the result of ICP10PK-mediated
activation of the Ras/MEK/ERK pathway (31). The
activated Bag-1 isoform (Bag-1S) has anti-apoptotic
activity and is involved both in the upregulation of the Raf-
1 kinase and in the stabilization of the anti-apoptotic
protein Bcl-2 (64). The increased stability of Bcl-2 in HSV-
2, but not ICP10deltaPK, infected hippocampal cultures,
may be due to its interaction with Bag-1, which is known to
modulate chaperone activity (65). The pro-apoptotic
protein BAD, which is associated with glutamate-induced
neuronal apoptosis and neurodegenerative disorders (66-
68), was induced in HSV-1 and ICP10deltaPK infected
hippocampal neurons, as the outcome of JNK/c-Jun
activation by HSV-1 pro-apoptotic genes.  Its
upregulation/activation, which is induced by other HSV
pro-apoptotic genes, was blocked by ICP10PK (31).

Bag-1 is a major factor in ICP10PK-mediated
neuroprotection accounting for over 90% of its
neuroprotective activity.  When ectopically delivered Bag-1
blocked HSV-1 or ICP10deltaPK-induced apoptosis just as
well as the ectopically delivered ICP10PK.  Moreover, both
Bag-1 and ICP10PK had a bystander trophic effect
exemplified by a higher reduction in the percentage of of
apoptotic cells (80%) than either the ICP10PK or Bag-1
expressing cells (38-45%) (31).

7.2.   ICP10PK is neuroprotective in paradigms other
than virus infection

ICP10PK has anti-apoptotic (neuroprotective)
activity also in paradigms other than virus infection. These
include trophic factor deprivation, oxidative stress, and
genetic alterations (mutation).  Thus, neuronally
differentiated [(NGF)-dependent)] PC12 cells die by
apoptosis upon NGF withdrawal (69). Transient expression
of ICP10PK, but not its PK negative mutant p139TM,
protected differentiated PC12 cells from apoptosis due to
NGF withdrawal (70).  Oxidative stress is also associated
with apoptosis in many neurological disorders, and 3-4% of
these cases are associated with mutations in the gene
encoding superoxide dismutase (SOD1) (71).   ICP10PK is
also neuroprotective under these conditions.  Transient
expression of ICP10PK in differentiated mouse
neuroblastoma cells that constitutively express the wild
type or mutated SOD1 (72) protected these cells from
apoptosis induced by mutant SOD1 and oxidative stress
resulting from xanthine/xanthine oxidase treatment (73).
Among the genetic defects associated with apoptosis, ts16
is believed to confer increased vulnerability to
neurodegeneration (74). The ts16 mouse is considered to be
a model of Down’s syndrome (DS; trisomy 21) and
primary hippocampal neurons from these mice exhibit
increased cell death even in the presence of adequate
trophic support (75). Transfection of ts16 hippocampal
neurons with an ICP10PK expression vector, increased
survival and blocked apoptosis as compared to the
untransfected cells.  Cells transfected with an ICP10 mutant

that lacks PK activity, were not protected. In all these
paradigms, protection was associated with ERK activation.
The signaling pathways leading to ERK activation in the
various paradigms are currently under investigation.
Protection by ICP10PK delivery may be due to
compensation for the innate defects in receptor signaling
which are known to exist in these cells (76).

8.   OTHER PROTEINS AND SIGNALING
CASCADES ACTIVATED BY ICP10PK

In addition to the activation of the Ras/Raf-
MEK/ERK signaling pathway, ICP10PK also upregulates
expression of the Ras family member, Rap-1 GTPase, and
activates the Rap-1/B-Raf module, as evidenced by
activation of B-Raf kinase activity in HSV-2, but not in
ICP10deltaPK infected hippocampal neurons (submitted
for publication).  B-Raf kinase activation can be mediated
by direct binding to activated Ras (77,78).  However, in
HSV-2 infected hippocampal cultures, activation appears to
be related to Rap-1 upregulation.  Indeed, Rap-1 co-
precipitated with the activated B-Raf, but it did not co-
precipitate with the non-activated B-Raf from mock or
ICP10deltaPK infected cells (Smith, in preparation).  This
was particularly intriguing, since both ICP10PK
(31,55,70,79,80) and activated Rap-1/B-Raf (81,82) are
associated with neuro-protection.  However, ICP10PK
activates the Ras/Raf-1 signaling module (31,55), and it
appears to play a major (>85%) role in the neuroprotective
activity of ICP10PK (31). Therefore, involvement of the
activated Rap-1/B-Raf activation in neuroprotection, if any,
is probably due to cross talk between the two pathways.
This was also implied by independent studies which
indicate that Ras and Rap-1 can be activated by the same
survival signal (83,84), and the observation that B-Raf
mutants can stimulate the wild type c-Raf which in turn
signals ERK (35), and adenylate cyclase (submitted for
publication). Finally, ICP10PK upregulates adenylate
cyclase that activates ERK through cAMP and protein
kinase A (PKA)-dependent activation of Rap-1 (82).

Although the interaction of the activated Ras/Raf-
1 and Rap-1/B-Raf pathways is still poorly defined, it has
been reported that c-Raf and B-Raf can herodimerize (84)
and B-Raf may play a role in Ras-induced Raf-1 activation
(85).  Additional studies are needed, using dominant
negative mutants or siRNAs to Rap-1 or B-Raf kinase, in
order to further define the potential cross talk between the
c-Raf and B-Raf modules in ICP10 PK-mediated protection
of CNS neurons. Since Ras and Rap-1 have distinct
functions and regulate unique cellular processes in response
to various extracellular ligands (86), it seems reasonable to
assume that the two modules may also be independently
regulated by ICP10 PK in response to various apoptotic
stimuli.

9.  ICP10PK-MEDIATED ACTIVATION OF THE
ERK PATHWAY IS REQUIRED FOR VIRUS
REPLICATION

Why does HSV-2 need a function that induces
cell proliferation?  As stated earlier, signaling pathways
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determine the cell’s ability to respond to external stimuli,
with transduced signals being necessary for cell
proliferation, differentiation, or apoptosis, depending on the
cell type and the nature of the stimulus. Because viruses
depend on cells for replication, they take advantage of pre-
existing signaling pathways or activate them in order to
enhance their replicative potential. The activated
Ras/MEK/ERK pathway can cause a variety of outcomes,
including increased cell proliferation, and activation of both
pro- and antiapoptotic signaling pathways determined by
cell type and context (52).

Studies of an HSV-2 mutant deleted in ICP10PK
(ICP10deltaPK) indicated that optimal virus replication
depends on the ability of ICP10PK to activate the
Ras/MEK/ERK signaling pathway.  Single step growth
curves indicated that, by comparison to HSV-2, onset of
ICP10deltaPK growth was was significantly delayed (10
hrs), both in replicating (10% serum) and non-replicating
(1% serum) cells. A similar delay was seen in cells infected
with HSV-2 in the presence of the MEK inhibitor
PD98059, suggesting that activation of the Ras/MEK/ERK
pathway is required for the timely onset of virus growth.
Immediate early (IE) proteins regulate optimal virus growth
and their synthesis is delayed in ICP10deltaPK, as
compared to HSV-2 infected cells (87). Therefore, it is
likely that ICP10PK-mediated activation of the
Ras/MEK/ERK pathway is required for timely onset of IE
gene expression and virus growth, due to its effect on cell
proliferation.  Indeed, both ICP10deltaPK and HSV-2
grown in the presence of PD98059 eventually begin to
replicate and virus titers ultimately reach levels similar to
those seen for untreated HSV-2, in replicating (10% serum)
cells (87). In non-replicating cells (1% serum), the titers of
both ICP10deltaPK and HSV-2 grown in the presence of
PD98059 are significantly lower than those of untreated
HSV-2, suggesting that a MEK-independent cellular
function is ultimately induced by virus infection and it
provides the environment that is conducive for virus growth
(87).  The identity of this compensatory function is under
investigation.

The culmination of the Ras/Raf-1/ERK signaling
pathway activated by ICP10PK is the increased expression
of one of the AP1 transcription factors, c-Fos (17,30). AP-1
is involved in cellular proliferation, transformation and cell
death depending on the physiological stimuli and
environmental insults as well as the cell type. It is likely to
regulate distinct genes in each one of these circumstances.
Growth factors and oncoproteins (viz. Ha-Ras) induce c-
fos: c-jun dimerization in dividing cells, which is mediated
by the ERK signaling cascade (59).  This suggests that the
c-fos: c-jun heterodimers are involved in cell proliferation
and play a key role in transformation.  The ability of
ICP10PK, but not the PK negative mutant p139TM, or the
ICP10PK deleted virus, ICP10deltaPK, to activate AP-1
correlates with its ability to induce cell proliferation,
suggesting that AP-1 is involved in this process, as
previously described for Ras (51). Significantly, however,
in addition to its growth promoting effects, c-fos functions
in a positive feedback loop to increase ICP10 expression
(30), which is mediated through AP-1 binding sites on the

ICP10 promoter (88).  The net result is increased ICP10
expression, further facilitating virus replication.  This
regulatory function may be particularly relevant for the
support of virus growth in cells that do not replicate such as
terminally differentiated neurons, potentially explaining the
ability of HSV-2 to replicate in these cells during latency
reactivation.

9.   CONCLUSION

The cumulative impact of novel information
about molecular mechanisms of disease pathogenesis has
led to increasing realization that HSV-1 and HSV-2 are
biologically distinct.  One viral gene that is responsible for
some of these differences is the large subunit of
ribonucleotide reductase that has PK activity in HSV-2, but
not HSV-1.  The HSV-2 RR1 PK (ICP10 PK) functions by
activating the Ras/MEK/ERK signaling pathway.  Other
viruses can also activate Ras signaling pathways to enhance
their virus growth.  However, this is a rather unique
function for a viral protein and the activating mechanism
used by ICP10PK is different. Thus, Vaccinia virus
activates Ras by tyrosine phosphorylation of the epidermal
growth factor receptor (89), human cytomegalovirus
activates ERK (90) and Coxsackievirus B3 activates Ras by
hydrolyzing Ras-GAP (91).

ICP10PK can induce cell proliferation,
transformation or survival depending on the cell type and
its mitotic or post-mitotic state, presumably by virtue of its
ability to activate Ras, which has the same properties. At
the molecular level, the distinct biological outcome
probably reflects the activation of a range of transcription
factors, which is determined by the cell type and its
position along the cell cycle and results in increased
expression of different target genes. For example, ICP10
PK-mediated activation of the Ras/Raf-1/MEK/ERK
pathway in immortalized cells leads to upregulation of the
AP1 transcription factor c-fos.  This transcription factor is
responsible for increased expression of positive cell cycle
regulators and downregulation of tumor suppressor genes
that inhibit cell cycle progression.  However, in post
mitotic neuronal cells, activation of the Ras/Raf-
1/MEK/ERK pathway by ICP10 PK increases the
expression of neuroprotective anti-apoptotic genes, such as
CREB and Bag-1.  It will be interesting to see whether
other survival pathways are responsible for the ability of
ICP10PK to protect from apoptosis caused by other stress
conditions.

In summary, ICP10PK is a remarkably versatile
protein with a variety of biological activities. Given its
likely cellular origin, it is tempting to conclude that the
virus has conserved it because it imparts an evolutionary
advantage particularly in the face of other pro-apoptotic
viral genes.  Its mitogenic activity is beneficial because
stimulation of cellular machinery is likely to aid in virus
growth.  Indeed, ICP10 PK is required for immediate early
gene expression and timely onset of virus growth (3). The
antiapoptotic function of ICP10PK in post mitotic neurons
may promote survival of neuronal cells after HSV-2
infection, which would allow for latency establishment, and
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allow for virus reactivation induced by stimuli, which
normally would be apoptotic.  An interesting question that
arises from these considerations, is why does the HSV-1
homologue of ICP10 PK lack similar functions and by
implication why did HSV-1 retain this co-opted cellular
gene?

10.   REFERENCES

1.  Bergstrom, T., Svennerholm B., Conradi, N., Horal, P.,
Vahlne, A. Discrimination of herpes simplex virus types 1
and 2 cerebral infections in a rat model.  Acta Neuropathol.
82, 395-401 (1991)

2.  Damasio, A.R. and Van Hosen, G.W.  The limbic
system and the localization of herpes simplex encephalitis.
J. Neurol. Neurosurg. Psych. 48, 297-301 (1985)

3.  Aurelian, L., and Smith C.C.  HSV-2 transformation: A
multistep process mediated by distinct mutagenic DNA
sequences and viral genes includes activation of the
Ras/MEK/MAPK mitogenic pathway.  Rosenthal, L.J. (ed)
Mechansims of DNA Tumor Virus Transformation.
Mongr. Virol.  Basel, Karger, 2, 64-87 (2001)

4.  Bacchetti, S., Evelegh, B., Muirhead, B., Sartari, C.S.,
Huzar, D.  Immunological characterization of herpes
simplex type 1 and 2 polypeptide(s)  involved in
ribonucleotide reductase activity.  J. Gen. Virol. 49, 591-93
(1984)

5.  Frame, M.C., Marsden, H.S., Dutia, B.M.  The
ribonucleotide reductase induced by herpes simplex virus
type 1 involves minimally a complex of two polypeptides
(16K and 38K).  J. Gen. Virol. 66, 1581-87 (1985)

6.  Chung, T. D., Wymer, J. P., Smith, C.C., Kulka, M., and
Aurelian, L. Protein kinase activity associated with the
large subunit of the herpes simplex virus type
ribonucleotide reductase (ICP10). J. Virol. 63, 3389-3398
(1989)

7.  Luo J., Smith, C. C., Kulka, M., Aurelian, L. A
truncated protein kinase domain of the large subunit of
herpes simplex virus type 2 ribonucleotide  reductase
(ICP10) expressed in Esherichia coli. J. Biol. Chem. 266,
20976-20983 (1991)

8.  Luo, J. and Aurelian, L. The transmembrane helical
segment but not the invariant lysine is required for the
kinase activity of the large subunit of herpes simplex virus
type 2 ribonucleotide reductase (ICP10). J. Biol.Chem.
267, 9645-9653 (1992)

9.  Nelson, J. Zhu, J., Smith, C.C., Kulka, M., Aurelian, L.
ATP and SH3 binding sites in the protein kinase of the
large subunit of herpes simplex virus type 2 of
ribonucleotide reductase (ICP10).  J Biol Chem. 271,
17021-27 (1996)

10.  Peng, T.,  Hunter, J.R., Nelson J. The novel protein
kinase of the HSV-1 and HSV-2 RR1 subunits has

autophosphorylation and transphosphorylation activity that
differs in its ATP requirements  Virology  216, 184-196
(1995)

11.  Smith, C.C., Luo, J.H., Hunter, J.C.R., Ordonez, J.V.,
and Aurelian, L. The transmembrane domain of the large
subunit of HSV-2 ribonucleotide reductase  (ICP10) is
required for the transformation-related signaling pathways
that involve ras activation.  Virology  200, 598-612 (1994)

12.  Hunter, J.C.R., Smith, C.C., and Aurelian, L. The
HSV-2 LA-1 oncoprotein is a member of a novel family of
serine/threonine receptor kinases.  Int. J. Onc. 7, 515-522
(1995)

13.  Chung, T.D., Wymer, J.P., Kulka, M., Smith C.C.,
Aurelian, L. Myristylation and polylysine-mediated
activation of the protein kinase domain of the large subunit
of herpes simplex type 2 ribonucleotide reductase (ICP10).
Virology 179, 168-78 (1990)

14.  Smith CC, Yu YX, Kulka M, Aurelian L. A novel
human gene similar to the protein kinase (PK) coding
domain of the large subunit of herpes simplex virus type 2
ribonucleotide reductase (ICP10) codes for a serine-
threonine PK and is expressed in melanoma cells. J Biol
Chem 275, 25690-25699 (2000)

15.  Manning, G., Whyte, D.B., Martinez R., Hunter, T.,
Sudarsanam, S., The protein kinase complement of the
human genome.  Science 298, 1912-34 (2002)

16.  Kostich, M., English, J., Madison, V., Gheyas, F.,
Wang, L., Qiu, P., Greene, J., Laz, T.M.  Human members
of the eukaryotic protein kinase family.  Genome Biology
3(9), research 0043.1-12 (2002)

17.  Hunter, J.C.R., Smith, C. C., Bose, D., Kulka, M.,
Broderick, R., and Aurelian, L. Intracellular internalization
and signaling pathways triggered by the large subunit of
HSV-2 ribonucleotide reductase (ICP10) .  Virology  210,
345-360 (1995)

18.  Smith, C.C., Luo, J.H. Aurelian, L. The protein kinase
activity of the large subunit of herpes simplex virus type 2
ribonucleotide reductase (ICP10) fused to the extracellular
domain of the epidermal growth factor receptor is ligand
inducible.  Virology 217, 425-34 (1996)

19.  Cooper, J., Conner, J., Clements, J.B. Characterization
of the novel protein kinase activity present in the R1
subunit of herpes simplex virus ribonucleotide reductase.
J.Virol. 69, 4979-4985 (1995)

20.  Duff, R. and Rapp. F. Oncogenic transformation of
hamster cells after exposure to herpes simplex virus type 2.
Nature New Biology  233, 48-50 (1973)

21.  Hamad, N.M., Elconin, J.H., Karnoub, A.E., Bai, W.,
Rich, J.N., Abraham, R.T., Der, C.J., Counter, C.M.
Distinct requirements for Ras oncogenesis in human versus
mouse cells.  Genes and Development 16, 2045-57 (2002)



ICP10PK signaling in mitogenic and anti-apoptotic activity

2829

22. Jariwalla, R.J., Aurelian, L., Ts'o, P.O.P.
Immortalization and neoplastic transformation of normal
diploid cells by various DNA fragments of herpes simplex
virus type 2.  Proc Natl Acad Sci  USA 80, 5902-06 (1983)

23.  Jariwalla, R.J., Aurelian, L., Ts'o, P.O.P. Tumorigenic
transformation induced by a specific fragment of DNA
from herpes simplex virus type 2.  Proc. Natl. Acad. Sci.
USA 77, 2279-83 (1980)

24.  Jariwalla, R.J., Tanczos, B., Jones, C., Ortiz, J., Salimi-
Lopez, S. DNA amplification and neoplastic transformation
mediated by a herpes simplex DNA fragment containing
cell related sequences.  Proc Natl Acad Sci USA 83, 1738-
42 (1986)

25.  Iwasaka, T,, Smith, C.C., Aurelian, L., Ts’o, P.O.P.
Proteins encoded by fragments of herpes simplex virus type
2 DNA  that immortalize or neoplastically transform
normal diploid cells.  Jpn J Cancer Res (Gann) 76, 946-58
(1985)

26.  Hayashi, Y., Iwasaka, T., Smith, C.C., Aurelian, L.,
Lewis, G.K., and Ts'o, P.O.P. Multistep transformation by
defined fragments of herpes simplex virus type 2 DNA:
oncogenic region and its gene product. Proc. Natl. Acad.
Sci. USA 82, 8493-8497 (1985)

27.  Ruley, H.E., Moomaw, J., Chang, C., Garrels, J.I.,
Furth, M., Franza, R.B.  Multistep transformation of an
established cell line by the adenovirus E1A and T24 Ha-ras
1 genes.  In Cancer Cells ,  Feramisco, J., Ozanne, B.,
Stiles, L., eds. (Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory) pp. 257-64.  (1985)

28.  Beasley, K, Cooley, G.E., Kao, G.F., Lowitt, M.H.,
Burnett, J.W., Aurelian, L.,  Herpes simplex vegetans:
atypical genital herpes infection in a patient with common
variable immunodeficiency.   J. Am. Acad. Dermatol.  37,
860-3  (1997)

29.  Fangman WL, Rao CH, Myers SA. Hypertrophic
herpes simplex virus in HIV patients. J Drugs Dermatol.
2,198-201 (2003)

30.  Smith, C.C., Nelson, J., Aurelian, L., Gober, M.,
Goswami, B.  Ras-GAP binding and phosphorylation by
herpes simplex virus type 2 RR1 PK (ICP10) and activation
of the Ras/MEK/MAPK mitogenic pathway are required
for timely onset of virus growth. J. Virol. 74, 10417-29
(2000)

31.  Perkins, D., Pereira, E.F.R., Aurelian, L. The herpes
simplex virus type 2 R1 protein kinase (ICP10) functions as
a dominant regulator of apoptosis in hippocampal neurons
involving activation of the ERK survival pathway and
upregulation of the antiapoptotic protein Bag-1.  J Virol.
77, 1292-1305 (2003)

32.  Morrison, D.K., and Cutler, R.E.J.  The complexity of
Raf-1 regulation.  Curr. Opin. Cell Biol. 9, 174-79 (1997)

33.  Mason, C.S., Springer, C., Cooper, R.G., Superti-
Furga, G., Marshall, C.J., Marais, R.  Serine and tyrosine
phosphorylations cooperate in Raf-1, but not B-Raf
activation.  EMBO  J. 18, 2137-48 (1999)

34.  Morrison, D.K.  KSR: a MAPK scaffold of the Ras
pathway?  J Cell Sci. 114, 1609-12 (2001)

35.  Malumbres, M. and Barbacid, M.  RAS oncogenes: the
first 30 years. Nat. Rev. Cancer 3, 459-65 (2003)

36.  Davies H, Bignell GR, Cox C, Stephens P, Edkins S,
Clegg S, Teague J, Woffendin H, Garnett MJ, Bottomley
W, Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall S,
Hawes R, ughes J, Kosmidou V, Menzies A, Mould C,
Parker A, Stevens C, Watt S, Hooper S, Wilson R,
Jayatilake H, Gusterson BA, Cooper C, Shipley J, Hargrave
D, Pritchard-Jones K, Maitland N, Chenevix-Trench G,
Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A,
Nicholson A, Ho JW, Leung SY, Yuen ST, Weber BL,
Seigler HF, Darrow TL, Paterson H, Marais R, Marshall
CJ, Wooster R, Stratton MR, Futreal PA. Mutations of  the
BRAF gene in human cancer.  Nature 417, 949-54 (2002)

37.  Rajagopalan, H., Bardelli, A., Lengauer, C., Kinzler,
K.W., Vogelstein, B., Velculescu, V.E.
Tumorigenesis:RAF/RAS oncogenes and mismatch-repair
status. Nature 418, 934 (2002)

38. Wan P.T., Garnett M.J., Roe S.M., Lee S., Niculescu-
Duvaz D., Good V.M., Jones C.M., Marshall C.J., Springer
C.J., Barford D., Marais R.; Cancer Genome Project.
Mechanism of activation of the RAF-ERK signaling
pathway by oncogenic mutations of B-RAF. Cell 116, 764-
6 (2004)

39.  Lavoie, J.N. L’Allemain, G., Brunet, A., Muller, R.
Pouyssegur, J. Cyclin D1 expression is regulated positively
by the p42/p44MAPK and negatively by the p38/HOGMAPK

pathway. J. Biol. Chem.. 271, 20608-20616 (1996)

40.  Cook, S.J., Aziz, N., McMahon, M.  The repertoire of
Fos and Jun proteins expressed during the G1 phase of the
cell cycle is determined by the duration of mitogen-
activated protein kinase activation.  Mol. Cell. Biol. 19,
330-41 (1999)

41.  Marshall, C.J.  Specificity of receptor tyrosine kinase
signaling: transient versus sustained extracellular signal-
regulated kinase activation   Cell  80, 179-85 (1995)

42.  Pumiglia, K.M. and Decker, S.J.  Cell cycle arrest
mediated by the MEK/mitogen-activated protein kinase
pathway.  Proc. Natl. Acad. Sci. USA  94, 448-52 (1997)

43.  Ewing, A., Wiseman, B., Lloyd, A.C., Land, H.  A
high intensity Raf signal causes cell cycle arrest mediated
by p21cip1 .  Mol. Cell. Biol. 17, 5588-5597 (1997)

44.  Murphy, L.O., MacKeigan, J.P., Blenis, J.  A network
of immediate early gene products propagates subtle
differences in mitogen-activated protein kinase signal



ICP10PK signaling in mitogenic and anti-apoptotic activity

2830

amplitude and duration.  Mol. Cell. Biol.  24,144-153
(2004)

45.  Murphy, L.O., Smith, S., Chen, R.H., Fingar, D.C.,
Blenis, J.  Molecular interpretation of ERK signal duration
by immediate early gene products.  Nature Cell Biol. 4,
556-64 (2002)

46.  Herrera, R. and Sebolt-Leopold, J.S. Unraveling the
complexities of the raf/MAPK kinase pathway for
pharmacological intervention.  Trends Mol. Medicine 8,
S27-S31 (2002)

47.  Rettenmier, C.W., Roussel, M.F., Quinn, C.O.,
Kitchingham, G.R., Look, A.T., Sherr, C.J.
Transmembrane orientation of glycoproteins encoded by
the v-fms oncogene.  Cell 40, 971-81 (1985)

48.  Nocka, K., Tan, J.C., Chiu, E., Chu, T.Y., Ray, P.,
Traktman, P., Besmer, P.  Molecular basis of dominant
negative and loss of function mutations at the murine c-
kit/white spotting locus:W37, Wv, W41, and W.  EMBO J
9, 1805-1813 (1990)

49.  Jong, S.J. and Wang, L.H. Two point mutations in the
transmembrane domain of p68gag-ras  inactivate its
transforming activity and cause a delay in membrane
association.  J. Virol. 65, 180-89 (1991)

50.  Moran, M.F., Polakis, P., McCormick, F., Pawson, T.,
Ellis, C.  Protein-tyrosine kinases regulate phosphorylation,
protein interactions, subcellular distribution, and activity of
p21ras  GTPase-activating protein. Mol. Cell. Biol. 11,
1804-12 (1991)

51.  Joneson T., and Bar-Sagi, D.  Ras effectors and their
role in mitogenesis and oncogenesis. J. Mol. Med 75, 587-
93 (1997)

52.  Cox, A.D. and Der, C.J.  The dark side of
Ras:regulation of apoptosis.  Oncogene 22, 8999-9006
(2003)

53.  Cortez, D., Kadlec L., Pendergast, A.M.  Structural and
signaling requirements for BCR-ABL-mediated
transformation and inhibition of apoptosis.  Mol. Cell. Biol.
15, 5531-41 (1995)

54. De Vita, G., Berlingieri, M.T., Visonti, R.,
Castellone,M.D., Viglietto, G., Baldassarre, G., Zannini,
M., Bellacosa, A., Tsichlis, P.N., Fusco, A., Santoro, M.,
Akt/protein kinase B promotes survival and hormone-
independent proliferation of thyroid cells in the absence of
dedifferentiating and transforming effects.  Cancer Res 60,
3916-20 (2000)

55.  Perkins, D., Pereira, E.F.R., Gober, M., Yarowsky,
P.J., Aurelian, L.  The herpes simplex virus type 2 R1
protein kinase (ICP10 PK) blocks apoptosis in hippocampal
neurons, involving activation of the MEK/MAPK survival
pathway.  J. Virol. 76, 1435-49 (2002)

56. Deng, X., Ruvolo, P., Carr, B., May, M.S. Jr.  Survival
function of ERK 1/2 as IL-3 activated staurosporine-
resistant bcl2 kinases.  Proc. Natl. Acad. Sci. USA 97,
1578-83 (2000)

57.  Guyton, K.Z., Liu, Y.S., Gorospe, M., Xu, Q.B.
Holbrook, N.J.  Activation of mitogen-activated protein
kinase by H202-role in cell survival following oxidant
injury.   J. Biol. Chem. 271, 4138-42 (1996)

58.  Perkins D, Gyure KA, Pereira EF, Aurelian L. Herpes
simplex virus type 1-induced encephalitis has an apoptotic
component associated with activation of c-Jun N-terminal
kinase.  J. Neurovirol. 9, 101-11 (2003)

59.  Shaulian, E. and Karin, M.  AP-1 in cell proliferation
and survival.  Oncogene 20, 2390-2400 (2001)

60.  Brown JR, Nigh E, Lee RJ, Ye H, Thompson MA,
Saudou F, Pestell RG, Greenberg ME. Fos family members
induce cell cycle entry by activating cyclin D1.  Mol. Cell.
Biol. 18, 5609-19 (1998)

61.  Reed, J.C.  Bcl-2 and the regulation of programmed
cell death.  J.Cell Biol. 124, 1-6 (1994)

62.  Finkbeiner, S., Tavazoie, S.F.,  Maloratsky A., Jacobs,
K.M., Harris, K.M. Greenberg, M.E. CREB: a major
mediator of neuronal neurotrophin responses.  Neuron 19,
1031-47 (1997)

63.  Kaplan, D.R. and Miller F.D.  Neurotrophin signal
transduction in the nervous system.  Curr. Opinion
Neurobiol. 10, 381-91 (2000)

64.  Wang HG, Takayama S, Rapp UR, Reed JC. Bcl-2
interacting protein, Bag-1, binds to and activates the kinase
Raf-1. Proc Natl Acad Sci U S A.  93, 7063-706  (1996)

65.  Takayama, S., Sato, T., Krajewski, S., Kochel, K., Irie,
S., Millan, J.A., Reed, J.C.  Cloning and functional analysis
of BAG-1: a novel Bcl-2 binding protein with anti-cell
death activity.   Cell  80, 279-84 (1995)

66.  Kitamura, Y., Shimohama, S., Kamoshima, W., Ota,
T., Matsuoka, Y., Nomura, Y., Smith, M.A., Perry, G.,
Whitehouse, P.J., Taniguchi, T.  Alterations of proteins
regulating apoptosis, Bcl-2, Bcl-x, Bax, Bak, Bad, ICH-1,
and CPP2 in Alzheimer’s disease.   Brain Res.  780, 260-9
(1998)

67.  Wang, H.G., Pathan, N., Ethel, I.M., Krajewski, S.,
Yamguchi, Y., Shibaski, F., McKeon, F., Bobo, T., Franke,
T.F., Reed, J.C.  Ca2++ induced apoptosis through
calcineuron dephosphorylation of BAD.  Science 284, 339-
43 (1999)

68.  Yang, E., Zha, J., Jockel, J., Boise, L.H., Thompson,
C.B., Korsmeyer, S.J.   Bad, a heterodimeric partner for
Bcl-xL, and Bcl-2, displaces Bax and promotes cell death.
Cell 80, 285-91 (1995)



ICP10PK signaling in mitogenic and anti-apoptotic activity

2831

69.  Green, L.A.  Nerve growth factor prevents the death
and stimulates neuronal differentiation of clonal PC12
pheochromocytoma cells in serum-free medium. J. Cell
Biol. 78, 747-55 (1978)

70.  Perkins, D., Yu, Y.,  Bambrick, L.L., Yarowsky, P.,
Aurelian, L.,  Expression of herpes simplex virus type 2
protein ICP10 PK rescues neurons from apoptosis due to
serum deprivation or genetic defects.  Exp. Neurol. 174,
118-22 (2002a)

71.  Honig, L.S., and Rosenberg, R.N.,  Apoptosis and
neurological disease.  Am. J. Med.  108, 317-30 (2000)

72.  Pasinelli, P., Borchelt, D.R., Houseweart, M.K.,
Cleveland, D.W., Brown, R,H.  Caspase –1 is activated in
neuronal cells and tissue with amyotrophic lateral sclerosis-
associated mutations in copper-zinc superoxide dismutase.
Proc. Natl. Acad. Sci. USA 95, 15763-68 (1998)

73.  Aurelian  L. HSV induced apoptosis in herpes
encephalitis.  In . Role of apoptosis infection.  Current
Topics in Microbiology and Immunology  289, Griffin, D.
ed., (2005)

74.  Sawa, A.  Neuronal cell death in Down’s syndrome.  J.
Neural. Transm. [Suppl] 57, 87-97 (1999)

75.  Bambrick, L.L. and Krueger, B.K.  Neuronal apoptosis
in mouse trisomy 16: Mediation by caspases.  J.
Neurochem. 72, 1769-72 (1999)

76.  Dorsey, S. G., Krueger, B.K., Bambrick, L.L. Altered
TrkB expression and the accelerated death of hippocampal
neurons from the Trisomy 16 mouse.  Soc. Neurosci. Abstr.
25, 202 (1999)

77.  Yamamori, B., Kuroda, S., Shimizu, K., Fukui, K.,
Ohtsuka, T., and Takai, Y. Purification of a Ras-dependent
mitogen-activated protein kinase kinase kinase from bovine
brain cytosol and its identification as a complex of B-Raf
and 14-3-3 proteins. J. Biol Chem. 270, 11723-11726
(1995)

78.  York, R.D., Yao, H., Dillon, T., Ellig, C.L., Eckert,
S.P., McCleskey E.W., Stork, P.J. Rap1 mediates sustained
MAP kinase activation induced by nerve growth factor.
Nature 392, 622-626 (1998)

79.  Gober, M.D., Thompson, S.M., Zhang, Y., Yarowsky,
P., Aurelian, L.  HSV-2 mutant ICP10deltaRR protects
from kainite induced cell death in organotypic hippocampal
cultures.   Program No. 747.10.  Abstract Viewer/Itinerary
Planner, Washington DC: Society for Neuroscience (2003)

80.  Golembewski, E.K., Wales, S,Q., Aurelian, L.,  ICP10
PK as a therapy for acute excitotoxic injury in vivo and its
mechanisms of anti-apoptotic activity.  Program No.
741.10.  Abstract Viewer/Itinerary Planner.  Washington
DC: Society for Neuroscience (2003)

81.  Grewal, S.S., Horgan, A.M., York, R.D., Wither, G.S.,
Banker, G.A., Stork, P.J.S.  Neuronal calcium activates a
Rap1 and B-raf signaling pathway via the cyclic adenosine
monophosphate-dependent protein kinase.  J. Biol. Chem.
275, 722-28 (2000)

82.  Vaudry, D., Stork, P.J.S., Lazarovice, P., Eiden, L.E.
Signaling pathways for PC12 cell differentiation: Making
the right connections.  Science 296, 1648-1649 (2002)

83.   Zwartkruis, F. J., and Bos, J.L.  Ras and Rap1:two
highly related small GTPases with distinct function.  Exp.
Cell Res.  25:157-65 (1999)

84.  Weber, C.K., Slupsky, J.R., Kalmes, H.A.,Rapp, U.R.
Active Ras induces heterodimerization of c-Raf and B-Raf.
Cancer Res. 61,3595-98 (2001)

85. Mizutani S, Inouye K, Koide H, Kaziro Y.
Involvement of B-Raf in Ras-induced Raf-1 activation.
FEBS Lett. 507, 295-8 (2001)

86.  Zwartkruis, F,J., Wolthuis, R.M., Nabben, N.M.
Franke, B., Bos, J.L.  Extracellular signal-regulated
activation of Rap-1 fails to interfere in Ras effector
signaling.  EMBO J. 17, 5905-12 (1998)

87.  Smith. C.C. Peng,T., Kulka, M., Aurelian, L. The PK
domain of the large subunit of herpes simplex virus type 2
ribonucleotide reductase (ICP10) is required for immediate-
early gene expression and virus growth. J Virol. 72, 9131-
41 (1998)

88.  Zhu, J. and Aurelian, L.  AP-1 cis-response elements
are involved in basal expression and Vmw110
transactivation of the large subunit of herpes simplex virus
type 2 ribonucleotide reductase (ICP10)  Virology  231,
301-12 (1997)

89.  King, C.S., Cooper, J.A., Moss, B., Twardzik D.R.
Vaccinia virus growth factor stimulates tyrosine protein
kinase activity of A431 cell epidermal growth factor
receptors. Mol. Cell, Biol. 6, 332-36  (1986

90.  Johnson, R.A., Huong, S.M. Huang, E.S.  Activation of
the mitogen-activated protein kinase p38 by human
cytomegalovirus infection through two distinct pathways: a
novel mechanism for activation of p38.  J. Virol. 74, 1158-
67 (2000)

91.  Huber, M., Watson,K.A.,  Selinka, H.C., Carthy, C.M.,
Klingel, K., McManus, B.M., Kandolf, R.  Cleavage of
RasGAP and phosphorylation of mitogen-activated protein
kinase in the course of coxsackievirus B3 replication.  J.
Virol. 73, 3587-94 (1999)

Key Words:  Ras/Raf-1/MEK/ERK, Signaling Pathways,
Transformation, Cell Proliferation, Neuroprotection, HSV-
2, ICP10PK, Review

Send correspondence to: Cynthia C. Smith, Ph.D.,
University of Maryland, Dept. of Pharmacology and
Experimental Therapeutics, Bressler Bldg. 4-043A,655 W.
Baltimore St., Baltimore, MD 21201, Tel. 410-706-5849,
Fax 410-706-2513,E-mail: csmith@umaryland.edu

http://www.bioscience.org/current/vol10.htm


