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Stress up-regulates neuronal expression of the herpes
simplex virus type 2 large subunit of ribonucleotide
reductase (R1; ICP10) by activating activator

protein 1
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Herpes simplex virus type 2 (HSV-2) genes expressed in neuronal cells in re-
sponse to stress stimuli that trigger latency reactivation are largely unknown.
Using a chloramphenicol acetyltransferase (CAT) reporter assay we found that
stress caused a significant (P < .001) increase in ICP10 expression in neu-
ronal cells. Up-regulation correlated with activator protein (AP)-1 activation,
notably c-Jun and c-Fos that bind cognate elements in the ICP10 promoter.
It was blocked by mutation of the AP-1 motifs in the ICP10 promoter. ICP10
expression protected neuronal cells from stress-induced apoptosis. The data
suggest that ICP10 may contribute to HSV-2 reactivation by increasing neuronal
survival. Journal of NeuroVirology (2005) 11, 329-336.
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Herpes simplex viruses types 1 and 2 (HSV-1 and
-2) establish a life-long latent infection of sensory
ganglionic neurons that is largely transcriptionally
silent. Latency is characterized by periodic recurrent
episodes of virus reactivation, which are triggered by
stress stimuli. HSV-1 studies led to the conclusion
that stress-induced transcription factors, notably ac-
tivator protein (AP)-1, disrupt the latent phase tran-
scriptional repression, thereby initiating virus repli-
cation (Valyi-Nagy et al, 1991). They implicated viral
genes ICPO and latency-associate transcript (LAT) in
latency reactivation, the latter by virtue of its anti-
apoptotic activity (Loiacano et al, 2003; Ahmed et al,
2002; Jin et al, 2003). However, the role of tran-
scription factors in the reactivation of latent HSV-2
and the viral genes that respond to reactivating stim-
uli, are still poorly understood. Because hyperther-
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mic stress, a common latency reactivating stimulus,
up-regulates heat shock proteins (Hsp’s) by inducing
the heat shock transcription factor (HSF) (Morimoto,
1998), it seemed reasonable to assume that Hsp-like
viral proteins are similarly up-regulated. One such
protein is the large subunit of HSV-2 ribonucleotide
reductase (R1, also known as ICP10). ICP10 contains
independent protein kinase (PK) and R1 functions,
both of which are required for virus replication in
nondividing (neuronal) cells (Goldstein and Weller,
1988; Smith et al, 2000a). The N-terminal PK do-
main is homologous to a small Hsp (known as H11)
(Smith et al, 2000b; Aurelian et al, 2001). It contains
a degenerate crystallin motif similar to that in small
Hsp family members (Chabaud et al, 2003), and di-
rect alignment with anchored PK motifs reveals 32%
identity (23/71 identical residues) and 59% homol-
ogy (42/71 identical and functionally homologous
residues) between the H11 and ICP10 PK catalytic
cores (Figure 1A). The studies described in this re-
port were designed to test the hypothesis that stress
induces ICP10 expression, and determine the role of
transcription factors in this process.

To examine the expression of ICP10 in the ab-
sence of other viral proteins we used an ICP10-
CAT (chloramphenicol acetyltransferase) reporter
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Figure 1 Heat stress triggers ICP10 promoter activation in neuronal cells. (A) Alignment of the catalytic cores of ICP10 (Chung
et al, 1989) and H11 (Smith et al, 2000b) with anchored PK motifs (roman numerals) and using the ALIGN gene analysis software
(http://www2.igh.cnrs.fr/bin/align-guess.cgi). (B) Proliferating PC12 cells (panel 1) exhibit characteristic rounded morphology. PC12
cells cultured with NGF exhibit neurite outgrowths (panel 2; two fields are shown, note arrows) and increased levels of the neuronal dif-
ferentiation marker, GAP-43 (panel 3; NGF), as compared to proliferating PC12 cells (panel 3; Ctrl) as determined by immunoblotting with
GAP-43 antibody. The levels of GAPDH (used as loading control) were similar in NGF treated and untreated cultures (panel 3). (C) PC12,
NGF treated PC12, N2A, and HEK293 cells transfected with empty vector (empty), wild-type ICP10-CAT construct (pJW24), or the AP-1
mutant ICP10-CAT construct (pJZ34) were stressed with heat (HS) or forskolin and assayed for CAT expression. Unstressed cells (Ctrl)
were studied in parallel. Results are expressed as mean CAT concentration £SEM. * P <.001 by ANOVA relative to unstressed control.

gene assay with the previously described pJW24
and pJZ34 constructs (Wymer et al, 1989; Zhu and
Aurelian, 1997). pJW24 contains the wild-type 649-
bp ICP10 promoter (—544 to +105 relative to the
mRNA cap site) inserted 5’ to the CAT structural gene.
Construction was in pCATB’, which lacks eukaryotic
promoter sequences. pJW24-initiated transcription
induces CAT mRNA production and translation,
allowing for the quantification of promoter activ-
ity. In pJZ34 the two AP-1 cis-response elements
(TGACTCA) in the ICP10 promoter were mutated
(TGAAGCA). Mutation was by oligonucleotide-

directed mutagenesis using oligonucleotides 5'-
ACACCCCCCTGAAGCAGGAGATAGGC-3" and 5'-
CCTTAGATTGAAGCAGCACACG-3' and the Muta-
Gene system (Bio-Rad, Hercules, CA) according to the
manufacturer’s instructions.

PC-12 (rat pheochromocytoma) cells are routinely
used to study neuronal cell functions. They were
grown in DMEM/F12 (Dulbecco’s modified Eagle
medium [Invitrogen, Carlsbad, CA] and F12 nutrient
mixture (Invitrogen) at 1:1 ratio, 7.75 g/L of glucose,
and 7.5 mg/L sodium bicarbonate) with 10% fetal
bovine serum (FBS). N2A (murine neuroblastoma)



cells were grown in Opti-MEM/DMEM (1:1 ratio)
supplemented with 5% FBS, and human embryonic
kidney (HEK293) cells were grown in DMEM with 10
% FBS. HEK293 cells were used as a non-neuronal
cell control, based on the premise that ICP10 behaves
as an Hsp and previous findings that hyperthermic
stress induces Hsp expression in both PC12 and
HEK293 cells (Gober et al, 2003; Quigney et al, 2003).
PC12 cells were cultured (24 h, 37°C) in NB/B27
medium (neurobasal medium with 1x concentra-
tion of B27 serum-free supplement [Invitrogen])with
100 ng/ml nerve growth factor (NGF) (Invitrogen) to
cause their differentiation into neurons. Prior to hy-
perthermic stress, the cells were cultured for an ad-
ditional 24 h in serum-free DMEM/F12 medium in
order to decrease the potentially confounding con-
tribution of NGF-up-regulated transcription factors
(Otten et al, 2000). Differentiation was evidenced by
the development of neurite outgrowths (Figure 1B,
panel 2) that were not seen in proliferating PC12 cells
(Figure 1B, panel 1). It was confirmed by increased
levels of the neuronal differentiation marker GAP43
(Das et al, 2004) in NGF-treated relative to untreated
PC12 cells, as determined by immunoblotting (Figure
1B, panel 3).

Neuronally differentiated PC12 cells were trans-
fected with pJW24 or empty vector (2 pg) using
FuGene 6 reagent (Roche Applied Science, Indi-
anapolis, IN) according to manufacturer’s instruc-
tions. They were subjected (or not) to heat stress
(43°C; 1 h) and allowed to recover at 37°C for 5 h. Cell
extracts obtained at that time were assayed for CAT
levels using a commercially available enzyme-linked
immunosorbent assey (ELISA) kit (Roche Applied
Science) and the results are expressed as pg/ml.
HEK293 and undifferentiated PC12 cells were stud-
ied in parallel and served as control. CAT levels
were significantly (P < .001) higher in heat-stressed
than unstressed neuronally differentiated PC12 cells
transfected with pJW24 (165 4+ 20 and 31 £+ 10 pg/ml,
respectively), but not the empty vector (5 £ 3and 5 +
2 pg/ml, respectively). Heat shock did not increase
the levels of CAT in pJW24-transfected PC12 cells
that were undifferentiated (8 = 3 and 5 + 3 pg/ml
for heat stressed and unstressed, respectively) nor in
HEK293 cells (6 £+ 2 and 4 + 1 pg/ml for heat stressed
and unstressed, respectively) (Figure 1C). The data
indicate that hyperthermic stress induces ICP10 ex-
pression in neurons, but by a mechanism distinct
from that involved in Hsp up-regulation.

Since peripheral and central nervous system (CNS)
neurons respond to stress with AP-1 activation (Vali-
Nagi et al, 1991, Maroni et al, 2003), and the
ICP10 promoter has two AP-1 cis-response elements
(Wymer et al, 1989; Zhu and Aurelian, 1997), we con-
sidered the possibility that stress-induced ICP10 up-
regulation depends on AP-1 activation. In a first series
of experiments designed to address this question,
neuronally differentiated PC12 cells were transfected
with pJW24 or pJZ34 (AP-1 mutant), heat shocked
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(43°C; 1h), and assayed for CAT expression at 5 h after
recovery (at 37°C). CAT levels in pJW24-transfected
cells were significantly higher after heat stress than
in its absence (165 4+ 20 and 31 + 10 pg/ml, re-
spectively). This increase was not seen in cultures
transfected with the AP-1 mutant (56 + 10 pg/ml),
suggesting that stress-induced up-regulation of ICP10
expression is AP-1 dependent (Figure 1C). In a second
series of experiments to test the role of stress-induced
AP-1 on ICP10 expression, we asked whether AP-1
mediated activation of the ICP10 promoter also oc-
curs in other differentiated neurons. We took advan-
tage of previous findings that the adenylate cyclase
activator forskolin induces stress-related differentia-
tion of N2A cells involving AP-1 activation (Mackler
et al, 2003). This system is particularly interesting
from the standpoint of ICP10 up-regulation, because
forskolin induces reactivation of latent HSV in pri-
mary neurons (Colgin et al, 2001). N2A cells were
treated with forskolin (30 uM, 48 h), transfected with
pJW24 or pJZ34, and CAT expression was determined
24 h later. Forskolin caused a significant increase in
CAT expression in NeA cells transfected with pJW24
(198 + 13 and 44 + 4 pg/ml for forskolin treated and
untreated, respectively), but not pJZ34 (57 £ 9 and
50 + 11 pg/ml for forskolin treated and untreated,
respectively). The data support the conclusion that
stress induces ICP10 up-regulation in neurons, by
activating AP-1. AP-1 can also up-regulate ICP10 in
other cell types (Wymer et al, 1989; Zhu and Aure-
lian, 1997). However, stress-induced AP-1 activation,
and thereby ICP10 up-regulation, appear to be neuron
specific.

To examine the contribution of c-Fos and c-Jun
towards AP-1-mediated up-regulation of ICP10, we
asked whether they are activated in heat stressed neu-
ronally differentiated PC12 cells. NGF-differentiated
cells were cultured (24 h) in DMEM/F12 medium to
reduce the levels of NGF-induced transcription fac-
tors, heat shocked (43°C, 1 h) and allowed to re-
cover at 37°C for 30 min or 4 h, conditions that
activate ICP10 expression (Figure 1C). Cell extracts
were immunoblotted with antibodies to c-Fos (Santa
Cruz Biotechnology, Santa Cruz, CA), which recog-
nizes both the phosphorylated (P-c-Fos) and unphos-
phorylated forms (Burch et al, 2004), c-Jun, or acti-
vated (phosphorylated on Ser63) c-Jun (P-c-Jun) (Cell
Signaling Technology, Beverly, MA). The levels of
both the phosphorylated and unphosphorylated c-
Jun and c-Fos were higher in the heat stressed than
unstressed cells, indicating that they are up-regulated
by heat stress (Figure 2A, lanes 1 to 3). Increased c-
Fos expression/phosphorylation as late as 4 h after
stress is consistent with previous reports that c-Fos is
metabolically stabilized by phosphorylation (Hunter
and Karin, 1992; Okazaki and Sagata, 1995). Heat
shock had no effect on c-Fos and c-Jun expression
and caused a minimal increase (less than two-fold) in
c-Jun activation in undifferentiated PC12 cells (data
not shown).
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Figure 2 Heat induced ICP10 promoter activation is mediated by
AP-1. (A) PC12 cells were cultured (24 h) in NB/B27 medium sup-
plemented with NGF (100 ng/ml) followed by (24 h) serum-free
DMEM/F12 medium with or without trichostatin A (TSA; 2 uM)
and subjected (or not) to heat stress (HS). Extracts were collected
at 0.5 h or 4 h of recovery (at 37°C) and immunoblotted with anti-
body to c-Fos (recognizes c-Fos and phophorylated c-Fos [P-c-Fos]
[Burch et al, 2004]). Blots were stripped and reprobed with an-
tibodies to c-Jun, P-c-Jun, and GAPDH (used as loading control).
(B) Data from (A) were quantified by densitometry and expressed
as P-c-Jun/c-Jun ratio normalized to the no heat stress controls
(fold c-Jun activation). (C) Neuronally differentiated PC12 cells
were transfected with pJW24 or empty vector and treated (or not)
with TSA. The cultures were heat stressed (HS) or not (Ctrl) and
assayed for CAT expression. Results are expressed as mean CAT
concentration = SEM. *P< .001 by ANOVA relative to unstressed
control.

Stress-induced Hsp expression may involve his-
tone acetylation (Nightingale et al, 1998) as indicated
by recent findings that Hsp70 expression is up-
regulated by the class II histone deacetylase inhibitor
trichostatin A (TSA) (Rizzi et al, 2004). Because TSA
is also known to alter AP-1 activity (Sakata et al,
2004), we wanted to know whether its effect on c-
Fos and c-Jun expression is different within the con-
text of stress. Duplicate cultures of neuronally dif-
ferentiated PC12 cells were grown in DMEM/F12
medium with or without TSA (2 uM, 24 h), heat-
shocked (43°C, 1 h), and extracts obtained at 30 min
and 4 h after recovery were immunoblotted with the
c-Fos, c-Jun, and P-c-Jun antibodies. TSA treatment
increased the levels of c-Fos and c-Jun (phosphory-
lated or not) in unheated cells (Figure 2A, lanes 1,
4), but this was significantly reduced by heat shock
(Figure 2A, lanes 4 to 6). c-Jun levels were also signif-
icantly lower in heat-shocked cells that were treated
with TSA (Figure 2A, lanes 5, 6) than in similarly
heat-shocked cells that were not TSA treated ( Fig-
ure 2A, lanes 2, 3). Densitometric scanning and data
expression as P-c-Jun/c-Jun ratio (fold c-Jun activa-
tion) indicated that, relative to unheated cells, the
levels of P-c-Jun were 20- to 24-fold higher in heat-
shocked cells and only 4 to 5-fold higher in heat-
shocked and TSA-treated cells (Figure 2B). TSA is
known to have different modulatory effects on var-
ious genes (Eickhoff et al, 2000). Its negative effect
on AP-1 expression/activation in heat-stressed, but
not unstressed, cells may be due to increased acety-
lation of AP-1-specific nonhistone repressor proteins
(Mulholland et al, 2003) and/or phosphatases.

Having seen that stress has a differential effect on c-
Jun and c-Fos expression/activation when combined
with TSA treatment, we wanted to know whether this
correlates with ICP10 up-regulation. Neuronally dif-
ferentiated PC12 cells were transfected with pJW24
and heat shocked in the presence or absence of
TSA (2 uM). Hyperthermia-induced activation of the
ICP10 promoter was significantly reduced in the pres-
ence, as compared to the absence, of TSA (42 + 10 and
170 £ 18 pg/ml CAT, respectively) (Figure 2C). This
is consistent with the reduced levels of c-Jun and c-
Fos activation under these conditions (Figure 2B) and
supports the role of AP-1 in stress-induced activation
of the ICP10 promoter.

To examine whether hyperthermic stress alters
the binding activity of AP-1 to its cognate re-
sponse element, we used electrophoretic mobility
shift assays (EMSA) with nuclear extracts from neu-
ronally differentiated PC12 cells that were heat
shocked (43°C; 1 h) and allowed to recover for
2 h at 37°C. Nuclear extracts from similarly dif-
ferentiated but unstressed cells served as control.
The nuclear extracts were prepared as described
by Dignam et al (1983). Oligonucleotides contain-
ing the AP-1 elements in the ICP10 promoter
(5’-CGCTTGATGACTCAGCCGGAA-3') were labeled
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Figure 3 Stress potentiates AP-1 binding of the ICP10 promoter.
Nuclear extracts from neuronally differentiated PC12 cells that
were heat stressed (lanes 2, 4, 5, 6) or not (lanes 1, 3) were in-
cubated with [y-**P]ATP-labeled oligonucleotides containing the
consensus AP-1 cis response element in the ICP10 promoter. In
some experiments, 50-fold excess cold oligonucleotides contain-
ing the consensus AP-1 binding site (lanes 3, 4), or c-Fos (lane
5), or c-Jun (lane 6) antibodies were added. Supershifted band are
identified (arrow).

with [y-%2P] ATP and incubated (20 min; 25°C) with
5 ug of nuclear extracts. They were electrophoresed
(30 mA at 4°C) on a nondenaturing 5% polyacry-
lamide gel (38:1 acrylamide-bisacrylamide in 0.5x
TBE; pre-run for 30 min). Three major complexes
(B to D) and one minor complex (A) were observed
with nuclear extracts from unstressed cells (Figure 3,
lane 1). These complexes are AP-1 specific, because
they were competed by cold AP-1 oligonucleotides
(Figure 3, lanes 3, 4). Complex B was significantly
increased when the binding assay was done with nu-
clear extracts from heat stressed cells (Figure 3, lane
2). This complex consists of c-Fos and c-Jun (c-Fos/c-
Jun heterodimer), as evidenced by supershift analy-
sis with ¢-Fos and c-Jun antibodies (Figure 3, lanes
5, 6). Similar results were obtained with nuclear ex-
tracts collected at 4 h after recovery (data not shown).
Interestingly, complex A was not seen in binding as-
says with extracts from heat stressed cells (Figure 3,
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lane 2), suggesting that it may function to block trans-
activation of the ICP10 promoter. AP-1 factors in com-
plexes C and D are probably not involved in ICP10 up
regulation because these complexes were not altered
by heat shock (Figure 3, lanes 1, 2). The identity of the
AP-1 factors (Shaulian and Karin, 2002 ) involved in
the formation of complexes A, C, and D is presently
under investigation in our laboratory.

Because ICP10 inhibits virus-induced apoptosis
in neurons (Perkins et al, 2003), we wanted to know
whether it can also inhibit apoptosis caused by heat
stress (Leoni et al, 2000). PC12 cells were stably
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Figure 4 ICP10 expression protects from hyperthermia induced
apoptosis. (A) Extracts from PC12 and PC59 cells were im-
munoblotted with ICP10 antibody. The blot was stripped and
reprobed with antibody specific for actin (Santa Cruz Biotechnol-
ogy). (B) Neuronally differentiated PC12 and PC59 cells were heat
shocked (HS) (or not) and assayed for apoptosis (by TUNEL) at 8
or 24 h post recovery at 37 °C. Results are expressed as mean %
TUNEL* cells £SEM. *P <.001 by ANOVA relative to similarly
treated PC12 cells.
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transfected with 2 ug of a previously described
ICP10 expression vector (pJW17N) that contains a
neomycin resistance gene. Selection was with 400
ung/ml G418 (Invitrogen) and ICP10 expression was
confirmed (Figure 4A) by immunoblotting with
ICP10 antibody, as previously described (Smith et al,
2000a). These cells (PC59) and untransfected PC12
cells were neuronally differentiated, subjected to
heat shock (or not), and allowed to recover at 37°C
for 8 and 24 h. They were assayed for apoptosis by
TUNEL, using the in situ cell death detection kit
(Roche Applied Science). The % TUNEL™ (apop-
totic) cells were significantly (P < .001) lower in
PC59 than PC12 cells, both at 8 h (5% + 1% and
34% =+ 4%, respectively) and 24 h (13% + 3% and
69% =+ 8%, respectively) post heat shock (Figure
4B). Unstressed cultures exhibited only background
levels of apoptosis (3% % 1% and 5% =+ 2% TUNEL™"
cell for PC59 and PC12 cells, respectively) (Figure
4B). The data indicate that ICP10 protects neurons
from stress-induced apoptosis.

The data described in this report indicate that stress
up-regulates ICP10 expression in neuronal cells in
the absence of other viral genes. However, despite
its similarity to members of the Hsp family, ICP10 is
up-regulated by AP-1, rather than HSF. Up-regulation
involves AP-1 cis-response elements in the ICP10
promoter, as evidenced by (i) the failure to induce
expression from the AP-1 mutated promoter, and (ii)
the results of EMSA experiments, which indicate that
stress potentiates the AP-1 DNA-binding activity of
nuclear extracts as late as 4 h after recovery. Although
both c-Fos and c-Jun were up-regulated/activated by
hyperthermic stress, we believe that c-Jun is likely
to play a more prominent role in heat-induced ICP10
upregulation, because (i) the levels of P-c-Jun, were
significantly higher in heat-stressed than unstressed
cells, and (ii) TSA reduced the heat-induced up-
regulation of ICP10 and the activation of ¢-Jun. Dis-
tinct AP-1 factors may be differentially involved in
ICP10 up-regulation by other stressors. For exam-
ple, forskolin, which also activates the ICP10 pro-
moter, is known to increase the levels of c-Fos and
Jun-B, while minimally affecting c-Jun (Vaccarino
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