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The transcription factors ATF-2 and c-Jun are important for transactivation of varicella-zoster virus (VZV)
genes. c-Jun is activated by the c-Jun N-terminal kinase (JNK), a member of the mitogen-activated protein
kinase pathway that responds to stress and cytokines. To study the effects of VZV on this pathway, confluent
human foreskin fibroblasts were infected with cell-associated VZV for 1 to 4 days. Immunoblots showed that
phosphorylated JNK and c-Jun levels increased in VZV-infected cells, and kinase assays determined that
phospho-JNK was active. Phospho-JNK was detected after 24 h, and levels rose steadily over 4 days in parallel
with accumulation of VZV antigen. The two main activators of JNK are MKK4 and MKK?7, and levels of their
active, phosphorylated forms also increased. The competitive inhibitor of JNK, SP600125, caused a dose-
dependent reduction in VZV yield (50% effective concentration, =8 uM). Specificity was verified by immuno-
blotting; phospho-c-Jun was eliminated by 18 pM SP600125 in VZV-infected cells. Inmunofluorescent confocal
microscopy showed that phospho-c-Jun and most of phospho-JNK were in the nuclei of VZV-infected cells;
some phospho-JNK was in the cytoplasm. MKK4, MKK?7, JNK, and phospho-JNK were detected by immu-
noblotting in purified preparations of VZV virions, but c-Jun was absent. JNK was located in the virion
tegument, as determined by biochemical fractionation and immunogold transmission electron microscopy.
Overall, these results demonstrate the importance of the JNK pathway for VZV replication and advance the

idea that JNK is a useful drug target against VZV.

Cells monitor their environments through surface receptors,
transmitting signals from the surroundings and responding ap-
propriately in terms of gene expression. It is known that cells
respond to environmental cues, growth factors, and stress by
the activation of mitogen-activated protein kinases (MAPKs),
thus making these pathways main regulators of the intracellu-
lar environment. MAPKs are commonly activated through a
three-tiered phosphorylation cascade (9, 30). A stimulus at the
plasma membrane leads to sequential activation of MAP3Ks
(MAP kinase kinase kinase; usually a serine/threonine-specific
kinase), which next activate MAP2Ks (S/T and tyrosine dual
specific kinase), which then activate MAPKs by phosphoryla-
tion of a TXY motif in the activation loop. Activated MAPKs
translocate to the nucleus and phosphorylate transcription fac-
tors, creating a direct link between outside cues and changes in
gene expression in the nucleus. MAPKs also have roles in the
cytoplasm, where they may influence apoptosis and other func-
tions. The three best-characterized signaling cascades are
known by their MAPKSs: extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38 kinase (9).
The JNK pathway is one of the most complex, mediating re-
sponses to osmotic stress, UV radiation, inflammation, growth
factors, and apoptosis (31, 59). Following engagement of cel-
lular receptors, the signals are first transmitted through Rho
family GTPases (12, 30, 50) or other unknown intermediates
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and at least 13 known MAP3Ks (31). Scaffold proteins coor-
dinate the propagation of the stimuli to the JNK-specific
MAP2Ks, MKK4/MEK4 and MKK7/MEK7 (52), both of
which are required to activate the three isoforms of JNK. Dual
phosphorylation on the TPY amino acid motif (13) by MKK4
and MKK?7 is necessary to activate JNK (43, 48). The main
substrate of JNK is c-Jun, a member of the heterodimeric AP-1
transcription factor family (13, 32), which is phosphorylated by
JNK at serines 63 and 73 (41).

Viruses have coevolved with their human hosts and so have
adapted to the intricacies of signaling networks by manipulat-
ing the MAPK pathways to favor viral replication (22). Widely
diverse families of viruses activate MAPKSs upon binding, en-
try, or replication (22). To mention only a small segment of the
field, influenza virus, human hepatitis viruses, and herpesvi-
ruses have evolved strategies to modulate MAPKs for onco-
genic transformation, to prevent apoptosis, and to activate
transcription factors (11, 18, 46, 56). Although the purpose of
MAPK activation is difficult to discern and is unique to each
virus, there appears to be a common requirement for induction
of transcription factors that regulate viral and cellular gene
expression.

Interaction with the JNK pathway to modulate the intracel-
lular environment is likely beneficial at many stages of herpes-
virus infection. Kaposi’s sarcoma-associated herpesvirus en-
codes the viral kinase ORF36 (open reading frame 36), which
phosphorylates and activates JNK, and inhibition of JNK
blocks viral gene expression at late stages of infection (23).
Kaposi’s sarcoma-associated herpesvirus activates JNK and
AP-1 in endothelial cells at the entry stage, and JNK inhibitors
or dominant-negative proteins block infectivity (55). It is well
established that Epstein-Barr virus encodes two membrane
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proteins, LMP-1 and -2, that activate JNK, causing increases in
c-Jun and AP-1 activity (8, 17, 33). Herpes simplex virus type
1 (HSV-1) infection activates JNK and p38 soon after entry
and maintains activation for as long as 14 h (49). The JNK
pathway can be activated by external addition of HSV-1 gly-
coprotein H (gH) peptides (20) or expression of the immedi-
ate-early protein ICP27 (24). HSV-1 also activates JNK and
c-Jun in cultured rat neurons and in patients with HSV-asso-
ciated acute focal encephalitis (58). Varicella-zoster virus
(VZV) infection has been found to activate the JNK and p38
pathways in melanoma cells (62), and inhibition of JNK led to
a twofold increase in VZV replication. Stable expression of
VZV ORF61 alone in MeWo cells was linked to phosphory-
lation of JNK, and sustained JNK activation reduced the VZV
yield in this system (61). Conversely, we report here that VZV
replication in confluent human foreskin fibroblasts (HFFs) is
dependent on JNK activity.

VZV is a human-restricted alphaherpesvirus that infects
nondividing cells such as epithelial cells, dermal fibroblasts,
memory T cells, and neurons (1). This pattern of tissue and cell
tropism is reflected in the diseases caused by VZV, which are
chicken pox (varicella) upon primary infection and shingles
(herpes zoster) upon reactivation from latency in dorsal root
ganglia. In cultured human skin fibroblast cells, VZV grows
well even when the monolayers are confluent (44). In these
contact-inhibited fibroblasts, VZV infection selectively acti-
vates cyclin-dependent kinases that are involved in regulating
cell division (44). This atypical cellular environment is appar-
ently important for VZV, since cyclin-dependent kinase inhib-
itors such as roscovitine and purvalanol prevent replication
(68). The regulation of the cell cycle is linked to MAPKSs (47,
66), although little is known about their roles in VZV-infected
quiescent skin fibroblasts, which are primary cells with nor-
mally regulated signaling cascades.

Transcription factors, both cellular and viral, act in concert
to stimulate VZV gene expression. VZV ORFs 4, 10, 61, 62,
and 63 encode known transactivators that interact with cellular
transcription factors including Oct-1, TATA binding protein,
USF, Spl, activating transcription factor 2 (ATF-2), AP-1, and
certainly others (57, 60, 63). For example, the host cell factor
1 protein (HCF-1) is necessary for the ORF10 protein and
immediate-early protein 62 (IE62) to synergize at the ORF62
promoter (53). Many recognition sites for AP-1/TRE (TPA
[12-O-tetra-decanoyl phorbol 13-acetate] response element)
and ATF/cis-acting replication element sites are found in VZV
promoters, and knocking down c-Jun and ATF-2 (components
of AP-1) with antisense RNA reduced the transcription of
VZV genes (64). The JNK pathway is directly upstream of
c-Jun and is the main activator of the transcription factor (13).
The key role of AP-1 transcription factors in VZV gene ex-
pression led us to hypothesize that the JINK pathway is manip-
ulated by the virus in resting fibroblasts.

Here we report that three levels of the JNK pathway were
activated following VZV infection of confluent human foreskin
fibroblasts. A large increase in JNK activity was associated with
phosphorylation of its activators, MKK4 and MKK?7, and with
phosphorylation of its substrate, c-Jun. The activation of the
JNK pathway was sustained, and the levels of phosphorylated
JNK increased concurrently with the spread of VZV over 4
days. The JNK and c-Jun proteins were found in the nuclei of
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infected cells, where they could transactivate viral gene expres-
sion. Some phosphorylated JNK was also found in the cyto-
plasm, where it could be involved in later stages of replication
such as tegumentation and rearrangements of the cytoskele-
ton. Indeed, JNK was associated with purified VZV virions.
Chemical inhibition of JNK caused a dose-dependent reduc-
tion in virus spread, further emphasizing the importance of this
signaling pathway to VZV replication and advancing the idea
that JNK is a useful drug target against VZV.

MATERIALS AND METHODS

Cells and viruses. HFFs (¢cATCC no. CCD-1137Sk) and MeWo cells, a human
melanoma cell line (a gift of Charles Grose, University of Towa), were main-
tained in Eagle minimal essential medium with Earle’s salts and L-glutamine,
supplemented with 10% heat-inactivated fetal calf serum, penicillin-streptomy-
cin (5,000 TU/ml), amphotericin B (250 pg/ml), and nonessential amino acids.
The MeWo MPR-KD cell line (7), which is deficient in the mannose 6-phosphate
receptor (a gift of Michael and Anne Gershon, Columbia University), was main-
tained in supplemented tissue culture medium with 2 pg of puromycin (Sigma)/
ml. All media and supplements were obtained from Cellgro/Media Tech (Wash-
ington, DC). Cells were grown to confluence at 37°C in humidified 5% CO,. The
VZV recombinant parental Oka strain (rPOKA) (54) was propagated by passage
of infected cells showing cytopathic effect onto uninfected monolayers of HFFs.

Kinexus Western blot array. Confluent layers of HFFs were either mock
infected or VZV infected for 3 days under 10% or 1% serum conditions. Infec-
tion consists of adding infected cells to uninfected cells. Mock infection consists
of the addition of uninfected cells. Cell lysates were then collected using the
Kinexus lysis buffer (20 mM Tris [pH 7], 2 mM EGTA, 5 mM EDTA, 30 mM
sodium fluoride, 40 mM glycerophosphate, 10 mM sodium pyrophosphate, 2 mM
sodium orthovanadate, 10 wM leupeptin, 5 pM pepstatin A, 0.5% Triton X-100,
and protease inhibitors [Roche, Indianapolis, IN]). The cells were sonicated
twice for 15 s to rupture the cells. The homogenate was then subjected to
ultracentrifugation at 100,000 X g for 30 min on a Beckman TL-100 tabletop
ultracentrifuge. The lysates were then diluted in sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) sample buffer and sent to Kinexus
(Vancouver, British Columbia, Canada) for analysis using Kinetworks phos-
phosite screen 1.3. This screen analyzed 31 phosphorylation sites in phospho-
proteins. Kinetworks protein kinase screen 1.2 was also performed under 1%
serum conditions. This screen analyzed total levels of 75 proteins.

Antibodies and inhibitors. Antibodies to phospho-JNK (44-682G) and JNK 1
(anti-JNK 1 pan, 44-690G) were purchased from Biosource (Camarillo, CA).
Antibodies to phospho-c-Jun (06-659) and total c-Jun (06-225) were purchased
from Upstate Biotechnology (Lake Placid, NY). Antibodies to phospho-JNK
(sc-6254) were purchased from Santa Cruz (Santa Cruz, CA). Antibodies to total
MKK4 (9152), phospho-MKK4 (9156), total MKK?7 (4172), and phospho-MKK7
(4171) were purchased from Cell Signaling (Danvers, MA). Polyclonal rabbit
antibodies to the VZV proteins IE62, ORF4, and ORF29 were kindly provided
by Paul Kinchington of the University of Pittsburgh. Human anti-VZV serum
was kindly provided by Ann Arvin of Stanford University. The monoclonal
antibody to glycoprotein gE (3B3) was kindly provided by Charles Grose of the
University of Towa. The JNK inhibitor SP600125 was purchased from Biomol
(Plymouth Meeting, PA). Stock solutions of 10 mM SP600125 were dissolved in
dimethyl sulfoxide (DMSO), aliquoted, and stored at —20°C. The inhibitor was
diluted in tissue culture medium for use.

Immunoblotting. Confluent monolayers of HFFs were either mock infected or
VZV infected for 3 to 4 days. Cells were also treated with anisomycin (250 ng/ml)
for 30 to 40 min as a positive control. Cells were washed with cold phosphate-
buffered saline (PBS), and cell lysates were then collected using radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris-HCI [pH 7.4], 1% NP-40, 150 mM
NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na;VO,, and protease inhibitors
[Roche]). Lysates were rocked at 4°C for 4 h, sonicated twice for 15 s, and
centrifuged at 16,300 X g for 25 min at 4°C, and aliquots were stored at —80°C.
For SDS-PAGE, lysates were diluted in sample buffer, boiled at 95°C for 5 min,
and then run on 4 to 12% gradient Tris-glycine gels (Cambrex, Rockland, ME).
Proteins were transferred to a polyvinylidene difluoride membrane and probed
for the respective proteins. The manufacturers’ recommended conditions for
blocking and probing were used for each antibody. All primary antibodies were
used at a 1:1,000 dilution. Either alkaline phosphatase- or horseradish peroxi-
dase-conjugated secondary antibodies were used (Jackson ImmunoResearch).
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Signals were detected using Lumi-phos (Pierce, Rockford, IL) or ECL plus
(Amersham Biosciences, Piscataway, NJ).

JNK kinase assays. JNK kinase assays were carried out as described in refer-
ence 71. Briefly, cell lysates in RIPA buffer were incubated overnight at 4°C on
a rocker with 2 pg of c-Jun fusion protein beads (Cell Signaling). The c-Jun
protein is expressed as a recombinant protein fusion of c-Jun codons 1 to 89 and
glutathione S-transferase (GST). These beads selectively bind JNK and serve as
its substrate. The beads were washed once with RIPA buffer and twice with
kinase assay buffer (25 mM HEPES [pH 7.4], 25 mM sodium B-glycerophos-
phate, 25 mM MgCl,, 0.1 mM sodium vanadate, 0.5 mM dithiothreitol). Beads
were incubated with kinase assay buffer and 10 p.Ci of [y-*>P]ATP for 30 min at
30°C. JNK lal/stress-activated protein kinase 1c (SAPK 1c) active kinase (4 ng)
(Upstate) was used as a positive control. The reaction was terminated by addition
of SDS-PAGE sample buffer, and the reaction product was boiled for 5 min at
95°C. The eluted proteins were run on 4 to 12% gradient Tris-glycine gels
(Cambrex). The gel was dried, and phosphorylation of the c-Jun substrate was
determined by autoradiography.

Immunofluorescence confocal microscopy. HFFs were grown to confluence on
glass chamber slides (Nalge Nunc, Naperville, IL) and then either mock infected
or VZV infected for 24 to 48 h. The cells were washed twice with CSK buffer (1
M HEPES, 600 mM sucrose, 1.5 M NaCl, 300 mM MgCl,, 1 pg/ml pepstatin, 1
M NaF, 50 mM Na;VO,, 1 M dithiothreitol, protease inhibitors [Roche]), fixed
in 10% paraformaldehyde in PBS for 10 min, and then fixed in 100% methanol
for 15 min. To avoid autofluorescence, cells were treated with 10% sodium
borohydride in PBS for 15 min. Cells were blocked in 10% goat serum-3%
bovine serum albumin in Tris-buffered saline and were subsequently stained with
a rabbit polyclonal phospho-JNK antiserum, a phospho-c-Jun antiserum, a
monoclonal phospho-JNK antiserum (1:100), a human anti-VZV antiserum
(kindly provided by Ann Arvin, Stanford University) (1:500), or an IE62 anti-
serum (generously provided by Paul Kinchington, University of Pittsburgh).
Finally, secondary antibodies (1:200) conjugated to rhodamine or fluorescein
isothiocyanate (Jackson ImmunoResearch, West Grove, PA) were added. The
slides were mounted with Prolong Gold (Molecular Probes, Eugene, OR), and
images were collected with a Bio-Rad (Hercules, CA) Lasersharp Plus imaging
system.

NR cytotoxicity assay. The neutral red (NR) cytotoxicity assay was performed
according to previously described methods (2). NR (Sigma) was diluted in tissue
culture medium to 25 pg/ml and incubated overnight at 37°C. Prior to use, the
NR solution was filtered (pore size, 0.22 pm) to remove fine dye crystals. HFF
cells were seeded on 96-well plates and treated with either 5.0 ng of staurospor-
ine or 0 to 40 uM SP600125. After 0, 24, and 48 h, the medium was removed from
the HFF cells and replaced with 0.25 ml of NR solution, and the mixture was
incubated for 2 h at 37°C. Cells were then washed and fixed with 0.5% formalin
in Dulbecco’s PBS with Ca* and Mg?* (Mediatech). The NR dye that had been
taken up by viable cells was extracted with 0.1 ml of desorb solution (1% glacial
acetic acid, 50% ethanol). The plate was agitated on an orbital shaker for 25 min,
and then the absorbance was read at 540 nm on a microtiter plate spectropho-
tometer.

Dose-response studies. Cells were grown in 24-well plates to confluence. Cells
were pretreated with 0 to 40 uM SP600125 for 45 min. These cells were then
infected with cell-associated VZV at a dilution of 1:50 to 1:100. Cells were
incubated with increasing doses of SP600125 (0 to 40 pM) and equalized
amounts of diluent (DMSO) for 48 h. Drugs were refreshed every 24 h. The yield
of VZV infection was determined by a plaque assay. At 0 and 48 h postinfection,
cells were trypsinized. Two wells for each dose were titered onto monolayers of
MeWo cells in 24-well plates. The titer plates were incubated for 5 to 7 days, then
fixed with 3.7% formaldehyde in PBS for 20 min, and finally stained with crystal
violet for 10 min. Plaques and syncytia were counted under a dissecting micro-
scope. PFU per milliliter were calculated and plotted against the dose.

Virion purification. Virus particles were purified from VZV-infected MeWo
MPR-KD cells as described previously (36, 39). VZV-infected cells (12 to 15
175-cm? flasks) showing 80% cytopathic effect were scraped, pelleted by low-
speed centrifugation, and subsequently used to make cell extracts by Dounce
homogenization in serum-free medium. Nuclei and cell debris were pelleted by
low-speed centrifugation and subsequently discarded. The cell extracts were then
combined with the infected-cell medium and subjected to high-speed centrifu-
gation (71,000 X g for 2 h at 4°C) to pellet released material and virus particles.
The virion pellet was then resuspended in serum-free medium and allowed to sit
overnight at 4°C. The next day, the sample was briefly sonicated and subjected to
low-speed centrifugation to remove debris. The supernatant was then centri-
fuged on a 5 to 15% Ficoll gradient (Sigma) for 2 h at 35,000 X g and 4°C. A
light-diffusing band migrating approximately halfway down the gradient was
extracted, diluted in serum-free medium, and pelleted by centrifugation at
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160,000 X g for 1 h at 4°C. The virion preparation was then resuspended in
serum-free medium (200 wl) and stored at —80°C. The virion preparation was
then analyzed by immunoblotting, and the blot was probed with the appropriate
antibodies. Virion purity was determined by probing for the absence of the
130-kDa protein ORF29, the single-stranded DNA binding protein, with a poly-
clonal antibody.

Electron microscopy. Purified virions were negatively stained with 1% uranyl
acetate, by a procedure similar to that described in reference 15, on ultrathin,
400-mesh, carbon type-A grids (Ted Pella, Redding, CA). Formvar was removed
from the carbon grids with chloroform, and then a drop (5 pl) of the virion
suspension was adsorbed to the grid for 1 min. Excess suspension was removed
with filter paper. The grid was washed with water and then covered with a drop
of 1% uranyl acetate for 1 min. Excess stain was removed with filter paper. The
grid was dried and subsequently viewed by transmission electron microscopy
(TEM) (Tecnai 12 Bio Twin, images captured by a Kodak ES4.0 Advantage Plus
digital charge-coupled device system 2Kx 2K camera [AMT, Danvers, MA].

For immunogold TEM, VZV- and mock-infected cells were grown as de-
scribed above, harvested after 4 days by scraping cells into their own media,
pelleted, and washed in cold PBS. The cell pellets were overlaid with 1% agarose
and then fixed in 3% paraformaldehyde-0.1% glutaraldehyde—1% tannic acid—
0.05 M phosphate buffer (pH 6.8) for 2 h at room temperature. The pellets were
washed with 0.05 M phosphate buffer, treated with 0.05 M ammonium chloride
for 30 min at room temperature, and then washed with water. The pellets were
then treated with 0.1% osmium tetroxide for 30 min, rinsed with water, and
successively dehydrated in 30%, 50%, 70%, 80%, and 90% ethanol twice for 10
min each time and in 100% ethanol three times for 10 min each time. LR Gold
resin in 100% ethanol (1:1) (Electron Microscopy Sciences, Hatfield, PA) was
added to the pellets for 1 h at room temperature; it was then replaced with LR
Gold containing 0.2% benzyl, and the pellets were incubated overnight at 4°C.
Fresh LR Gold with 0.2% benzyl was added for a second overnight incubation at
4°C. The resin was polymerized by exposure to UV light for 5 days at 4°C. Thin
sections (thickness, 80 nm) were made with a microtome (Ultracut E; Reichert-
Jung), and placed on Formvar-carbon-coated 200-mesh gold grids (Electron
Microscopy Sciences). The grids were washed with PBS, incubated in 0.1 M
glycine for 30 min, and again washed in PBS. The grids were blocked in 4%
bovine serum albumin-0.1% fish gelatin-0.05% Tween 20 solution for 2 h at 4°C
and then incubated with an anti-JNK antibody (1:40) or rabbit immunoglobulin
G in blocking buffer overnight at 4°C. The grids were then washed with PBS and
incubated in a goat anti-rabbit antibody conjugated to 10-nm-diameter gold
particles (Electron Microscopy Sciences) for 90 min. The grids were washed with
PBS, incubated in 2% glutaraldehyde for 15 min; washed in water, treated with
1% osmium for 30 min, washed extensively in water, and finally stained with 4%
uranyl acetate and a lead citrate solution for 15 min each. The grids were rinsed,
dried, and subsequently viewed with a Jeol (100S) transmission electron micro-
scope.

Virion detergent and protease treatments. The detergent and protease treat-
ments were modified from methods described previously (73). Purified virions
were treated with 1% Triton X-100 alone for 30 min at 37°C, followed by a 1-h
centrifugation at 70,000 X g. The supernatant (viral envelope proteins) was
precipitated with acetone and resuspended in sample buffer for SDS-PAGE
analysis. The pellet (virus particles) was also resuspended in sample buffer for
SDS-PAGE. Purified virions were also treated either with trypsin (0.1 mg/ml)
alone for 15 min or with trypsin (0.1 mg/ml) and 1% Triton X-100 for 5 or 15 min
at 37°C. Proteolysis was terminated by the addition of soybean trypsin inhibitor
(0.5 mg/ml) and 0.4 mM phenylmethylsulfonyl fluoride. Proteins were precipi-
tated with acetone, resuspended in sample buffer, and separated by SDS-PAGE.

RESULTS

VZV activates the JNK pathway. Our first approach to de-
termining the signaling status of the cell upon infection with
VZV was to use the Kinexus Western blot array. Kinexus
provides a service to analyze the expression and phosphoryla-
tion states of many protein kinases and cell signaling proteins
through the application of specific antibody probes to lysates of
infected and uninfected cells. HFFs were used throughout this
study, because they are primary cells with unaltered signaling
networks, in contrast to oncogenically transformed and immor-
talized cell lines, which may contain unidentified defects in
these pathways. Parallel cultures of HFFs grown in media
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TABLE 1. Kinexus Western blot array”

Fold change in protein level at the
indicated serum concn

Kinase Ph(.)SphO Phosphoprotein
epitope O —————— Total protein
10% 1% (1% serum)
Serum Serum
JNK (47 kDa) T183/Y185 40.15 74.84 1.17
JNK(39 kDa) T183/Y185 222 3.23 0.27
c-Jun S73 1.84 2.39 o"
PKR T451 10.07 4.1 @b

“ HFF cells were either mock infected or infected with VZV-for 3 days under
10% and 1% serum conditions. Lysates were then collected and used for a
Kinexus Western blot array. The n-fold change in phosphorylation or in the total
protein amount was calculated as (counts per minute for VZV-infected cells)/
(counts per minute for mock-infected cells) from immunoblot densitometry.

> @, experiment not done.

containing either 10% or 1% fetal bovine serum were either
mock infected (uninfected HFFs) or infected with VZV (cell-
associated inoculum) for 3 days, the time point when the max-
imal VZV titer is achieved, as determined by previous studies
(44). Whole-cell extracts were collected and shipped to
Kinexus for analysis by immunoblotting. Densitometry of the
protein bands was used to calculate the n-fold change in phos-
phoprotein levels in VZV-infected cells compared to mock-
infected cells; it revealed large changes in the phosphorylation
of particular proteins (Table 1). The phospho form of protein
kinase RNA-activated (PKR), which is activated by phosphor-
ylation in response to viral infection, increased 4- to 10-fold.
The 47-kDa isoform of JNK showed 40- to 75-fold-increased
phosphorylation levels with serum concentrations of 10%
and 1%, respectively. The 39-kDa JNK isoform showed two-
to threefold-increased phosphorylation. Phosphorylation of c-
Jun, a substrate of JNK, increased approximately twofold with
both serum concentrations. To determine whether changes in
protein expression levels could account for the observed in-
creases in phosphorylation, Kinexus performed a total-quantity
analysis on a broad array of cell proteins. The levels of total
JNK increased approximately 0.3- to 1.2-fold, an order of mag-
nitude less than the increase in the phosphorylation of the
same protein in VZV-infected HFFs. No proteins tested
changed more than twofold (data not shown). The c-Jun pro-
tein was not included on the total-protein array, but it was part
of the next set of experiments to confirm the Kinexus results by
evaluating the individual components of the JNK pathway.
The copious increase in JNK phosphorylation in VZV-in-
fected cells merited further investigation. To explore the phos-
phorylation status of JNK and other members of its pathway,
paired sets of antibodies to total and phosphorylated forms
were used in separate immunoblots. Because the JNKs are
encoded by three genes, and differential splicing leads to 10 to
12 isoforms, two antibodies were used to detect the predomi-
nant types of total JNK1 and JNK2 (12, 41). Anisomycin, a
protein synthesis inhibitor and a known inducer of the JNK
stress response, was added briefly before cell lysates were col-
lected to stimulate the JNK pathway in positive-control cul-
tures of HFFs (42). Again, lysates of mock-infected or VZV-
infected cells were collected after 3 days. The amount of
protein in each sample was adjusted so that equal amounts
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were compared, as seen by the similar levels of total MKK4,
MKK?7, INK, c-Jun, and B-actin (Fig. 1). Although these pro-
teins were present in roughly equivalent amounts, their phos-
phorylation increased in both the anisomycin-treated control
and VZV-infected cells. Anisomycin caused extensive phos-
phorylation of both forms of MKK4, while VZV infection
resulted in heavy phosphorylation of only the slower-migrating
form. VZV infection led to heavy phosphorylation of the faster-
migrating form of phospho-MKK?7, whereas treatment with
anisomycin led to moderate phosphorylation of both forms of
MKK?7. The differences in phosphorylation patterns suggest
that the JNK pathway responds differently to the VZV and
anisomycin stimuli. The substantial increase in phospho-
MKK?7 levels is noteworthy and suggests that MKK?7 is the
main activator of JNK in VZV-infected cells. Differences in
the phosphorylation patterns were also observed for JNK and
c-Jun. Immunoblotting confirmed that VZV infection led to
greater phosphorylation of JNK than anisomycin treatment.
The abundance of phospho-JNK in the VZV-infected sample

A VM

—
| | MKK4
- -
't P-MKK4
o @b MKK?7
. @ P-MKK?7
o ‘-
T-INK
- -
-—awaw | NK |
o P-INK
b|ﬂ c-Jun
R
. P-cJun
G S | [3-actin

FIG. 1. The JNK pathway is induced by VZV. HFF cells were
either mock infected or infected with VZV for 3 to 4 days. Cells
treated with anisomycin (250 ng/ml for 30 to 40 min) were used as a
positive control for induction of the JNK pathway. Lysates were then
collected and used for immunoblotting. The results are representative
of more than three experiments. 3-Actin levels were used as a loading
control. M, mock infected; V, VZV infected; A, anisomycin treated; P,
phospho; T, total.
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FIG. 2. Time course of JNK activation. Lysates of VZV- and mock-
infected cells were collected at 2 h postinfection (day zero), day 1, day
2, day 3, and day 4 and were analyzed by immunoblotting. Blots were
probed for phospho-JNK (P-JNK) and VZV antigen. Anisomycin-
treated cells were used as a positive control. B-Actin levels were used
as a loading control. M, mock infected; V, VZV infected; A+, aniso-
mycin-treated positive control.

obscured a doublet of approximately 46 kDa (data not shown)
that was visible in the anisomycin-treated sample, where less
was present. These isoforms are likely splice variants of JNK1
and JNK2. Immunoblotting of phospho-c-Jun showed that
VZV infection led to increased phosphorylation of several
forms of c-Jun and JunD, which appeared as a cluster of bands
at approximately 37 kDa. Importantly, no phosphorylated
forms of the JNK pathway proteins were detected in mock-
infected cultures, indicating that the experimental conditions
did not inadvertently trigger a stress response. These results
confirm and expand the observations made with the Kinexus
arrays and indicate that the JNK pathway is conspicuously
phosphorylated in VZV-infected HFFs in a manner different
from that of the standard activator, anisomycin.

To determine the kinetics of JNK phosphorylation caused by
the virus, HFF cultures were either inoculated with VZV-
infected HFFs or mock infected with the same number of
HFFs in suspension. This procedure results in approximately 1
cell in 100 becoming infected, or a multiplicity of infection
(MOI) of 0.01. A higher MOI and cell-free virus cannot be
obtained with VZV, thus precluding synchronous infections
and analysis of early time points. After a 2-h adsorption (day
0), lysates of VZV- and mock-infected cells were collected
daily and analyzed by immunoblotting for VZV glycoproteins,
to monitor the progression of virus spread, and for phospho-
JNK. Phospho-JNK levels increased over 4 days in parallel
with the accumulation of VZV antigen, suggesting a corre-
lation between virus replication and JNK phosphorylation
(Fig. 2). At day 0, the level of phospho-JNK was greater in
VZV-infected cells than in mock-infected controls, since the
infection was initiated with a cell-associated virus that would
already contain elevated phospho-JNK levels. The mock-in-
fected cells maintained a consistently low level of phospho-
JNK throughout the experiment. Thus, phospho-JNK was sus-
tained in VZV-infected cultures and increased in direct
proportion to virus spread.
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The JNK inhibitor SP600125 prevents VZV replication. The
extensive phosphorylation of JNK could have resulted from
several possible effects: (i) incidental activation of the pathway
by virus infection, (ii) a generic stress response, (iii) a specific
cellular response to counteract the virus, such as apoptosis, or
(iv) induction by the virus to favor its replication. To discern
whether JNK phosphorylation was incidental, deleterious, or
enhancing to VZV, the JNK inhibitor SP600125 was used to
block the activity of this kinase. SP600125, an ATP analog, is a
reversible, competitive JNK inhibitor that inserts into the ATP
binding cleft (3, 27). Confluent HFFs were preincubated for 40
min with increasing amounts of SP600125 and were then in-
fected with VZV. The inhibitor was refreshed every 24 h. After
48 h of infection, the monolayers were dispersed with trypsin to
obtain a single-cell suspension, and the number of VZV-in-
fected cells was determined by a plaque assay. SP600125
caused a dose-dependent reduction in VZV yield, with 50%
inhibition of VZV replication (50% effective concentration) at
approximately 8 uM (Fig. 3A). At a higher dose of 20 uM
SP600125, immunofluorescence microscopy revealed that
VZV was restricted to single cells or plaques consisting of only
a few cells, which probably represent the inoculum or limited
spread to adjacent cells (Fig. 3C). In contrast, large plaques
formed in cultures treated with the diluent alone.

Examination of the treated monolayers by inverted phase-
contrast microscopy did not show signs of toxicity at concen-
trations up to 20 wM, although adverse effects may not have
been visible. To measure the cytotoxicity of SP600125 more
accurately, a neutral red dye uptake assay was performed.
Neutral red is absorbed by healthy, live cells and excluded by
dying and dead cells, and it can be extracted for a quantitative
measure of cell number and viability. Subconfluent monolayers
of HFFs were treated either with diluent alone (DMSO) or
with 5 to 40 uM SP600125 for 48 h (the drug was refreshed at
24 h). Compared to the rapid cell death observed with 35 nM
staurosporine, an inducer of apoptosis, SP600125 did not cause
a significant loss of cells at concentrations up to 40 uM (Fig.
3D). There was some decrease in cell number in all samples,
including the untreated control, an indication that the cultures
were densely packed. Since very little phosphorylated JNK was
detected in confluent HFF cultures by immunoblotting, it is
reasonable that a JNK inhibitor would have a minor impact on
cell viability.

There was a possibility that intracellular or intranuclear JNK
was not accessible to SP600125, so the phosphorylation of
c-Jun was used as an indicator of inhibitor specificity; if
SP600125 blocked the JNK ATP-binding site, then it could not
phosphorylate c-Jun. JNK was induced in confluent monolay-
ers by anisomycin treatment or VZV infection. Replicate sam-
ples were then treated with increasing amounts of SP600125.
As expected, phosphorylation of c-Jun decreased in the pres-
ence of 9 uM SP600125 and was fully eliminated by 18 uM
(Fig. 3B). Importantly, treatment with a dose as high as 70 uM
did not affect the level of total c-Jun protein, VZV antigen, or
B-actin, further evidence that the inhibitor was not acutely
cytotoxic. Taken together, the results with SP600125 suggest
that the induction of phosphorylated JNK is beneficial, even
essential, for VZV replication and that it is not a spurious
effect of virus infection or stress.
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FIG. 3. Effects of SP600125 on VZV replication. (A) Dose dependence of SP600125. HFF cells were infected with VZV and treated either with
increasing amounts of SP600126 (0 to 20 wM) or with diluent alone. The yield of VZV was determined by a plaque assay. (B) Specificity of
SP600125. Lysates of VZV-infected cells, treated with increasing amounts of SP600126, were analyzed by immunoblotting and probed for
phospho-c-Jun (P-cJun), c-Jun, and VZV antigen. A+, anisomycin-treated positive control; @, no inhibitor added. (C) Plaque reduction assay.
Confluent HFF cells were either mock infected or VZV infected on glass slides for 48 h, with or without 20 uM SP600125. Control cells were
treated with an equivalent amount of diluent (DMSO). Slides were analyzed by immunofluorescent confocal microscopy. (D) The cytotoxicity of
SP600125 was determined by a neutral red uptake assay. NT, no treatment.

JNK activity in VZV-infected cells. The findings that JNK
was highly phosphorylated in VZV-infected cells and that
SP600125 treatment reduced c-Jun phosphorylation pointed
toward the presence of enzymatically active JNK in these cells.
However, it was possible that JNK activity was abnormal in
VZV-infected cells. To address this question, kinase assays
were performed to measure JNK activity. Cell lysates were
prepared that had been either treated with anisomycin, in-
fected with VZV for 3 days, or mock infected with an equal
number of normal HFFs. c-Jun-GST immobilized on beads
coated with glutathione was added to the cell lysates to pull
down the JNK complex and provide an enzyme substrate. JNK
activity, as shown by phosphorylation of the 37-kDa c-Jun-
GST, was considerably greater in VZV-infected cells than in
anisomycin-treated cells; in both, JNK activity was above the
baseline activity levels observed in mock-infected cells (Fig.
4). Parallel kinase reactions were performed in the presence
of 20 uM SP600125 in order to determine the specificity of
the kinase-substrate interaction; it was possible that other
kinases were pulled down and could have contributed to the

phosphorylation of c-Jun. Indeed, c-Jun phosphorylation
was blocked in the presence of SP600125, indicating that
JNK was the major kinase in the reaction. Immunoblotting
confirmed that JNK protein was present in all samples but
that only phospho-JNK was active. An important negative
control was performed using glutathione beads to assess the
level of background kinase activity that could have bound to
the beads. The anisomycin-treated and mock-infected con-
trols were free of kinase activity on glutathione beads,
whereas the VZV-infected lysates produced several phos-
phoproteins in the 39- to 40-kDa range. These phosphopro-
teins were resistant to SP600125 treatment, and total JNK
was not detected by immunoblot analysis of the proteins
bound to glutathione beads, both indications that the back-
ground kinase activity was not due to JNK. One possible
explanation is that VZV or cell kinases may have bound to
the beads and phosphorylated other proteins in the com-
plex. These results establish that the phospho-JNK detected
in VZV infected cells by immunoblot is active and can serve
as a marker for JNK activity.
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FIG. 4. JNK is more active in VZV-infected cells. Mock-treated,
VZV-treated, and anisomycin-treated lysates were incubated with c-
Jun beads (c-Jun—-GST attached to glutathione beads) in order to pull
down JNK. [y-**P]ATP was added, and phosphorylation of c-Jun was
used as a measure of kinase activity. Shown is an autoradiograph of
c-Jun phosphorylation. Mock-, VZV-, and anisomycin-treated lysates
were also incubated with glutathione beads as a negative control (also
shown as an autoradiograph). Kinase assays were performed either
with or without SP600125 (20 wM). Western blotting (WB) was per-
formed to determine the presence of JNK in the pulldowns. M, mock
infected; V, VZV infected; A, anisomycin treated; t, total.

Activated JNK localizes to the nucleus in VZV-infected cells.
The location of phosphorylated JNK within the cell determines
its access to substrates and potential interacting proteins, both
viral and cellular. Intracellular localization also points to pos-
sible functions of JNK in VZV-infected cells, such as activation
of transcription factors in the nucleus or modification of cel-
lular factors in the cytoplasm. To determine whether the JINK
pathway was activated in all cells or only in VZV-infected cells,
and to identify the subcellular compartment where activated
JNK and c-Jun were located, confocal immunofluorescence
microscopy was employed. Confluent HFFs were either in-
fected with VZV or mock infected for 24 to 48 h on glass
chamber slides and were then probed with rabbit antibodies to
phospho-JNK or phospho-c-Jun and a panspecific human an-
tiserum that detects VZV glycoproteins. It is known that acti-
vation of JNK is associated with its accumulation in the nucleus
(6), so it was not surprising to find phosphorylated JNK in the
nuclei of VZV-infected cells (Fig. 5A). Phospho-JNK was oc-
casionally detected in the nuclei of cells outside VZV plaques,
although most of the infected cells contained phospho-JNK in
their nuclei. An expanded view of a single infected cell showed
an interesting pattern of phospho-JNK in many small nuclear
foci (Fig. 5B). The confinement of phospho-JNK to the VZV
plaques indicated that JNK activation was not a paracrine or
stress effect of VZV infection. Evidence of widespread JNK
activation was observed in cells treated with anisomycin (Fig.
5C), while mock-infected cells showed basal levels of phospho-
JNK that were barely detectable in the cytoplasm (Fig. SD). A
control for nonspecific antibody binding was performed using
normal rabbit serum on VZV-infected HFFs, since this virus
produces a gE-gl heterodimer that can function as an Fc re-
ceptor (45); the nonspecific rabbit serum and secondary anti-
bodies did not bind to VZV plaques (Fig. SE).

The pattern of phospho-c-Jun localization mirrored that of
phospho-JNK. Phospho-c-Jun was detected in the nuclei of
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VZV-infected cells and rarely outside plaques (Fig. 5F). Trans-
location of c-Jun from the cytoplasm to the nucleus upon
phosphorylation by JNK is the typical route of transcription
factors, since they operate mainly in the nucleus. Anisomycin
also caused phospho-c-Jun to accumulate in nuclei, and these
activated cells were shrunken and appeared to be undergoing
apoptosis (Fig. 5G). Mock-infected cells showed a basal level
of phospho-c-Jun in the cytoplasm (Fig. SH). Again, VZV
plaques did not bind antibodies nonspecifically (Fig. 5I). To-
gether these micrographs illustrated the pronounced activation
of the JNK pathway in infected cells and showed movement of
key factors into the nucleus, where they may have a role in
VZV replication events such as transcriptional activation and
protein phosphorylation.

Tracking the induction of JNK by confocal microscopy pro-
vided an approach to studying the kinetics of JNK activation
that did not depend on a high MOI. Analysis of phospho-JNK
at the edges of plaques, where infection was most recent, and
the use of the viral DNA polymerase inhibitor phosphono-
acetic acid (PAA) to block late gene expression, enabled us to
address the question of when during VZV replication JNK was
activated. Confluent cells were either infected with VZV or
mock infected for 24 h on glass chamber slides, treated with
PAA or diluent, and then probed with antibodies to phospho-
JNK and the VZV major immediate-early protein encoded by
ORF62 (IE62). IE62 follows a predictable course of strict
nuclear localization at early times; then, at later times, it is
phosphorylated by the ORF66 kinase and shuttles between the
nucleus and the cytoplasm (38, 40). By using this pattern as a
guide, cells were identified where phospho-JNK colocalized
with TE62 exclusively in the nucleus, indicating an early acti-
vation (Fig. 6A). At later times, when IE62 was abundant in all
cell compartments, most phospho-JNK remained in the nuclei
and only a small fraction was observed colocalizing with IE62
in the cytoplasm. In the absence of PAA, 87% of VZV-in-
fected cells were in late stages of infection (cytoplasmic IE62)
and 12% were in early stages (strict nuclear localization). All
late infected cells were positive for nuclear phospho-JNK,
while 86% of early infected cells were positive for nuclear
phospho-JNK. In the presence of PAA, IE62 was restricted to
nuclei and colocalized extensively with phospho-JNK (Fig.
6E). Of the VZV-infected cells, 80% were in early infection,
20% were in late infection, and all had nuclear phospho-JNK.
A portion of phospho-JNK was also in the cytoplasm under
these conditions. It should be noted that under both experi-
mental conditions (with or without PAA), cells were found that
had nuclear phospho-JNK but were devoid of IE62. These
bystander cells were adjacent to plaques and clustered around
infected cells. They probably represent earlier stages of infec-
tion when viral antigen is undetectable. Thus, these experi-
ments show that the activation of JNK occurred early during
VZV replication.

The localization of phospho-JNK in the cytoplasm was also
observed using a polyclonal serum that binds many VZV pro-
teins, including glycoproteins. These single infected cells were
scattered throughout the HFF monolayer and often had long
membrane extensions that stained brightly for VZV (Fig. 61 to
K) and for phospho-JNK. Where an extension contacted an
adjacent cell, phospho-JNK appeared in the nucleus of a cell
that was negative for VZV antigen (Fig. 6K). Numerous ex-
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FIG. 5. Phospho-JNK and phospho-c-Jun accumulate in the nuclei of VZV-infected cells. (A through E) Localization of phospho-JNK. Anisomycin-treated
cells were used as a positive control. Confluent cells were either mock infected or VZV infected for 24 h on glass slides. Slides were fixed and probed for
phospho-JNK and VZV glycoproteins. Proteins were visualized using immunofluorescent confocal microscopy. (A) Phospho-JNK localizes to the nuclei of
VZV-infected cells. (B) Enlargement of boxed area in panel A. The smaller panel on the right shows an enlargement of the red channel alone. (C) Anisomycin-
treated cells, used as a positive control. (D) Mock-treated cells. (E) Antibody control with VZV-infected cells. (F through I) Localization of phospho-c-Jun.
(F) Phospho-c-Jun localizes to the nuclei of VZV-infected cells. (G) Anisomycin-treated cells, used as a positive control. (H) Mock-treated cells. (I) Antibody
control with VZV-infected cells. Red, phospho-JNK or phospho-c-Jun; green, VZV glycoproteins; blue, nuclei. Magnification, X200.
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FIG. 6. Phospho-JNK accumulates in the nuclei of infected cells at early times. Confluent cells were either mock infected or VZV infected for
24 h on glass slides in the absence of PAA (A to D) or with PAA (E to K). Anisomycin-treated cells were used as a positive control. Slides were
fixed and probed for phospho-JNK and IE62. Proteins were visualized using immunofluorescent confocal microscopy. (A) VZV-infected cells in
the absence of PAA. Thin arrows indicate late infected cells, with cytoplasmic IE62 and nuclear phospho-JNK. Thick arrows indicate early
infected cells, where IE62 is entirely nuclear and phospho-JNK is present in the nucleus. (B) Anisomycin-treated cells. (C) Mock-treated
cells. (D) Antibody control with VZV-infected cells. (E) VZV-infected cells in the presence of PAA. Areas of colocalization between
phospho-JNK and nuclear IE62 are boxed. (F) Anisomycin-treated cells. (G) Mock-treated cells. (H) Antibody control with VZV-infected
cells. For panels A through H, IE62 stained red, phospho-JNK stained green, and nuclei stained blue. (I) Confluent cells were infected with
VZV for 24 h on glass slides in the presence of PAA. Slides were fixed and probed for phospho-JNK (red), VZV glycoproteins (green), and
nuclei (blue). (J) Red channel. Red, phospho-JNK. (K) Enlargement of an area of panel J. Magnification, X200 (A to H); magnification,
X400 (I to K).
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FIG. 7. JNK is incorporated into VZV virions. (A) Negative stain of purified VZV virions. VZV particles were negatively stained with 1%
uranyl acetate and viewed by TEM (magnification, X49,000). The top arrow indicates an intact virion with a visible nucleocapsid. The bottom arrow
indicates a disrupted virion with the nucleocapsid and tegument spilling out of the envelope. (B) Purified virions were analyzed by immunoblotting
and probed with antibodies to the proteins indicated. V, VZV-infected cell lysate; M, mock-infected cell lysate; VP, purified virion particles.
(C) Virion detergent and protease treatments. Purified virions were treated with 1% Triton X-100 for 30 min and separated into two fractions:
the pelleted virus particles (lane 1) and the supernatant (lane 2). Purified virions were also treated with trypsin alone for 15 min (lane 3) and with
trypsin and 1% Triton X-100 for 5 (lane 4) or 15 (lane 5) min. Treated virions were analyzed by immunoblotting and probed with appropriate
antibodies. VP, untreated virus particles. (D) Immunoelectron microscopy. Heavily infected cells were sectioned, probed with a polyclonal
anti-JNK antibody and a secondary antibody conjugated to 10-nm-diameter gold beads, and viewed by TEM. Magnification: X40,000 for the top

panel and x10,000 for the bottom panel.

amples of this were observed (images not shown). In the pres-
ence of PAA, only the cell-associated inoculum would express
preexisting late proteins, such as glycoproteins, that are mainly
recognized by this antiserum. Since late gene expression is
blocked by PAA, this suggests that contact or infection by the
inoculum cell can activate JNK early during VZV replication.

JNK is incorporated into VZV virions. The observation of
phospho-JNK in the cytoplasm of infected cells led to the
question of whether it was associated with VZV particles,
which assemble in the cytoplasm and egress along membrane
extensions and tracts (also known as viral highways) (25, 65).
VZV assembly is characterized by degradation of the virions in

acidic vacuoles (21), so virus was grown in a MeWo mutant cell
line, MPR-KD, in which the mannose-6-phosphate receptor,
involved in trafficking to late endosomes and lysosomes, is
knocked down (7). Virions were isolated from culture super-
natants and from infected cells disrupted by gentle Dounce
homogenization; then they were purified through Ficoll. Neg-
ative staining and transmission electron microscopy confirmed
the integrity and purity of the virion preparation (Fig. 7A).
Intact virion particles with visible nucleocapsids were present
throughout the preparation. Some broken and disrupted viri-
ons, where the nucleocapsid and tegument spilled out of the
envelope, were also seen. No intact cells or nuclei were found.
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Glycoproteins and tegument proteins (ORF4, IE62) were de-
tected by immunoblotting in an infected-cell lysate and in the
virion particles (36, 37, 39), while the single-stranded DNA-
binding protein ORF29 was found only in the cell lysate (Fig.
7B). This was confirmation that the virion preparation did not
contain contaminating nuclei or viral DNA, since the packaged
genomes are not associated with ORF29 protein (35, 36). No
viral proteins were detected in the mock-infected MeWo cell
lysate. As expected, JNK was detected in both the VZV-in-
fected and mock-infected lysates; surprisingly, it was detected
in the virions as well. Similarly, phospho-JNK was detected in
the VZV-infected cell lysates and in the virions. This indicated
that active JNK was associated with the VZV particles and
could be transferred with the virus to new cells. Other mem-
bers of the JNK pathway were also examined by immunoblot-
ting. The transcription factor c-Jun was absent from virions,
although MKK7 and MKK4 were present in small amounts.

The presence of JNK in the virion was further confirmed by
detergent and protease treatments. Purified virions were
treated with 1% Triton X-100 and subjected to high-speed
centrifugation, thus releasing envelope proteins into the super-
natant. The pelleted virus particles and the supernatant were
analyzed by immunoblotting (Fig. 7C, lanes 1 and 2). JNK
associated primarily with the pelleted virus particles, although
some was solubilized. In contrast, the tegument protein IE62
associated entirely with the pelleted virus particles, while about
half of the glycoprotein E, a major constituent of the viral
envelope, was solubilized. This indicates that JNK and IE62
are located internally within the virion and that the membrane
containing gE remained associated with virus particles. When
the purified virions were treated with trypsin alone (Fig. 7C,
lane 3), glycoprotein E was entirely digested, while JNK and
IE62 remained in the virion pellet. A small portion of JNK and
IE62 was digested by trypsin, since some of the virion enve-
lopes were torn (Fig. 7A). When virions were subjected to
combined trypsin and 1% Triton X-100 treatment (Fig. 7C,
lanes 4 and 5), JNK persisted within the virion pellet for 5 min
and was completely digested after 15 min. IE62 and gE were
undetectable after 5 min. This suggests that JNK is perhaps
more tightly associated with the virion than IE62. These results
indicate that the viral envelope protected JNK from trypsin
digestion; thus, JNK is located inside virions, specifically within
the tegument layer.

The possibility remained that the presence of JNK in VZV
virion preparations was due to contaminating virion-like struc-
tures that had biophysical properties similar to those of virions.
In order to validate the novel finding that INK associated with
the VZV tegument, immunogold transmission electron micros-
copy was performed (Fig. 7D). Heavily infected cells were
analyzed by immuno-TEM with a polyclonal rabbit antibody to
JNK and a secondary antibody conjugated to 10-nm-diameter
gold beads. Gold beads were broadly distributed in the cyto-
plasm of infected cells, and small clusters were found associ-
ated with virions that aligned on the extracellular side of the
plasma membrane. Gold particles were specifically bound to
the tegument layer of the virion on the outside face of the
nucleocapsid. Interestingly, small patches of gold beads accu-
mulated along the intracellular side of the plasma membrane,
often directly under virions that studded the membrane. The
negative-control sections treated with nonspecific rabbit immu-
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noglobulin G were free of gold particles (data not shown).
Additionally, positive-control sections were treated with a
polyclonal rabbit antibody to the viral tegument protein IE62,
and numerous gold particles associated with virions (data not
shown), which has been reported previously (37).

DISCUSSION

This study demonstrates that VZV manipulates the JNK
pathway and depends on its activity for replication. Further-
more, phospho-JNK is assembled into VZV particles and may
have important functions in newly infected cells. The findings
raise a number of issues about the interaction of VZV with cell
signaling networks: the pattern of JNK pathway activation, the
different effects of VZV in other cell types, and possible func-
tions of activated JNK in infected cells. The major question,
and the one most difficult to answer, is the mechanism of JNK
activation by VZV. Related to this is the unknown antiviral
mechanism of the JNK inhibitor SP600125. Despite our incom-
plete understanding of the molecular role of JNK in VZV
infection, the results presented here show that inhibition of
JNK is a plausible antiviral strategy against VZV.

The JNK pathway was activated at three levels—the
MAP2K level (MKK4, MKK?7), the MAPK level (JNK), and
the substrate level (c-Jun, JunD)—as indicated by increased
phosphorylation of these proteins and increased JNK activity.
SP600125 inhibited c-Jun phosphorylation in vitro and in VZV
cultures, which is evidence that no cell or viral kinases other
than JNK were involved. However, VZV-infected cells had a
kinase activity associated with glutathione beads that was re-
sistant to SP600125, indicating that this kinase activity was not
due to JNK. VZV encodes two viral kinases, ORF66 and
ORF47, with predicted sizes of 46 and 54 kDa, respectively
(34). These are both larger than the 40-kDa phosphoprotein
that appeared in the control kinase assays, so autophosphory-
lation is not a likely possibility. VZV or cell kinases may have
bound to the beads and phosphorylated other proteins in the
complex; further analysis by immunoblotting would be re-
quired to confirm this hypothesis.

The antiviral effects of SP600125 indicate how important the
JNK pathway is to VZV and promote the idea that INK is a
potential therapeutic target. Targeting the JNK pathway for
therapeutic benefit is a goal that both researchers and drug
companies are pursuing. The JNK pathway is considered a
target for the treatment of cancer and diseases caused by
inflammation and neurodegeneration (12, 48). Several deriva-
tives of SP600125 have been developed and are progressing in
clinical trials for these applications (48). Thus, there is poten-
tial for treating viral infections, including VZV, with JNK
inhibitors. Inhibition of the JNK pathway is known to interfere
with the functions of other viruses. SP600125 inhibits the ac-
tivation of JNK by the hepatitis C virus protein NS3, which
contributes to hepatitis C virus-related hepatocarcinogenesis
(26). For HSV-1, expression of the scaffold protein JIP-1,
which effectively inhibits JNK translocation to the nucleus,
decreases the HSV-1 yield by 70% (49).

Observing where activated JNK was located in VZV-in-
fected cells uncovered its predicted migration to the nucleus,
its induction early in virus replication, and an unexpected ap-
pearance in cell extensions and virions. JNK is located in both
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the cytoplasm and nuclei of quiescent cells; stimulation by UV
irradiation is known to cause accumulation of phospho-JNK-1
in the nucleus (6). Finding phospho-JNK in discrete nuclear
foci (speckles) within VZV-infected cells pointed to areas with
concentrated JNK activity, perhaps where viral transcription
was occurring. There is evidence that signaling kinases may
form integral components of transcription complexes, thus in-
fluencing gene expression (16). Evidence for the accumulation
of JNK in the nucleus has also been shown for HSV-1 (49).
Like JNK, c-Jun migrated to the nuclei of infected cells. These
translocations were specifically induced by VZV, since acti-
vated JNK and c-Jun were at basal levels in the cytoplasm of
uninfected cells at the plaque borders. This is evidence that
activation of the JNK pathway was not a paracrine or stress-
induced effect. Activated JNK was also found in the nuclei of
infected cells that expressed nuclear IE62 (early-stage infec-
tion) and that were treated with PAA to block late gene ex-
pression, supporting the contention that JNK is activated early.
Moreover, phospho-JNK was present in nuclei adjacent to
infected cells that did not yet show detectable levels of IE62,
which could occur by way of signaling events associated with
virus attachment or penetration. Alternatively, activated JNK
protein could be transferred directly. Either possibility is sup-
ported by the observation that phospho-JNK was located in
far-reaching cytoplasmic extensions that could fuse or deliver
virions to new cells. The unforeseen association of activated
JNK with VZV virions, the first report for a virus, strengthens
the potential for direct transfer of this protein to new cells.
Although the kinetics and mechanism of JNK activation by
VZV are unclear, the events surrounding the initial activation
of the JNK pathway in VZV-infected cells are of great interest
and are being pursued.

Several possibilities for VZV activation of the JNK pathway
are being considered and follow from the finding that MKK4
and MKK7 were heavily phosphorylated. One is that signals
from membrane receptors resulted in phosphorylation of these
MAP2Ks, and another is that VZV infection activated the
pathway at an intermediate level. Typically, MKK7 protein
kinase is activated by cytokines (tumor necrosis factor, inter-
leukin-1), and MKK4 is activated by environmental stresses
(12). These ligands engage specific receptors that activate any
number of MAP3Ks, which then activate MKK4 and MKK?7.
Identification of the MAP3Ks involved is severely hindered by
the facts that (i) the VZV surface receptor is unknown, (ii)
linking specific stimuli (such as UV irradiation) to particular
MAP3Ks is very difficult, and (iii) the MAP3Ks involved in
JNK activation vary by cell type. Furthermore, the physiolog-
ical relevance of MAP3Ks is uncertain, and many promiscu-
ously activate more than one pathway (12, 31). VZV infection
could also cause MKK4, MKK?7, or JNK activation by a viral or
cellular kinase other than the MAP3Ks. Finally, VZV could
cause the sustained activation of JNK by the modulation of
phosphatases. The MAPKs, including JNK, are inactivated by
a group of 10 MAPK phosphatases (31, 69). The balance be-
tween activating MAP2Ks, such as MKK4 and MKK?7, and
MAPK phosphatases determines the duration and magnitude
of JNK activation. VZV disruption of this balance is mani-
fested by the sustained and increasing JNK activation seen
over 4 days of virus replication. VZV activation of the JNK
pathway appears to differ from normal cell processes, since
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infection produced a pattern distinctly altered from that of
anisomycin. Only certain isoforms of these kinases were pref-
erentially phosphorylated in VZV-infected cells, suggesting
that VZV signaling through the JNK pathway is precisely reg-
ulated. The differential phosphorylation of JNK by MKK4 and
MKK?7 may generate a cellular response that is unique to VZV
and optimal for its replication.

There is some evidence from other reports that VZV and its
close relative HSV-1 interact with the JNK pathway after en-
try. The HSV-1 immediate-early protein ICP27 was found to
be solely necessary for the activation of JNK in the context of
infection (24). In HSV-1, ectopically overexpressed ICP0 has
also been reported to activate the INK pathway (14). Similarly,
the VZV homolog of ICP0O, ORF61, activates JNK when
ORF61 is expressed ectopically (61). However, the activation
of JNK by ORF61 is linked with a twofold reduction in VZV
yield that could be reversed by treating the cultures with JNK
inhibitor 1, a recombinant fusion of the JNK scaffold protein
(islet-brain 1 and 2 proteins) and a membrane permeable pep-
tide (HIV-Tat) (4, 62). That report contradicts the antiviral
effects of SP600125 presented here but confirms the activation
of JNK in VZV-infected cells. Differences in the cell types and
inhibitors used could account for the discrepancy. Primary cells
were used in this study, while melanoma cells (MeWo) were
used elsewhere. Melanoma cells are a tumor cell line and thus
may have oncogenic mutations that alter signaling networks
and sensitivity to inhibitors. The mechanism of action of
SP600125, an ATP analog, is fundamentally different from that
of JNK inhibitor 1, a JNK-binding protein. Ultimately, the
interaction between VZV and the JNK pathway is likely to
have redundant mechanisms, as is true of HSV-1, and to be
specific for each cell type studied.

Activation of the JNK pathway is common to herpesviruses,
although the purpose in virus replication is not fully under-
stood (17, 23, 33, 49, 74). The advantages of JNK activation for
herpesviruses relate to its spectrum of functions in the cell;
JNK is involved in the regulation of gene expression, apoptosis,
cell migration, and responses to environmental stresses. The
recruitment of phospho-JNK to the nucleus points to a possi-
ble role of JNK in transcription. JNK substrates include the
transcription factors c-Jun, ATF-2, and Elk-1 (41); c-Jun and
ATEF-2 are needed for VZV replication (64); therefore, VZV
may activate JNK to increase viral gene expression. The JNK
pathway has also been implicated in both apoptosis and cell
survival, depending on the cellular context (12, 30). VZV in-
duces apoptosis in certain cell types, such as HFFs (28), but
apoptosis was rare in this study (authors’ observations), and no
significant poly(ADP-ribose) polymerase cleavage was de-
tected in VZV-infected MeWo cells (62). Additionally, treat-
ment with anisomycin, a known inducer of apoptosis (67),
showed a pattern of activation distinct from that of VZV in-
fection. Thus, JNK activation seems unlikely to induce apop-
tosis in VZV-infected cells. Also, the JNK pathway is linked to
cell migration (31, 72), and the movement of keratinocytes is
impaired when they are exposed to SP600125 (29). The pseu-
dorabies virus US3 kinase has been shown to cause dramatic
alterations in the cytoskeleton, resulting in the formation of
long cell projections that are associated with enhanced spread
of the virus (19). Interestingly, VZV-induced cell extensions
also contained phospho-JNK, and it would be interesting to
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determine whether viral kinases were also involved. Therefore,
it is conceivable that JNK would be activated to facilitate viral
movement within the cell. Lastly, environmental stresses acti-
vate the JNK pathway, which may actually enhance virus rep-
lication. Recently it was reported that the infectivity of HSV-1
ICPO mutants increased after the cells were stressed by heat
shock and UV Cirradiation (5). It is intriguing to speculate that
these stresses activated the JNK pathway. Overall, JNK acti-
vation has various functions that may favor herpesviruses or
that are even essential for replication.

Although the purpose of JNK activation for VZV replica-
tion remains to be studied, it is clear that the JNK pathway is
crucial for many viruses. It is possible that upregulation of a
cellular pathway determines, in part, the susceptibility of a cell
to infection. For example, the Akt signaling pathway was re-
cently found to be a key determinant for the permissiveness of
human cancer cells to myxoma virus (70). Nonpermissive tu-
mor cells supported myxoma virus replication after expression
of active Akt. Conversely, permissive cancer cells were made
nonpermissive by blocking Akt activation with a dominant-
negative inhibitor. Therefore, cells lacking JNK might not be
susceptible to VZV infection. Following this reasoning, it
would be interesting to determine whether cells lacking JNK
are permissive for VZV. In conclusion, the interaction of VZV
with the JNK pathway is a clear example of viral coevolution
with cellular signaling networks and underscores the depen-
dence of viruses on their hosts. The idea of using host factors,
as opposed to viral proteins, as drug targets opens up new
avenues for the generation of new antiviral drugs and should
be considered (10, 51).
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