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Several studies have previously defined host-derived signaling events capable of driving lytic gammaherpesvirus replication or
enhancing immediate-early viral gene expression. Yet signaling pathways that regulate later stages of the productive gammaher-
pesvirus replication cycle are still poorly defined. In this study, we utilized a mass spectrometric approach to identify c-Jun as an
abundant cellular phosphoprotein present in late stages of lytic murine gammaherpesvirus 68 (MHV68) infection. Kinetically,
c-Jun phosphorylation was enhanced as infection progressed, and this correlated with enhanced phosphorylation of the c-Jun
amino-terminal kinases JNK1 and JNK2 and activation of AP-1 transcription. These events were dependent on progression be-
yond viral immediate-early gene expression, but not dependent on viral DNA replication. Both pharmacologic and dominant-
negative blockade of JNK1/2 activity inhibited viral replication, and this correlated with inhibition of viral DNA synthesis and
reduced viral gene expression. These data suggest a model in which MHV68 by necessity amplifies and usurps JNK/c-Jun signal-
ing as infection progresses in order to facilitate late stages of the MHV68 lytic infection cycle.

ammaherpesviruses (GHVs) are DNA tumor viruses defined

by their genetic similarity and the capacity to establish life-
long latent infection in lymphocytes, primarily B cells. The GHV
subfamily of herpesviruses includes Epstein-Barr virus (EBV),
Kaposi sarcoma-associated herpesvirus (KSHV), herpesvirus Sai-
miri (HVS), rhesus rhadinovirus (RRV), murine gammaherpes-
virus 68 (MHV68 [also referred to as YHV68]), and two recently
isolated rodent viruses, wood mouse herpesvirus and herpesvirus
Peru (22, 29). Infections by the human pathogens EBV and KSHV
are etiologically associated with numerous diseases, including a
staggering list of cancers and tumors (10, 31).

Like all herpesviruses, GHVs exhibit two distinct phases of the
infectious cycle. The lytic, or productive, replication cycle is char-
acterized by temporally regulated viral gene expression that cul-
minates in viral DNA replication and packaging into infectious
virions. In contrast, during the latent phase of the infectious cycle,
often referred to as latency, viral gene expression is exquisitely
restricted, and the viral genome is maintained as a circular epi-
some that replicates concurrent to cellular DNA replication. La-
tent GHVs can reinitiate the lytic cycle in a process known as
reactivation in response to mitogenic signals, host cell stress, or
terminal differentiation of B cells to plasma cells (15, 26, 28, 40,
46, 57).

In vivo studies utilizing MHV68, a natural rodent pathogen
genetically and pathogenetically related to EBV and KSHV, have
indicated that lytic viral replication is necessary for dissemination
from epithelial surfaces to distal latency reservoirs (33). Further-
more, ongoing productive viral replication is necessary for KSHV
persistence in cultured endothelial cells (18), which correlates
with clinical data that suggest that ongoing lytic replication, or at
least failure of the immune system to control KSHV lytic gene
expression, contributes to the pathogenesis of AIDS-associated
Kaposi sarcoma (12, 31). While roles for many viral proteins in
productive GHV replication have been established (13, 40, 44),
much less is known about the cellular signaling events that facili-
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tate the lytic infection process, especially those signals that are
actively triggered by GHVs and then usurped for replication. This
knowledge gap is in part due to the lack of robust lytic replication
systems available for studying EBV and KSHYV replication in cul-
ture. MHV68, on the other hand, replicates to high titers upon de
novo infection of numerous cell types in culture and thus provides
an important experimental system for defining biochemical path-
ways necessary for efficient GHV replication.

In this report, we describe experiments that identify the JNK/
c-Jun signaling pathway as a critical host pathway regulating
MHV68 lytic replication. JNK was activated and c-Jun phosphor-
ylated at time points coinciding with the early-to-late transition in
viral gene expression. In agreement, robust JNK and c-Jun phos-
phorylation and activation of an AP-1 reporter construct did not
occur following infection with UV-inactivated or replication-de-
ficient MHV68, and robust phosphorylation and activation by
wild-type (WT) MHV68 did not require viral DNA synthesis. Vi-
ral gene expression and replication also were inhibited by domi-
nant-negative JNK1 (DN-JNK1) and DN-JNK2 expression and by
treatment with the pharmacologic JNK inhibitor SP600125. How-
ever, J]NK inhibition did not globally repress viral gene expression
as has been previously suggested in reactivation-based analyses
(55), but rather blocked viral DNA replication and complete ex-
pression of viral lytic antigens. Further, while early viral gene ex-
pression was not suppressed following JNK inhibition, viral rep-
lication remained sensitive to JNK inhibition for several hours
after infection of target cells. Our data support a model in which
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JNK signaling, possibly through c-Jun activation, regulates late
events in the lytic replication cycle that are necessary for the pro-
duction of progeny virus.

MATERIALS AND METHODS

Cell culture and viruses. NIH 3T12, NIH 3T3-SA (referred to as 3T3
fibroblasts throughout), and 293T cells were purchased from ATCC.
C57BL/6 mouse embryonic fibroblasts (MEFs) were prepared from day
13.5 embryos as described previously (53). All cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal
calf serum (FCS), 100 units/ml penicillin, 100 pg/ml streptomycin, and 2
mM L-glutamine (¢c(MEM). Serum starvation involved culturing of cells in
medium containing 1% FCS for 18 to 24 h prior to infection or treatment.
Cells were cultured at 37°C in an atmosphere containing 5% CO, and
~99% humidity. Wild-type MHV68 was strain WUMS (ATCC VR1465)
or WT bacterial artificial chromosome (BAC)-derived MHV68 (1).
ORF50-null (50.STOP) MHV68 was previously described (39). UV inac-
tivation of WT BAC-derived MHV68 was accomplished by diluting stock
to 1 X 10”7 PFU/ml and auto-cross-linking viruses plated on a 60-mm
plate in a Stratalinker prior to infection.

Viral infections. Viral stocks were diluted in cMEM and adsorbed to
monolayers of cells plated the previous day. The time of adsorption was
considered time zero. After low-volume adsorption, inocula were re-
moved for all high-multiplicity infections. After adsorption, cells were
incubated in a normal culture volume of cMEM for the indicated times at
37°C. Cells were harvested by direct lysis for immunoblot assays or by
freezing at —80°C for titer determinations. Progeny virions were liberated
by freeze-thaw lysis, lysates were serially diluted, and titers were deter-
mined by MHV68 plaque assay essentially as described previously (47),
except cells were overlaid with a 1.5% methyl cellulose solution in DMEM
containing 2.5% FCS.

To determine the 50% inhibitory concentrations (IC,), SP600125
titration data were transformed according to the following parameters:
X =log(X), Y=Y K,where K= 1, X = [SP600125], and Y = viral yield.
Viral yields were calculated by dividing output titers at either 24 or 48 h by
the amount of virus present after adsorption (see the hour data in the
graph shown in Fig. 4, below). Transformed data were then analyzed using
a 4-parameter nonlinear regression analysis. Analyses were performed
using GraphPad Prism software. Note that for log transformations, the
no-treatment control concentration was arbitrarily set at 0.01.

Mass spectrometry. Peptide samples from infected or mock-infected
cell lysates with 1 g of protein in a final concentration of 0.1% formic
acid (Fluka) were analyzed by the nano-liquid chromatography—tandem
mass spectrometry (LC/MS/MS) technique on an ion trap tandem mass
spectrometer. An autosampler was used for automatic injection of tryptic
peptides from a 96-well plate to the NanoLC 2D system (Eksigent). The
peptides were separated by reverse-phase HPLC (high-performance LC)
by using a 10-cm-long analytical column (C,, resin; Phenomenex). The
chromatographic eluate thus obtained was ionized by electrospray ioniza-
tion (ESI), followed by MS/MS analysis using collision-induced dissocia-
tion (CID) on an LTQ Orbitrap hybrid MS apparatus (Thermo Finnigan,
San Jose, CA) with two mass analyzers, a linear ion trap (LTQ) and an
Orbitrap. One MS scan by the Orbitrap was followed by 7 MS/MS scans by
the LTQ. Other relevant parameters included the following: spray voltage,
2.0 kV; m/z range, 350 to 1,500; isolation width (m/z), 2.5; normalized
collision energy, 35%. The MS data were acquired using XCalibur 2.0
software in RAW file format.

Antibodies, drug treatments, and vectors. Polyclonal MHV68 anti-
serum was obtained from C57BL/6 mice 6 weeks postinfection (16).
ORF59-directed chicken IgY was previously described (48). Phospho-c-
Jun (S63-#9261 or S73-#9164), total c-Jun (9615), phospho-JNK1/2
(9251), and total JNK1/2 (9252) antibodies were purchased from Cell
Signaling Technology. B-Actin mouse monoclonal antibody was pur-
chased from Sigma (A2228). Horseradish peroxidase (HRP)-conjugated
secondary antibodies for immunoblot analyses were purchased from
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Jackson ImmunoResearch. Alexa 568-conjugated secondary antibodies
for immunofluorescence analyses were purchased from Invitrogen. Phos-
phono-acetic acid was added to culture media at 200 g/ml following viral
adsorption. SP600125 was dissolved in dimethyl sulfoxide (DMSO) and
diluted to the indicated concentrations in growth media. For pretreat-
ments, cells were treated with SP600125 for 1 h prior to infection. Other-
wise, SP600125 was added at the indicated time postinfection. Cells were
treated with DMSO as a negative control. Homo sapiens dominant-nega-
tive JNK1 (13846) and dominant-negative JNK2 (13761) in pcDNA3 were
purchased from AddGene. The empty vector control for dominant-neg-
ative experiments was pcDNA3.1+ (Invitrogen).

Immunoblot analyses. Cells were lysed with alternative RIPA buffer
(150 mM NaCl, 20 mM Tris, 2 mM EDTA, 1% NP-40, 0.25% deoxy-
cholate, supplemented with Complete mini-EDTA-free protease inhibi-
tor tablet [Roche] and phosphatase inhibitor cocktail 2 [Sigma]) and
quantified using the Bio-Rad DC or Thermo bicinchoninic acid protein
assay prior to resuspending in Laemmli sample buffer, or equivalent num-
bers of cells (1 X 10° to 2 X 10°) were directly lysed with 100 ul Laemmli
sample buffer (25). Samples were heated to 100°C for 10 min and resolved
by SDS-PAGE. Resolved proteins were transferred to nitrocellulose and
identified with the indicated antibodies. Immobilized antigens and anti-
bodies were detected with HRP-conjugated secondary antibodies and Su-
perSignal Pico West enhanced chemiluminescence reagent (Thermo Sci-
entific) and exposed to film.

Immunofluorescence assays. Immunofluorescence analyses were
performed as previously described (14). Briefly, cells plated on glass cov-
erslips were fixed with 10% formalin 18 h postinfection, washed with
phosphate-buffered saline (PBS), permeabilized and blocked with 0.1%
Triton X-100 (TX100) in PBS containing 5% bovine serum albumin
(blocking buffer). Infected cells were stained with mouse polyclonal
MHV68 antiserum (1:1,000 dilution in blocking buffer plus 1% normal
donkey serum) for 2 h at room temperature. Cells were washed 3 times
with PBS-TX100 and incubated with Alexa 568 goat anti-mouse second-
ary antibody (1:8,000 dilution in blocking buffer). Cells were washed 3
times in PBS-TX100, once with PBS, and once with deionized H,O and
mounted on slides using 4’,6-diamidino-2-phenylindole (DAPI)-con-
taining ProLong Anti-Fade Gold reagent. Images were captured using a
Zeiss Axio Al imager fluorescence microscope.

Reporter assays. Cells in 10-cm dishes were transfected with the pAP-
1-luc luciferase reporter plasmid (Stratagene) using Superfect (Qiagen).
The following day, cells were trypsinized and replated in 24-well plates.
Approximately 48 h after transfection, cells were infected with the indi-
cated viruses or treatments. Cells were lysed using Promega passive lysis
buffer 18 h postinfection. Luciferase activity was determined using lucif-
erase reporter assay kits (Promega). Luciferase activity was measured us-
ing a Turner Designs 2000 luminometer.

Quantitative PCR. Cells were infected with MHV68 at a multiplic-
ity of infection (MOI) of 5 PFU/cell. After adsorption, cells were
washed 3 times with PBS to remove cell-free virus. Cells were har-
vested, and DNA was isolated using the Qiagen DNeasy kit at 6 h and
18 h after adsorption. The 6-h time point represented the “eclipse”
phase following viral genome deposition in the nucleus and preceding
de novo viral DNA synthesis. This time point thus provides an input
control upon which amplification by 18 h can be quantified. A 200- g
aliquot of total DNA was diluted in iQ SYBR green supermix (Bio-
Rad) and analyzed by quantitative real-time PCR using primers cor-
responding to ORF25 in the MHV68 genome or the cellular GAPDH
gene (15). The experiment was performed in biological triplicates, and
duplicate wells were analyzed for each biological replicate. Data were
analyzed using the AAC; method, where AAC; = [C(ORF25) —
C(GAPDH)g 1] — [CH(ORF25) — C;(GAPDH) ]. Data are pre-
sented as the evaluation 27227 for each treatment, represented as the
fold change in MHV68 DNA at 18 h relative to 6 h and normalized to
the GAPDH results.
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FIG 1 Identification of c-Jun as an MHV68-induced phosphoprotein. (A) Phosphopeptide enrichment was performed for NIH 3T3 fibroblasts infected with
MHV68 18 h postinfection. LC/MS/MS analyses identified two unique phosphopeptides corresponding to the consensus c-Jun sequence phosphorylated by JNK
isoforms. Representative peptide spectra are shown for each unique peptide. (B) Serum-starved 3T3 fibroblasts were mock infected (—) or infected (+) with
MHV68 at an MOI of 5 PFU/cell. Cells were harvested at the indicated times postinfection, and proteins were resolved by SDS-PAGE. Resolved proteins were
detected by immunoblot analyses with antibodies that recognize the indicated proteins. (C) Unique peptides are highlighted in yellow on the murine c-Jun

sequence. Posttranslationally modified amino acids are highlighted in green.

RESULTS
A JNK/c-Jun signaling axis is induced during MHV68 lytic rep-
lication. To better understand the signaling events that regulate
lytic GHYV replication, we performed phosphoproteomic analyses
comparing mock-infected to MHV68-infected NIH 3T3 fibro-
blasts. From two independent experiments, each analyzed in trip-
licate, we detected c-Jun peptides phosphorylated on S63 and S73
in analytes from infected cells but not mock-infected cells (Fig.
1A). These events, depicted in the c-Jun sequence in Fig. 1C, rep-
resent known activating posttranslation modifications of the
c-Jun proto-oncogene (51). Immunoblot analyses comparing
mock-infected to MHV68-infected cells confirmed infection-as-
sociated c-Jun phosphorylation on S63 and S73 (Fig. 1B).

c-Jun is a classic target of the c-Jun amino-terminal kinases
JNK1 and JNK2. The finding that c-Jun was phosphorylated upon
MHYV68 infection suggested that JNK1 and/or JNK2 would also be
activated during MHV68 infection. Induction of JNK1 and JNK2
kinase activity is triggered by phosphorylation of conserved Tyr

December 2012 Volume 86 Number 24

and Thr residues within the activation loop by the dual specificity
mitogen-activated protein kinase kinases (MAPKKs) MKK4 and
MKKT?7 (41). Thus, we hypothesized that JNK1/2 phosphorylation
also would occur during lytic MHV68 infection. Indeed, immu-
noblot analyses revealed increased JNK1/2 phosphorylation fol-
lowing MHV68 infection compared to results with mock-infected
cells (Fig. 2A). Further, we also detected enhanced JNK1/2 kinase
activity against a c-Jun substrate in MHV68-infected fibroblasts
compared to mock-infected cells, and JNK/c-Jun phosphoryla-
tion also occurred following infection of primary murine embry-
onic fibroblasts, murine endothelial cells, and 3T3 fibroblasts re-
gardless of serum concentration (data not shown). Interestingly,
while phosphorylated JNK was detectable immediately after viral
adsorption (see the 1-h time point), this analysis suggested more
robust JNK phosphorylation (and also c-Jun phosphorylation,
particularly on S73) as infection progressed. While comparisons
of diverse antigens by immunoblot analyses cannot be directly
quantitated due to the potential influences of antibody affinities
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FIG 2 JNK phosphorylation is induced during MHV68 infection. Serum-
starved 3T3 fibroblasts were mock infected (—) or infected (+) with MHV68
at an MOI of 5 PFU/cell. Cells were harvested at the indicated times postinfec-
tion, and proteins were resolved by SDS-PAGE. Resolved proteins were de-
tected by immunoblot analyses using antibodies that recognize the indicated
proteins.

and other variables, it is interesting that robust JNK and c-Jun
phosphorylation became apparent at time points coinciding to
robust expression of the viral DNA polymerase processivity factor
ORF59 and viral lytic antigens detected with MHV68 antiserum.
These data demonstrated JNK1/2 activation as a consequence of
lytic MHV68 infection and suggested that activation of JNK/c-Jun
signaling is triggered through the expression of particular viral
genes.

Robust JNK/c-Jun phosphorylation and AP-1 transcrip-
tional activation require viral gene expression, but not DNA
replication. To gain better insight into the kinetics of JNK1/2 and
c-Jun phosphorylation induced by MHV68 infection, especially as
it relates to phase of the viral infectious cycle, we infected fibro-
blasts with UV-inactivated (UVI) virus, replication-defective
ORF50-null (50.Stop) virus (39), and WT MHV68 in the presence
or absence of phosphono-acetic acid (PAA), which blocks viral
DNA replication. Again, we detected robust c-Jun and JNK1/2
phosphorylation in immunoblot analyses performed 18 h after
infection with WT MHV68 (Fig. 3A). Comparatively, neither UVI
nor ORF50-null MHV68 elicited robust phosphorylation of c-Jun
or JNK, although a slight increase in c-Jun S73 and JNK phosphor-
ylation was observed relative to mock-infected lysates in replicate
experiments. Importantly, MHV68 antigens were not detectable
following infection by either UVI or ORF50-null MHV68, which
confirmed their replication incompetence and blockade to viral
gene expression. Thus, these data suggest that replication-incom-
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FIG 3 JNK/c-Jun phosphorylation and AP-1 reporter activity are amplified as
infection progresses. (A) Serum-starved 3713 fibroblasts were either mock in-
fected or infected at an MOI of 5 PFU/cell with WT MHV68, UVI MHV68,
ORF50-null MHV68 (50.STOP), mock infected, or infected with WT MHV68
in the presence of PAA (200 pg/ml). Cells were harvested 18 h postinfection,
and proteins were resolved by SDS-PAGE. Resolved proteins were detected by
immunoblot analyses using antibodies that recognize the indicated proteins.
(B) 3T3 fibroblasts were transiently transfected with an AP-1 reporter plasmid
to evaluate JNK/c-Jun transcriptional activity. At 24 h posttransfection, cells
were replated and infected as described for panel A. Cells were harvested 18 h
postinfection, and luciferase activity was quantified. Results are means of trip-
licate samples. Error bars represent standard deviations.

petent MHV68 particles in and of themselves elicit a modicum of
JNK/c-Jun phosphorylation. Such activity may account for the
early JNK1/2 and c-Jun phosphorylation observed in time course
analyses (Fig. 1 and 2). Further, since ORF50-null MHV68 is in-
capable of progressing beyond immediate-early (IE) gene expres-
sion, these findings suggest that events coinciding with either RTA
expression, early viral gene expression, or both are necessary for
robust JNK/c-Jun-related signaling events during lytic MHV68
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FIG 4 Pharmacologic inhibition of JNK activity with SP600125 blocks MHV68 replication. (A) Serum-starved 3T3 fibroblasts were treated with vehicle (DMSO)
or SP600125 at the indicated concentrations 1 h prior to infection with MHV68 atan MOI of 5 PFU/cell. Cells were harvested at 0, 24, and 48 h postinfection and
subjected to freeze-thaw lysis, and viral titers were determined by plaque assay. (B) Data from the 48-h time point in panel A were transformed, and a
four-parameter nonlinear regression analysis was performed to determine the I1C;, of SP600125 against MHV68 replication in culture. For all experiments
described, results are means of triplicate samples. Error bars represent standard deviations.

replication. Finally, c-Jun and JNK phosphorylation were not in-
hibited by PAA treatment (Fig. 3A), suggesting that viral DNA
synthesis does not influence JNK/c-Jun activation.

Once activated by JNK-mediated phosphorylation, c-Jun con-
tributes to the transcriptional activity of an AP-1 transcription
factor complex comprised of either c-Jun homodimers or het-
erodimers of c-Jun and various other transcription factors, in-
cluding c-Fos (reviewed in reference 51). The findings that JNK is
phosphorylated and active and c-Jun is phosphorylated suggest
that AP-1 transcription factor activity is induced in response to
MHV68 infection. To test this hypothesis, we transiently trans-
fected NIH 3T3 fibroblasts with an AP-1 luciferase reporter con-
struct prior to infection with WT MHV68, UVI MHV68, ORF50-
null MHV68, or WT MHV68 in the presence of PAA (Fig. 3B).
While, UVI and ORF50-null MHV68 only slightly enhanced AP-1
reporter activity compared to mock infection, both WT MHV68
and MHV68 in the presence of PAA elicited greater-than-10-fold
induction of the AP-1 reporter relative to mock infection. The
results thus corroborated the analogous immunoblot experiment.
Together, these findings strongly suggest that a JNK/c-Jun signal-
ing cascade capable of driving AP-1 transcriptional activity is trig-
gered by MHV68 particles and amplified coincidental to viral gene
expression, but prior to viral DNA synthesis, during MHV68 in-
fection.

JNK activity is necessary for MHV68 replication. As JNK/c-
Jun activation appeared to be elicited by viral gene expression, we
next sought to determine the necessity for JNK signaling in
MHV68 replication. Thus, we tested the capacity of the pharma-
cologic JNK inhibitor SP600125 to block MHV68 replication.
SP600125 is an anthrapyrazole that specifically targets and inhibits
the kinase domain of JNK isoforms (3). We tested a range of
SP600125 concentrations for the capacity to inhibit MHV68 rep-
lication at 24 and 48 h postinfection. While concentrations of
SP600125 ranging from 0.5 to 2.5 uM did not inhibit MHV68
replication, SP600125 concentrations greater than 5 wM potently
inhibited MHV68 replication, with no increase in viral titers over
time occurring at 20 and 50 wM concentrations (Fig. 4A). These
doses were in good agreement with previous data demonstrating
SP600125 inhibition of JNK activity in cultured cells (3). It should
be noted that 50 wM SP600125 did exhibit toxicity to the mono-
layer, while lower concentrations did not. The calculated IC5, for
SP600125 against MHV68 48 h after infection was 2.24 pM (95%
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confidence interval, 0.963 to 5.20 wM) (Fig. 4B). These data dem-
onstrate that JNK can be pharmacologically targeted to inhibit
MHV68 replication in culture.

As a further and complementary test of the hypothesis that
JNK activation is required for MHV68 replication, we evaluated
the capacity of dominant-negative JNK1 (DN-JNK1) and DN-
JNK2 expression to inhibit MHV68 replication. For this experi-
ment, 293T cells were transfected with MHV68 BAC in combina-
tion with empty vector, DN-JNK1, DN-JNK2, or both DN-JNK1
and DN-JNK2. Cells were harvested at 48, 72, and 96 h posttrans-
fection, and immunoblot analyses were performed using poly-
clonal MHV68 antiserum to evaluate the expression of MHV68
Iytic antigens over time. While MHV 68 antiserum readily detected
viral antigens in cells cotransfected with MHV68 BAC and empty
vector, expression of either DN-JNK1 or DN-JNK2 resulted in
reduced detection of MHV68 proteins. The reduction in MHV68
proteins detected was even more dramatic in cells transfected with
both DN-JNK1 and DN-JNK2 (Fig. 5). Although reproducible, it
was not immediately clear why DN-JNK2 expression was reduced
when coexpressed with DN-JNK1. In agreement with the ob-
served reduction in viral antigen detectability, MHV68 titers in
the supernatants of cells transfected with DN-JNK constructs were
markedly reduced at each time point, especially when both DN-
JNK1 and DN-JNK2 were coexpressed, compared to empty vector
transfections (Table 1). Importantly, neither of the DN-JNK con-
structs negatively impacted transfection of the MHV68 BAC, as
evidenced by detection of green fluorescent protein (GFP) ex-
pressed from the MHV68 BAC 24 h after transfection (data not
shown). These findings provided an important specificity control
for inhibition of viral replication by SP600125 and further dem-
onstrated the importance of JNK signaling to MHV68 replication.
Moreover, since the effects of expressing DN-JNK1 and DN-JNK2
were additive, these findings suggest that both JNK1 and JNK2
may be utilized by MHV68 to facilitate lytic replication.

JNK signaling regulates late steps in the MHV68 lytic cycle.
Data presented thus far suggest that JNK signaling is amplified and
required for MHV68 replication. To begin to understand what
roles JNK activity might play in MHV68 productive infection, we
performed immunoblot analyses to determine what effect
SP600125 treatment exerts on MHV68 gene expression (Fig. 6A).
When cells were pretreated with vehicle, MHV68 infection once
again elicited robust c-Jun and JNK phosphorylation in compar-
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FIG 5 Dominant-negative JNK expression blocks MHV68 gene expression.
HEK293T cells were transfected with infectious MHV68 BAC DNA in combi-
nation with empty vector, DN-JNK1, DN-JNK2, or both DN-JNK1 and DN-
JNK2. Cells were harvested 48, 72, and 96 h posttransfection, and lysates were
resolved by SDS-PAGE. Resolved proteins were detected by immunoblot anal-
yses using antibodies that recognize the indicated proteins. Note that DN-JNK
constructs encode a FLAG epitope tag. DN-JNK1 and DN-JNK2 proteins were
detected using FLAG-specific antibodies.

ison to mock infection. Treatment with SP600125, however, in-
hibited virus-related c-Jun phosphorylation, which was consistent
with the drug blocking JNK phosphorylation of downstream tar-
gets and indicated that c-Jun phosphorylation during late-stage
MHV68 infection is largely due to JNK activity, as opposed to
other MAPKs or viral kinases. Interestingly, pharmacologic inhi-
bition of JNK activity correlated with reduced expression of
MHV68 lytic antigens detected using MHV68-directed antise-
rum. In parallel immunofluorescence analyses, SP600125-treated
cells exhibited altered viral protein staining patterns, most notably
an apparent exclusion or absence of viral proteins from the host
cell nucleus, 18 h postinfection (Fig. 6B). These images also illus-
trated that SP600125 treatment does not simply block or reduce
MHV68 infection, as similar numbers of cells stained positive for
viral proteins.

Since herpesvirus late gene expression by and large coincides
with viral DNA replication, we performed quantitative PCR anal-
yses to test the hypothesis that JNK activity is necessary for viral
DNA replication (Fig. 6C). While vehicle-treated cells exhibited
robust viral DNA replication by 18 h postinfection, treatment of
cells with SP600125 inhibited viral DNA synthesis to almost the
same extent as the known viral DNA polymerase inhibitor PAA.
For both SP600125 and PAA, this equated to a greater-than-1,000-
fold inhibition of viral DNA synthesis. These data demonstrate
that MHV68 utilizes JNK activity to facilitate viral DNA replica-
tion, which also may account for the reduced expression of late
viral antigens recognized by MHV68 antiserum.

Together, the findings that JNK and c-Jun phosphorylation
progressively increased as infection proceeded and that JNK activ-
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ity was necessary for viral DNA replication suggest that amplifica-
tion of JNK signaling occurs to regulate late steps in the viral
replication cycle. To better define when in the viral replication
cycle JNK signaling is critical for viral replication, we performed
kinetic analyses in which infected cells were treated with vehicle or
SP600125 at specific times after viral adsorption. In immunoblot
analyses of samples harvested 8 h postinfection, both pretreat-
ment and treatment with SP600125 4 h postinfection effectively
reduced virus-induced c-Jun phosphorylation compared to vehi-
cle controls. However, neither treatment appeared to inhibit ex-
pression of the early gene ORF59 or of any viral proteins detected
by MHV68 antiserum (note that some were reduced) (Fig. 7A).
These data indicate that JNK activity, likely through c-Jun, is not a
critical requirement for immediate-early and early viral gene ex-
pression. In contrast, pretreatment and addition of SP600125 at 4
or 8 h postinfection effectively reduced c-Jun phosphorylation
and reduced the relative expression levels of ORF59 and viral an-
tigens detected with MHV68 antiserum in immunoblot analyses
of samples harvested 18 h postinfection (Fig. 7B). These data dem-
onstrated that infected cells remain sensitive to JNK inhibition up
to several hours after initial infection and that JNK inhibition
reduces the accumulation of viral antigens within infected cells. In
related experiments testing the effects of delayed JNK inhibition
on viral replication, SP600125 substantially suppressed viral rep-
lication when added at 4 and 8 h postinfection (Fig. 7C). Sensitiv-
ity to SP600125 treatment was progressively lost when added at
later times postinfection. Collectively, these data are consistent
with observations from immunoblot analyses demonstrating that
potent JNK and c-Jun phosphorylation occurs between 8 and 12 h
postinfection. These data strongly suggest that JNK controls steps
in the viral replication cycle downstream of immediate-early and
early viral gene expression that are necessary for viral DNA repli-
cation.

DISCUSSION

In this report, we validated the mass spectrometric identification
of c-Jun as a cellular phosphoprotein induced during productive
MHV68 infection. We extended these findings to demonstrate
infection-associated activation of JNK1/2 signaling pathways,
leading to c-Jun phosphorylation, and we further demonstrated
that JNK1 and JNK2 are necessary for efficient MHV68 replica-
tion. By utilizing UV-inactivated virus, replication-deficient virus,
and inhibitors of viral DNA replication, we found that JNK/c-Jun
activation likely occurs in conjunction with early viral gene ex-
pression. These findings were supported by kinetic experiments in
which pharmacologic inhibition of JNK activity most efficiently
blocks viral replication when added prior to time points coincid-
ing with robust late gene synthesis (6, 32). Finally, we demon-
strated that pharmacologic JNK inhibition does not simply glob-
ally block viral gene expression but apparently suppresses late

TABLE 1 MHV68 titers from cells expressing DN-JNK1 and DN-JNK2
MHV68 titer (PFU/ml) at:

Vector 48 h 72 h 96 h

Empty vector 1.8 X 10° 6.0 X 10° 1.1 X 107
DN-JNK1 1.5 X 10° 4.9 X 10° 1.5 X 10°
DN-JNK2 1.2 X 10° 7.7 X 10° 4.8 X 10°
DN-JNK1 and DN-JNK2 4.6 X 10* 4.7 X 10° 1.9 X 10*
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FIG 6 JNK activity is necessary for MHV68 genome replication. (A) 3T3 fibroblasts were treated with vehicle (DMSO) or SP600125 (20 uM) 1 h prior to
infection with MHV68 at an MOI of 5 PFU/cell. Cells were harvested 18 h postinfection, and lysates were resolved by SDS-PAGE. Resolved proteins were detected
by immunoblot analyses using antibodies that recognize the indicated proteins. (B) Cells were treated as for panel A, except cells were fixed in 10% formalin 18
h postinfection for indirect immunofluorescence analyses. Fixed and permeabilized cells were stained with MHV68 antiserum to detect lytic viral antigens. DNA
was stained with DAPI. (C) 3T3 fibroblasts were treated with DMSO, 20 wM SP600125 (SP6), or 200 pg/ml PAA 1 h prior to infection with MHV68 at an MOI
of 5 PFU/cell. Cells were harvested at 6 and 18 h postinfection, and total cellular and viral DNAs were isolated. Quantitative PCR was performed to detect viral
genomes, and values were normalized to total cellular DNA at each time point. Data represent the change in viral DNA copy number between 6 and 18 h
postinfection as determined using the AAC- method. Results are means of triplicate samples. Error bars represent standard deviations.

MHV68 gene expression, which correlated with altered localiza- Our data demonstrate that JNK/c-Jun activation occurs early
tion of detectable viral antigens within infected cells and blockade  after infection, presumably as a consequence of viral attachment
of viral genome replication. These findings suggest a model in  or entry, and increases as the infection process progresses (Fig. 1,
which JNK1/2 and possibly c-Jun activity are functionally ampli- 2, and 3). The modest activation coincident with viral engagement
fied as productive viral replication proceeds, in order to facilitate  of the host cell is consistent with data published for KSHV. These
DNA replication and/or viral gene expression toward completing  previous studies suggested that MAPK activation (p38, extracel-
the lytic replication cycle (Fig. 8). lular signal-regulated kinase, and JNK) in general facilitates or
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FIG 7 JNK activity regulates late phases of the MHV68 replication cycle. (A and B) 3T3 fibroblasts were treated with vehicle (DMSO) or SP600125 (20 pM) 1
h prior to infection or at 4 h or 8 h (B only) postinfection with MHV68 at an MOI of 5 PFU/cell. Cells were harvested 8 h (A) or 18 h (B) postinfection, and lysates
were resolved by SDS-PAGE. Resolved proteins were detected by immunoblot analyses using antibodies that recognize the indicated proteins. (C) 3T3 fibroblasts
were treated with 20 uM SP600125 at the indicated times postinfection with MHV68 at an MOI of 5 PFU/cell. Cells were harvested 24 h postinfection and
subjected to freeze-thaw lysis, and viral titers were determined by plaque assay. Results are means of triplicate samples. Error bars represent standard deviations.
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FIG 8 Model of JNK/c-Jun functions in productive MHV68 replication.

enhances immediate-early viral gene expression (37, 43, 56). Fur-
thermore, MAPK activation in general also regulates KSHV reac-
tivation following induction with chemical stimuli (17, 55). These
reports also suggested that MAPKs facilitate activation of the pro-
moter for ORF50, which encodes the RTA protein (37, 43). As
RTA expression is an absolute requirement for rhadinovirus rep-
lication (11, 39, 45), and presumably the expression of all non-IE
lytic genes, it stands to reason that inhibition of factors involved in
driving ORF50 transcription would block GHV reactivation.
Thus, we were surprised that pretreatment with SP600125 did not
globally block viral gene expression, as evidenced by the detection
of MHV68 lytic antigens using MHV68 antiserum in immuno-
blotting and immunofluorescence analyses (Fig. 6). In fact, in-
fected cells were sensitive to JNK inhibition several hours postin-
fection, by which time ORF50 transcription and subsequent early
gene expression are well under way (6, 24), and remained mod-
estly sensitive to SP600125 treatment up to 12 h postinfection (Fig.
7). Our findings suggest that JNK/c-Jun pathways are not absolute
requirements for GHV IE gene expression upon de novo infection
but are essential to a later stage in the replication process.
Although the mechanism by which the JNK/c-Jun signaling
axis is amplified as infection progresses is not immediately clear,
our data support two likely hypotheses. First, it is conceivable that
JNK activation and amplification are simply passive processes due
to infection-associated stress on host cells. JNK1 and JNK2 are
also known as stress-associated protein kinases (SAPKs), and JNK
activation is induced by numerous external and internal cellular
stressors, including cytokine signaling, UV exposure, ionizing ra-
diation, ribosome inhibition, and nutrient deprivation, to name a
few (41). As a host cell response to infection by diverse pathogens,
JNK activation is associated with infection-induced apoptosis (2,
8,30) and contributes to host innate immune responses (7, 35, 42,
49). In the case of MHV68, our data imply that amplification of
the JNK signal occurs concurrently with progression through the
Iytic gene expression cascade but prior to viral DNA replication
and presumably late gene expression. The signal would then be
usurped, perhaps acting as a switch that controls completion of
the replication process. Second, JNK may be actively triggered (or
amplified) by specific viral gene products to facilitate distinct as-
pects of MHV68 replication. For KSHV, both ORF36 and ORF49
are capable of stimulating JNK activation in overexpression sys-
tems (17, 20). Likewise, the EBV Na protein, the lymphocrypto-
virus homolog of rhadinovirus ORF49, also is linked to JNK phos-
phorylation (19). The expression kinetics of both ORF36 and
ORF49 (6, 24), which also are MHV68 tegument proteins (4, 36),
would fit with the kinetics of JNK/c-Jun phosphorylation and
AP-1 reporter activity we observed. However, an ORF36 trans-
poson mutant (44) elicited JNK/c-Jun phosphorylation compara-
ble to WT MHV68 in our hands (J. A. Stahl and J. C. Forrest,
unpublished observation). Moreover, ORF36 is not required for
MHV68 replication, whereas JNK activity is. A similar analysis for
ORF49 is complicated by a severe replication defect (36, 44). It
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would be of interest to determine if exogenous stimulation of
JNK/c-Jun activity could serve as a host-cell complement to
ORF49 deficiency. Suffice it to say, additional tests are necessary to
define the mechanism of JNK/c-Jun induction during de novo
infection by MHV68.

Whether specific cellular signaling cascades are necessary for
JNK/c-Jun amplification to facilitate completion of MHV68 rep-
lication also is not clear. A recent study from the Sun laboratory
found that several MAPK family members, including MAP2K3,
MAP3K2, MAP3K5, MAP3K8/Tpl2/COT, and MAP3K11, were
capable of enhancing MHV68 replication when overexpressed in
293T cells (27). In the context of our data, these upstream
MAPKKs and MAPKKKs may serve as activators of JNK concur-
rent to viral entry or may function in our proposed signal ampli-
fication event that facilitates late steps in the infectious cycle. Im-
portantly, those authors demonstrated that Tpl2 enhanced
activation of promoters for ORF50/RTA and ORF57, as well as
promoting increased c-Fos expression immediately following
MHV68 infection (27). These findings suggest that Tpl2 may in-
fluence immediate-early gene expression. Further, those authors
demonstrated that overexpression of dominant-negative c-Jun
also inhibited ORF50 promoter activity and MHV68 replication
in general (27). The promoter inhibition data seem consistent
with the modest entry-associated JNK/c-Jun phosphorylation and
AP-1 reporter activity described here (Fig. 3). Thus, the current
data indicate that Tpl2 regulates immediate-early AP-1 activity
during infection, but whether Tpl2 is responsible for amplifica-
tion of JNK signaling as infection progresses is not yet clear.

Interestingly, varicella-zoster virus (VZV) also requires JNK
activity for productive infection (58). And, for VZV, MKK4 and
MKK?7, which are dual-specificity upstream MAPKKs that are po-
tently capable of activating JNK1/2 (41), are activated during pro-
ductive replication. Again, MKK4/7 activation also was demon-
strated for KSHV ORF36 (20), and we cannot completely rule out
a similar function for the MHV68 ORF36 homolog. It will be of
interest to determine if Tpl2 or other MAPKKKSs that enhance
MHV68 replication (27) function to activate MKK4 or MKK7,
leading to JNK/c-Jun amplification as MHV68 infection pro-
gresses.

The mechanism by which JNK activity regulates MHV68 DNA
synthesis and possibly late gene expression remains to be deter-
mined. Since treatment with SP600125 also reduced virus-related
c-Jun phosphorylation, a role for JNK-mediated c-Jun activation
currently seems the most likely interpretation. Searching for the
AP-1 consensus binding site, TGA(G/C)TCA, within the MHV68
genome revealed 31 potential AP-1 binding elements (Table 2). Of
these, 11 are situated less than 500 nucleotides upstream of an
annotated open reading frame (50), which suggests a capacity to
function in transcriptional activation of the adjacent viral gene.
This includes elements within previously defined AP-1-respon-
sive promoters for ORF50 and ORF57 (27) which, remarkably, are
conserved in KSHV (27, 43, 52). It seems reasonable to suggest
that entry-associated JNK/c-Jun activity facilitates transactivation
of the ORF50 promoter, thus potentiating entry into the lytic rep-
lication cycle. Indeed, expression of dominant-negative c-Jun in-
hibited Tpl2-related ORF50 promoter activity (27). However,
mutagenesis of the ORF50 promoter AP-1 response elements
within the MHV68 genome did not yield a replication-incompe-
tent virus, although replication was attenuated (27). Thus, while
our studies demonstrated that JNK signaling is necessary for com-
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TABLE 2 Presence of AP-1 consensus sites within the MHV68 genome

Genomic position (bp) Gene name*

7470 IG M3-M4

11080 IG ORF4-6 (ORF6 pro?)
19067 IG ORF8-9 (ORF9 pro?)
19726 ORF9

29711 ORF17

32397 ORF20

37831 ORF23

38410 ORF24

42009 ORF25

42920 ORF25

44804 ORF26

46967 ORF29b

51067 ORF29a

52659 OREF35

53890 ORF36

57393 ORF40

60148 ORF43

63872 ORF45

65370 ORF47 (ORF46 pro?)
66659 ORF50 pro-1

71610 ORF53 (ORF52 pro?)
72796 ORF55

75634 ORF57 pro

75724 ORF57 pro

83200 ORF62 (ORF61 pro?)
83298 ORF62 (ORF61 pro?)
96675 ORF68 (ORF67 pro?)
103420 M11 (ORF72 pro?)
109773 ORF75¢

111044 ORF75b

111140 ORF75b

?1IG, intergenic region. The AP-1 sites sit between ORFs 4 and 6 and ORFs 8 and 9.
Upstream and downstream genes are listed. Hypothetical promoters are shown in
parentheses.

pletion of the lytic replication cycle, AP-1/c-Jun-driven RTA ex-
pression is not an absolute requirement for progression through
the lytic cycle.

ORF57 is an interesting potential target, as the ORF57 protein
product (also known as the multifunctional transcription activa-
tor [MTA]) facilitates the export of unspliced late viral transcripts
from the nucleus for translation in the cytoplasm (reviewed in
reference 23). ORF57 also enhances translation of viral proteins
(5). Thus, inhibition of AP-1-driven ORF57 transcription may
resultin a late blockade to viral replication. Testing such a hypoth-
esis would require direct mutagenesis of AP-1 elements in the
ORF57 promoter, as ORF57 transcription also is highly respon-
sive to RTA (38, 54). It is also interesting to note the presence of
AP-1 elements upstream of ORF9, which encodes the viral DNA
polymerase. It is tempting to speculate that SP600125-mediated
inhibition of viral DNA synthesis results from failed expression of
the viral DNA polymerase.

Finally, it also is possible that c-Jun activity is dispensable for
transcriptional events leading to viral DNA synthesis and produc-
tion of progeny virions. While c-Jun is a classic target of JNK
activity, JNK is capable of targeting numerous proteins within a
cell. According to information on the website PhosphoSite.org
(21), there are 69 JNK1 and 33 JNK2 substrates currently defined.
Clearly, an attempt to determine whether all of these JNK1/2 tar-
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gets regulate discrete steps in the MHV68 replication cycle is a
large undertaking, but it is worth noting that our phosphopro-
teomic analysis identified numerous proteins— both cellular and
viral—in addition to c-Jun that were phosphorylated on MAPK
target motifs. Hence, potential alternative targets for JNK activity
likely are present within MHV68-infected cells. Clearly, there are
numerous testable hypotheses to explore in future experiments.
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