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ABSTRACT

Tumor suppressor p53 is activated in response to numerous cellular stresses, including viral infection. However, whether mu-
rine gammaherpesvirus 68 (MHV68) provokes p53 during the lytic replication cycle has not been extensively evaluated. Here, we
demonstrate that MHV68 lytic infection induces p53 phosphorylation and stabilization in a manner that is dependent on the
DNA damage response (DDR) kinase ataxia telangiectasia mutated (ATM). The induction of p53 during MHV68 infection oc-
curred in multiple cell types, including splenocytes of infected mice. ATM and p53 activation required early viral gene expression
but occurred independently of viral DNA replication. At early time points during infection, p53-responsive cellular genes were
induced, coinciding with p53 stabilization and phosphorylation. However, p53-related gene expression subsided as infection
progressed, even though p53 remained stable and phosphorylated. Infected cells also failed to initiate p53-dependent gene ex-
pression and undergo apoptosis in response to treatment with exogenous p53 agonists. The inhibition of p53 responses during
infection required the expression of the MHV68 homologs of the shutoff and exonuclease protein (muSOX) and latency-associ-
ated nuclear antigen (mLANA). Interestingly, mLANA, but not muSOX, was necessary to prevent p53-mediated death in
MHV68-infected cells under the conditions tested. This suggests that muSOX and mLANA are differentially required for inhibit-
ing p53 in specific settings. These data reveal that DDR responses triggered by MHV68 infection promote p53 activation. How-
ever, MHV68 encodes at least two proteins capable of limiting the potential consequences of p53 function.

IMPORTANCE

Gammaherpesviruses are oncogenic herpesviruses that establish lifelong chronic infections. Defining how gammaherpesviruses
overcome host responses to infection is important for understanding how these viruses infect and cause disease. Here, we estab-
lish that murine gammaherpesvirus 68 induces the activation of tumor suppressor p53. p53 activation was dependent on the
DNA damage response kinase ataxia telangiectasia mutated. Although active early after infection, p53 became dominantly inhib-
ited as the infection cycle progressed. Viral inhibition of p53 was mediated by the murine gammaherpesvirus 68 homologs of
muSOX and mLANA. The inhibition of the p53 pathway enabled infected cells to evade p53-mediated cell death responses. These
data demonstrate that a gammaherpesvirus encodes multiple proteins to limit p53-mediated responses to productive viral infec-
tion, which likely benefits acute viral replication and the establishment of chronic infection.

Gammaherpesviruses (GHVs) are DNA tumor viruses that
include Epstein-Barr virus (EBV), Kaposi’s sarcoma-associ-

ated herpesvirus (KSHV), and murine gammaherpesvirus 68
(MHV68), among others (1). Like all herpesviruses, GHVs exhibit
two distinct infectious cycle phases, lytic replication and latency
(2). The lytic cycle is the productive phase of infection and is
characterized by temporally regulated viral gene expression, viral
DNA replication, and the production of progeny virus (2). Lytic
replication enables GHVs to establish a lifelong chronic infection
known as latency (3), which is characterized by restricted viral
gene expression and viral genome maintenance within host lym-
phocytes and other cell types (1). Lifelong colonization by GHVs
places the infected host at risk for numerous cancers and lym-
phoproliferative disorders, especially in settings of immunosup-
pression (4), although mechanisms by which GHVs drive cellular
transformation are incompletely defined.

Several recent studies demonstrate that GHVs engage the DNA
damage response (DDR) during lytic replication (reviewed in ref-
erence 5). The DDR is an ordered, multistep cellular signaling
response to potentially genotoxic stresses, including the expres-
sion of viral oncogenes that push cell cycle progression (6–8).
Following the recognition of damaged DNA by sensor proteins,

the DDR cascade is transduced by ataxia telangiectasia mutated
(ATM), ATM and Rad 3-related (ATR), or DNA-dependent pro-
tein kinase (DNA-PK), kinases of the phosphatidylinositol 3= ki-
nase-related kinase (PIKK) family (8). These enzymes then target
a number of downstream effectors that block cell cycle progres-
sion and help repair damaged DNA or induce cell death or senes-
cence if the damage is irreparable (8).

One critical downstream effector of the DDR signaling cascade
is tumor suppressor p53, a protein that is essential for limiting the
propagation of mutations following genotoxic stresses (9). The
importance of p53 in preventing oncogenesis is underscored by
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the finding that p53 is nonfunctional in approximately half of all
human cancers (10, 11). Under normal cellular growth conditions
p53 protein is continuously ubiquitinated by mouse double min-
ute 2 (MDM2) and targeted for proteasomal degradation (12, 13).
However, DNA damage-responsive kinases can phosphorylate
p53, leading to its stabilization and activation. This enables p53-
driven transcription of genes involved in cell cycle arrest, DNA
repair, or apoptosis (14). Given the capacity of p53 to inhibit cell
cycle progression and promote apoptosis, p53 could impose a host
restriction on DNA virus replication. This is emphasized by the
fact that essentially all DNA viruses encode proteins that inhibit
p53 function (5). Indeed, p53 originally was discovered as a host
protein bound to simian virus 40 (SV40) large T antigen (15, 16),
and it was later demonstrated that T antigen prevented p53 func-
tion (17–19).

Following de novo infection of primary macrophages, MHV68
induces the phosphorylation of ATM and histone variant H2AX
(20), a classic ATM target in the DDR (21). Consistent with these
findings, a phosphoproteomic analysis of lytic MHV68 infection
in fibroblasts also identified phosphorylated H2AX and a number
of additional ATM targets (22). EBV also triggers ATM activation
and phosphorylation of downstream targets, including H2AX,
Chk2, NBS1, and p53, during reactivation from latency (23). In-
terestingly, for both MHV68 and EBV, DDR induction can be
actively initiated by a conserved herpesvirus-encoded protein ki-
nase (CHPK), an event that appears to be necessary for efficient
viral replication in some settings (20, 24).

Since the cellular function of the DDR is to prevent aberrant
cellular replication (8), it stands to reason that DDR activation
would limit the replication of GHVs through the induction of host
molecules aimed at inhibiting DNA replication, especially activa-
tion of p53, unless viral gene products were capable of inhibiting
or subverting aspects of the infection-related DDR. Consistent
with this notion, a number of GHV proteins inhibit p53 function
when expressed in isolation, including v-IRF1, v-IRF3, v-IRF4,
RTA, and LANA, as well as a number of viral structural proteins
for KSHV and EBNA1 and EBNA3C for EBV (25–32). However,
whether p53 inhibition by these proteins (and other lytic cycle
proteins) contributes to efficient viral replication is largely unex-
plored.

While evaluating roles for the MHV68 homolog of the latency-
associated nuclear antigen (mLANA) in lytic MHV68 replication,
we previously found that LANA-null MHV68 exhibited a lytic
replication defect that correlated with enhanced p53 activation
and cell death compared to that of wild-type (WT) MHV68 infec-
tion (33). We also demonstrated that viral genes were hyperex-
pressed in the absence of mLANA and that p53 enhanced this
phenotype. While these previous studies were consistent with the
hypothesis that mLANA controls p53 responses in lytic MHV68
replication, a number of questions still remain. First, whether
mLANA directly inhibits p53 responses during MHV68 infection
is not known. Our previous studies also were consistent with p53
activation as a consequence of deregulated viral gene expression
due to the absence of mLANA (33). Furthermore, although
MHV68 activates ATM during lytic replication (20), downstream
consequences, such as p53 induction, during WT MHV68 infec-
tion have not been evaluated. Second, although the absence of
mLANA correlated with increased p53 induction during MHV68
lytic replication, it is not known if p53 functions remain intact or
are dominantly inhibited in the infected cell. Finally, it is not yet

clear if mLANA is a master regulator of p53 deactivation or if other
viral proteins also impact p53-related events in the MHV68-in-
fected cell.

Here, we demonstrate that p53 is induced during lytic MHV68
replication in an ATM-dependent manner. The induction of p53
occurred in multiple cell types, including primary splenocytes in
MHV68-infected mice, and correlated with early viral gene ex-
pression. Although p53 was transcriptionally active at early time
points during the lytic cycle, p53-dependent transcription became
repressed as the infectious cycle progressed. Moreover, infection-
associated p53 inhibition was dominant, as infected cells became
resistant to treatment with potent DNA damage-inducing and
p53-stabilizing drugs. We found that both mLANA and the
MHV68 shutoff and exonuclease protein, muSOX, were impor-
tant for inhibiting p53 responses. However, muSOX was not nec-
essary for preventing death when infected cells were treated with
exogenous p53-activating agents while mLANA was, suggesting
that the two proteins are differentially required for p53 inhibition
in specific settings.

MATERIALS AND METHODS
Ethics statement. Mouse experiments performed for this study were car-
ried out in accordance with NIH, USDA, and UAMS Division of Labora-
tory Animal Medicine and IACUC guidelines. The protocol supporting
this study was approved by the UAMS Institutional Animal Care and Use
Committee (animal use protocol 3270). Mice were anesthetized prior to
inoculations and sacrificed to minimize pain and distress.

Cell culture and viruses. Swiss albino 3T3 murine fibroblasts were
purchased from the ATCC (CCL-92). ATM�/� and WT murine embry-
onic fibroblasts (MEFs) were gifts from Vera Tarakanova (Medical Col-
lege of Wisconsin). MB114 cells were a gift from Linda van Dyk (Univer-
sity of Colorado School of Medicine). All cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 100 U/ml penicillin-streptomycin, and 2 mM L-glutamine
(cMEM). For serum starvation, cells were cultured in DMEM containing
1% FCS, 100 U/ml penicillin-streptomycin, and 2 mM L-glutamine
(ssMEM) for 18 to 24 h prior to experiments. Cells were maintained at
37°C in atmosphere containing 5% CO2 and 100% humidity. All viruses
used in this study were previously described and include WT MHV68
(34), H2B-yellow fluorescent protein (YFP)-expressing MHV68 (35),
RTA-null MHV68 (50.STOP) (36), host shutoff-null MHV68
(ORF37.�HS), host shutoff-null marker rescue MHV68 (ORF37.MR
[37]), mLANA-null MHV68 (73.STOP), and mLANA-null marker rescue
MHV68 (73.MR) (38). Viral stocks were generated as previously de-
scribed (33). For infections, viral stocks were diluted in cMEM or ssMEM
and adsorbed to monolayers of cells. For high-multiplicity infections, cells
were inoculated in 1/10 normal culture volume and rocked every 15 min
for 1 h. After the removal of inocula, cells were cultured in a normal
volume of ssMEM. The time at which virus was added was considered t �
0 h for all time course experiments. For virus growth assays, two cycles of
freeze/thaw lysis were performed to extract progeny virions. Lysates were
serially diluted, and titers were measured by plaque assay (39).

Immunoblot analyses. Cells were washed with ice-cold phosphate-
buffered saline (PBS) and lysed in-well with radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 20 mM Tris, 2 mM EDTA, 1% NP-40,
0.25% deoxycholate) supplemented with complete mini-EDTA-free pro-
tease inhibitors and phosphatase inhibitors (Thermo-Pierce). Insoluble
material was pelleted by centrifugation, and 50,000 cell equivalents were
boiled in Laemmli sample buffer at 100°C for 8 min (40). Proteins were
resolved by SDS-PAGE in 5%, 10%, or 12% polyacrylamide gels. Resolved
proteins were transferred to nitrocellulose membranes and probed with
antibodies directed to the indicated proteins. As a positive control for p53
induction, MEFs were exposed to 10 Gy of gamma radiation and incu-
bated for 1 h at 37°C. Antigen-antibody complexes were detected by
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chemiluminescence using horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies and Clarity ECL reagent (Bio-Rad). Signal was detected
using a ChemiDoc MP digital imaging system (Bio-Rad).

Drugs and antibodies. Doxorubicin and phosphonoacetic acid (PAA)
were purchased from Sigma-Aldrich and diluted in distilled water
(dH2O). Tumor necrosis factor alpha (TNF-�; Sigma-Aldrich) was di-
luted in PBS. Cycloheximide (CHX; Sigma-Aldrich) was diluted in etha-
nol. KU-55933 (Tocris Pharmaceuticals), nutlin-3a (Cayman Pharma-
ceuticals), and pifithrin-� (Enzo Life Sciences) were diluted in dimethyl
sulfoxide (DMSO). Primary antibodies used in immunoblot analyses in-
clude chicken anti-ORF59 (Gallus Immunotech), rabbit anti-mouse p21
(sc-397; Santa Cruz Biotechnology), rabbit anti-ATM (2873; Cell Signal-
ing Technology [CST]), mouse anti-p53 (2524; CST), rabbit anti-phos-
pho-S18 p53 (9284; CST), mouse anti-�-actin (A-5316; Sigma-Aldrich),
mouse anti-phospho-S1981 ATM (200-301-400; Rockland Immuno-
chemicals), mouse anti-Chk2 (05-649; Upstate Biotechnology), rabbit
polyclonal mLANA (41), and mouse polyclonal MHV68 immune sera
(42). Densitometric analyses of p53 levels relative to those of �-actin were
carried out with Image Lab software (Bio-Rad). Antibodies used in flow
cytometry or immunofluorescence assays include Alexa Fluor 647-conju-
gated mouse anti-p53 (2533; Cell Signaling Technology), goat anti-green
fluorescent protein (GFP; 600-101-215; Rockland Immunochemicals),
Alexa Fluor 488-conjugated donkey anti-goat (A-11055), Alexa Fluor
568-conjugated goat anti-mouse (A-11004), and Alexa Fluor 488-conju-
gated goat anti-chicken (A-11039; Invitrogen).

RNA isolation and quantitative reverse transcription-PCR (qRT-
PCR). Cells were mock infected or infected with MHV68 at a multiplicity
of infection (MOI) of 5 PFU/cell. Cells treated with doxorubicin (5 �M) 4
h prior to RNA isolation served as positive controls for p53-induced tran-
scription. RNA was isolated from infected cells at 4, 8, 12, and 18 h postin-
fection using TRIzol (Ambion) and converted to cDNA as previously
described (33). Quantitative PCR was performed on resulting cDNAs
according to the manufacturer’s guidelines (Agilent). Gene-specific Taq-
Man probes (Applied Biosystems) for Mdm2 (Mm01233136_m1),
Cdkn1a (Mm00432448_m1), and �-actin (Mm00607939_s1) were uti-
lized for quantification. Reactions were performed in a Stratagene
Mx3005P thermal cycler with cycling conditions of 2 min at 50°C and then
10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
Biological duplicate samples were analyzed in technical triplicate using
the comparative threshold cycle (��CT) method as previously described
(33). For p53 signaling pathway RT2 profiler transcript arrays (PAMM-
027; Qiagen), total RNA was isolated using an miRNeasy minikit (Qiagen)
from Swiss albino 3T3 fibroblasts that were mock infected, WT-MHV68
infected, ORF37.�HS infected, or 73.STOP infected 18 h postinfection.
For nutlin-3a treatments, mock-infected or infected cells were treated
with nutlin-3a (10 �M) 4 h before harvest at 18 h postinfection. cDNA
was synthesized from 500 ng total RNA using the Qiagen RT2 first-strand
kit. Reactions were performed in an Applied Biosystems StepOnePlus
PCR system with cycling conditions of 10 min at 95°C followed by 40
cycles of 15 s at 95°C and 1 min at 60°C. Biological duplicate samples were
analyzed in technical duplicate using the ��CT method with �-actin as
the cellular housekeeping transcript control. Nutlin-3a-induced tran-
scription for mock-infected or infected samples was calculated using un-
treated mock-infected or infected samples.

Cell viability assays. Cell viability assays were performed essentially as
previously described (33), with the following modifications. Cells were
infected with WT MHV68, ORF37.�HS, or 73.STOP MHV68 at an MOI
of 5 PFU/cell and treated with PAA (200 �g/ml) 1 h after MHV68 adsorp-
tion to prevent cell death due to viral replication. Cells were treated with
vehicle (dH2O), pifithrin-� (30 �M), doxorubicin (8 �M), or TNF-� (25
nM) and cycloheximide (10 �g/ml) 14 h postinfection. Cell viability was
assessed 44 h postinfection using a crystal violet-based cytotoxicity assay
or CellTiter-Glo (Promega) as previously described (33).

Mouse infections and flow cytometry. Six- to 8-week-old female
C57BL/6J mice were purchased from Jackson Laboratories. Mice were

housed under sterile conditions in the animal facility at the University of
Arkansas for Medical Sciences in accordance with all federal and univer-
sity DLAM guidelines. Spleen cell isolation and flow cytometry were per-
formed as previously described (22). Briefly, mice were intraperitoneally
mock infected or infected with 106 PFU of H2B-YFP MHV68 (35). Cells
were processed for flow cytometry using a Foxp3 transcription factor
staining kit (eBioscience). As a positive control for p53 induction, spleno-
cytes from mock-infected animals were exposed ex vivo to 10 Gy of
gamma radiation and incubated for 2 h at 37°C. Processed splenocytes
were stained to detect p53 and YFP and analyzed using a BD LSR Fortessa
flow cytometer. Data were analyzed using FlowJo software.

Immunofluorescence analyses. For bromodeoxyuridine (BrdU) la-
beling, 3T3 fibroblasts were grown on glass coverslips and infected with
MHV68 at an MOI of 5 PFU/cell. BrdU was added to culture medium 5 h
postinfection at a final concentration of 19.3 �M. BrdU-labeled cells were
processed for immunofluorescence 18 h postinfection using a BrdU flow
kit (BD Pharmingen). After BrdU labeling, cells were stained with anti-
ORF59 to detect viral replication complexes. For correlative p53 analyses,
cells were fixed 18 h postinfection and processed for immunofluorescence
analyses as previously described (33). Cells were stained with chicken
anti-ORF59 and mouse anti-p53 to evaluate p53 intensities and p53 lo-
calization relative to that of ORF59. Coverslips were mounted on slides
using Prolong Gold anti-fade mounting reagent containing 4=,6-di-
amidino-2-phenylindole (DAPI; Life Technologies) to visualize DNA.
For single-cell immunofluorescence analyses, 3T3 fibroblasts were grown
in 6-well plates and serum starved prior to infection with MHV68 at an
MOI of 0.5 PFU/cell. Cells were mock treated or treated with doxorubicin
(5 �M) 14 h postinfection and fixed and processed for immunofluores-
cence microscopy 4 h later to detect p53 and ORF59. DNA was detected by
incubating cells in DAPI-containing PBS prior to imaging. Cells were
imaged using a Nikon Eclipse Ti fluorescence microscope. Relative p53
levels were determined by quantifying p53 fluorescence intensity using
NIS Elements software for 32 randomly selected, ORF59-negative, or
ORF59-positive cells following background correction. Nuclei were
identified for quantification using the autoselect region-of-interest
function.

RESULTS
Induction of ATM-p53 signaling during MHV68 lytic replica-
tion. MHV68 induces ATM and H2AX phosphorylation, and in-
fected cells exhibit additional DDR-related phosphorylation
events during lytic replication in fibroblasts (20, 22, 43–45). How-
ever, the kinetics of the MHV68-associated DDR and whether it is
associated with p53 activation are not well defined. To better
understand DDR signaling and p53 activation during MHV68
lytic infection, we infected p53-competent 3T3 fibroblasts with
MHV68 and performed immunoblot analyses to evaluate the ac-
tivation of ATM, specific downstream effectors, and p53 over
time. As a positive control for induction of an ATM-related DDR,
uninfected cells were treated with the potent DNA damage-induc-
ing drug doxorubicin. In contrast to mock-infected controls, cells
infected with MHV68 exhibited ATM phosphorylation on S1981,
Chk2 mobility shift indicative of hyperphosphorylation, and p53
stabilization and phosphorylation on S18, which is a well-charac-
terized residue targeted by ATM for phosphorylation (46, 47)
(Fig. 1A). ATM-related signaling events initially were detectable
approximately 4 h postinfection, increased to maximal levels by 12
h postinfection, and remained steady for the duration of the time
course. Evaluation of the viral immediate-early (IE) protein
mLANA, early protein ORF59 (viral DNA polymerase processiv-
ity factor), and late structural proteins by immunoblot analyses
suggested that ATM-related signaling was amplified as MHV68
progressed through the lytic gene expression cascade (Fig. 1A).
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Moreover, MHV68 also induced ATM and p53 phosphorylation
following infection of MB114 endothelial cells (Fig. 1B) and pri-
mary MEFs (see Fig. 3D) (20).

We next sought to determine whether p53 was stabilized as a
consequence of viral replication in vivo. Mice were infected via
intraperitoneal inoculation with a recombinant virus that consti-
tutively expresses an H2B-YFP fusion protein from a neutral locus
within the MHV68 genome (35). This virus efficiently marks in-
fected cells for detection by flow cytometry. Four days postinocu-
lation, a time point at which productive replication is robust in
splenic B cells (48), splenocytes were isolated and stained to detect
H2B-YFP and p53 (Fig. 1C and D, respectively). Compared to
H2B-YFP� cells, which exhibited p53 levels equivalent to those of
mock-infected animals, H2B-YFP� splenocytes exhibited a ca.
twofold increase in p53 staining (Fig. 1D). The increase in p53
detected in H2B-YFP� cells was equivalent to p53 induction fol-
lowing treatment of naive spleen cells with 10 Gy ionizing radia-
tion, a potent DNA damage and p53-activating stimulus (49).

Importantly, the finding that only H2B-YFP� cells contain in-
creased p53 levels demonstrates that p53 induction is specific to
infected cells and is not a simple consequence of inoculation or
bystander activation. These data therefore agree with observations
of cultured cells and provide in vivo relevance confirming that p53
is induced during lytic MHV68 infection.

Finally, we performed cycloheximide-chase experiments to
verify that increased p53 detection was due to the stabilization of
the protein during MHV68 infection. Indeed, similar to treatment
with doxorubicin, p53 remained stable following cycloheximide-
mediated inhibition of new protein synthesis, while p53 was rap-
idly lost from mock-infected cells (Fig. 2A and B). This observa-
tion is consistent with the disruption of MDM2-mediated p53
ubiquitination and degradation due to ATM-mediated p53 phos-
phorylation during MHV68 infection. Together, these data dem-
onstrate that ATM-related DDR signaling and p53 induction oc-
cur as consequences of MHV68 lytic infection of multiple cell
types in tissue culture and in vivo.

FIG 1 ATM-p53 response is activated during MHV68 lytic replication. 3T3 fibroblasts (A) or MB114 endothelial cells (B) were mock infected (M) or infected
(I) with MHV68 at an MOI of 5 PFU/cell. Cells were treated with 1 �M doxorubicin (Doxo) for 4 h as a positive control for DDR induction. Cells were harvested
at the indicated times postinfection (A) or 18 h postinfection (B), SDS-PAGE was performed, and immunoblot analyses were conducted using antibodies specific
to the indicated antigens. Detection of �-actin serves as a loading control. (C and D) C57BL/6 mice were intraperitoneally mock inoculated or inoculated with
106 PFU of H2B-YFP-expressing MHV68. Animals were sacrificed 4 days postinfection, and bulk splenocytes were isolated and processed for flow cytometry to
detect H2B-YFP (C) and p53 (D). Data shown in panel D are representative histograms for p53. The range of p53 mean fluorescence intensity (MFI) from two
independent experiments is shown. Splenocytes from mock-inoculated animals were exposed to 10 Gy of gamma radiation (	-IR) as a positive control for p53
induction.

Sifford et al.

2574 jvi.asm.org March 2016 Volume 90 Number 5Journal of Virology

http://jvi.asm.org


ATM mediates p53 induction during MHV68 replication.
Given the role of ATM in p53 activation following genotoxic stress
(14), we next tested whether ATM was necessary for p53 induction
during MHV68 lytic replication. Because ATM is required for
MHV68 lytic replication in some settings (20), we first evaluated
whether inhibition of ATM with the pharmacologic inhibitor KU-

55933 (50) reduced MHV68 replication in 3T3 fibroblasts. We
performed titration experiments to define the maximal concen-
tration of KU-55933 that was not overtly cytotoxic to 3T3 fibro-
blasts (data not shown). We then analyzed MHV68 replication
over time at both high and low multiplicities in the presence or
absence of KU-55933. In these experiments, KU-55933 treatment

FIG 2 MHV68 infection leads to p53 stabilization. (A) 3T3 fibroblasts were mock infected, infected with MHV68 at an MOI of 5 PFU/cell, or treated with 1 �M
doxorubicin (Doxo). Cells were treated with cycloheximide (CHX; 100 �g/ml) or vehicle 14 h postinfection or 4 h after doxorubicin treatment. Cells were
harvested in RIPA buffer either immediately after CHX or vehicle treatment or every hour for the following 3 h. Proteins were resolved by SDS-PAGE, and
immunoblot analyses were performed to detect p53 and �-actin as a loading control. (B) Densitometric analyses were performed on resulting immunoblots to
compare levels of p53 between CHX-treated or vehicle-treated samples relative to that for the loading control �-actin, which is not affected by CHX treatment.
The graph depicts the percentage of p53 remaining over time in CHX-treated cells relative to that of vehicle-treated controls at equivalent time points.

FIG 3 ATM mediates p53 induction, but not viral replication, during MHV68 lytic infection. 3T3 fibroblasts were infected with MHV68 at an MOI of 0.5
PFU/cell (A) or 5 PFU/cell (B). One hour after adsorption, inocula were removed and cells were treated with vehicle (DMSO) or the ATM inhibitor KU-55933
(1 �M). Cells were harvested at the indicated times postinfection and subjected to freeze-thaw lysis, and viral titers were determined by plaque assay. Results are
means from triplicate samples. Error bars represent standard deviations. (C) 3T3 fibroblasts were mock infected or infected with MHV68 at an MOI of 5 PFU/cell.
One hour after adsorption, inocula were removed and cells were treated with vehicle (DMSO) or ATM inhibitor KU-55933 (1 �M). Cells were harvested in RIPA
buffer at the indicated times postinfection, and lysates were resolved by SDS-PAGE. Resolved proteins were detected by immunoblot analyses using antibodies
that recognize the indicated proteins. The detection of �-actin serves as a loading control. (D) ATM�/� (WT) or ATM�/� (KO) murine embryonic fibroblasts
were mock infected or infected with wild-type MHV68 at an MOI of 5 PFU/cell. Mock-infected cells were exposed to 10 Gy of gamma radiation (	-IR) as a
positive control for p53 induction. Samples were harvested at 18 h postinfection and processed for immunoblot analyses as described for panel C.
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did not have any impact on MHV68 replication (Fig. 3A and B).
Having established that viral replication was normal in treated
cells, we next evaluated whether p53 induction during MHV68
infection was dependent on ATM. Consistent with viral growth
assays, immunoblot analyses demonstrated that KU-55933 did
not overtly influence viral gene expression. However, both p53
phosphorylation and stabilization were potently inhibited in
MHV68-infected cells following KU-55933 treatment (Fig. 3C).
As an independent and complementary approach to KU-55933
experiments, we also evaluated p53 induction following MHV68
infection of ATM�/� and ATM�/� MEFs. Although p53 phos-
phorylation and stabilization readily occurred in ATM�/� MEFs
following either MHV68 infection or treatment with ionizing ra-
diation as a positive control, p53 phosphorylation and stabiliza-
tion did not occur in either case for ATM�/� MEFs (Fig. 3D).
Therefore, these data implicate ATM as the primary mediator of
p53 induction during MHV68 lytic replication and demonstrate
that ATM inhibition does not reduce MHV68 gene expression and
productive replication in 3T3 fibroblasts.

Defining steps in the infectious cycle at which ATM-p53 in-
duction occur. Like other herpesviruses, the MHV68 lytic gene
expression cascade occurs in three temporally distinct phases: IE,
early, and late (51–54). To more precisely identify specific phases
of the viral replication cycle that correlate with p53 activation, we
evaluated ATM and p53 activation following infection of 3T3 fi-
broblasts with WT MHV68, RTA-null (50.STOP) MHV68 (36),
and WT MHV68 in the presence of the viral DNA polymerase
inhibitor PAA. Infection by RTA-null MHV68, which lacks the IE
replication and transactivator protein RTA and thus cannot initi-
ate early gene synthesis (36), did not trigger ATM-p53 signaling
(Fig. 4). This suggests that neither host cell detection of the viral
particle nor expression of other IE proteins, such as mLANA, in-
duce an ATM-p53 response. In contrast, while PAA treatment

potently inhibited the expression of late viral antigens, which are
dependent on viral DNA replication, PAA did not block ATM-p53
activation by MHV68, as levels of ATM and p53 phosphorylation
and p53 stabilization were equivalent to those observed for WT
MHV68 infection in the absence of inhibitor. PAA treatment
alone did not induce ATM or p53. Thus, these data demonstrate
that ATM-p53 activation occurs prior to or coinciding with viral
DNA replication through RTA and/or early viral gene expression.

p53-responsive genes are differentially regulated during lytic
MHV68 infection. Having established that MHV68 elicits an
ATM-p53 response during lytic infection, we next wanted to de-
fine the functional consequences of p53 activation on the host cell.
To determine if p53 induced during MHV68 infection was func-
tional and capable of driving downstream host gene expression,
we performed quantitative reverse-transcription PCR (qRT-PCR)
analyses to compare transcription of p53-responsive genes mdm2
and cdkn1a following MHV68 infection. Cells were treated with
doxorubicin as a positive control for the induction of p53-medi-
ated transcription. Interestingly, both mdm2 and cdkn1a tran-
scripts were elevated 4 and 8 h postinfection, approximating levels
observed in cells treated with doxorubicin (Fig. 5A). However,
transcripts decreased to levels detected in mock-infected controls
by 12 h and remained low at 18 h postinfection, suggesting that
p53-related transcription became inhibited as the infectious cycle
progressed. As a broader test of this hypothesis, we utilized p53
transcript arrays to compare MHV68 infection to treatment of
cells with nutlin-3a, a highly specific chemotherapeutic p53 ago-
nist that functions by preventing MDM2-mediated proteasomal
degradation of p53 (55). Remarkably, compared to the 12 tran-
scripts most potently induced by nutlin-3a treatment, including
mdm2, rprm, pmaip1, and cdkn1a, among others, these same tran-
scripts were relatively unchanged at 18 h postinfection with
MHV68 (Fig. 5B), further supporting the notion that p53-related
transcription is impaired at late time points during MHV68 lytic
infection. Together, these data demonstrate that p53 is transcrip-
tionally active at early time points during MHV68 infection but
becomes inactive or repressed as the lytic cycle progresses despite
the prolonged presence of phosphorylated and stabilized p53 (Fig.
1 and 2).

Dominant inhibition of p53 responses during MHV68 infec-
tion. Since one would expect the level of p53-related transcription
to correlate with high levels of stabilized p53 protein observed at
12 h and 18 h postinfection, the time-dependent reduction in
p53-responsive gene expression observed during MHV68 infec-
tion suggests that MHV68 impairs p53 functions during lytic viral
replication. If p53 functions are specifically inhibited by the virus,
we hypothesized that infected cells would become resistant to
treatment with exogenous p53-activating stimuli as a conse-
quence. To test this hypothesis, we conducted a time course ex-
periment in which mock-infected and MHV68-infected cells were
treated with doxorubicin at different times after infection. Cells
were harvested 4 h after drug treatment to allow time for activa-
tion of ATM-p53 responses. We then performed immunoblot
analyses to compare and contrast p53 stabilization, p53 phos-
phorylation, and induction of p21 protein, a p53-regulated CDK
inhibitor encoded by the CDKN1A gene, which we tested in qRT-
PCR experiments. Analogous to mock-infected controls, infected
cells exhibited p53 activation and increased p21 expression when
treated with doxorubicin prior to 8 h postinfection (Fig. 6A).
However, p53 stabilization, p53 phosphorylation, and p21 induc-

FIG 4 ATM-p53 activation requires viral gene expression downstream of
RTA. 3T3 fibroblasts either were mock infected or infected at an MOI of 5
PFU/cell with RTA-null MHV68 (50.STOP) or WT MHV68, or they were
mock infected or infected with WT MHV68 in the presence of PAA (200
�g/ml) to inhibit viral DNA replication. Cells were harvested in RIPA buffer 18
h postinfection, and proteins were resolved by SDS-PAGE. Resolved proteins
were detected by immunoblot analyses using antibodies that recognize the
indicated proteins. The detection of �-actin serves as a loading control.
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tion were reduced when infected cells were treated with doxoru-
bicin 10 h postinfection. Doxorubicin responsiveness was com-
pletely abolished in infected cells by 14 h postinfection. These data
strongly suggest that p53 responses are repressed as the MHV68
lytic cycle progresses.

We next sought to determine if lack of p53 responsiveness was
intrinsic to the infected cell or a general response to the infected
culture. Thus, we performed low-MOI infections followed by
quantitative, single-cell immunofluorescence analyses to directly
compare p53 inducibility in infected and uninfected cells in the

FIG 5 Analysis of p53-responsive gene expression during MHV68 lytic replication. (A) 3T3 fibroblasts were either mock treated or treated with 5 �M
doxorubicin (Doxo) or were mock infected or infected with MHV68 at an MOI of 5 PFU/cell. RNA was isolated from cells 4 h after doxorubicin treatment or at
the indicated times postinfection, and quantitative RT-PCR analyses were performed to detect murine mdm2 or cdkn1a (p21) transcripts. Data represent the
change (n-fold) in transcript levels normalized to the levels for �-actin, as determined using the ��CT method for treated or infected samples relative to
mock-treated or mock-infected samples. Data represent mean values from two independent experiments analyzed in triplicate. Error bars represent the range of
data. (B) 3T3 fibroblasts were either mock treated or treated with 5 �M nutlin-3a or were mock-infected or infected with MHV68 at an MOI of 5 PFU/cell. RNA
was isolated from cells 4 h after nutlin-3a treatment or 18 h postinfection, and quantitative RT-PCR analyses were performed using RT2 profiler p53 signaling
pathway PCR arrays. Data represent the change (n-fold) in transcript levels normalized to the levels for �-actin, as determined using the ��CT method for treated
or infected samples relative to mock-treated or mock-infected samples. Data represent mean values from two independent experiments. Error bars represent the
range of data.

FIG 6 MHV68-infected cells become nonresponsive to p53 agonists as infection progresses. (A) 3T3 fibroblasts were mock infected or infected with wild-type
MHV68 at an MOI of 5 PFU/cell. Cells were treated with vehicle (DMSO) or doxorubicin (5 �M) 4 h prior to harvest at the indicated times postinfection. Cells
were harvested in RIPA buffer at the indicated times postinfection, and lysates were resolved by SDS-PAGE. Resolved proteins were detected by immunoblot
analyses using antibodies that recognize the indicated proteins. Detection of �-actin serves as a loading control. (B and C) 3T3 fibroblasts were infected with
MHV68 at an MOI of 0.5 PFU/cell. Cells were treated with vehicle or doxorubicin (5 �M) 14 h postinfection. Cells were fixed with 10% formalin 18 h
postinfection and processed for immunofluorescence microscopy. Processed cells were stained to detect viral antigen ORF59 and p53. DNA was detected with
DAPI. (C) Relative fluorescent intensities of p53 in ORF59-negative or ORF59-positive cells from panel B were quantified in multiple images using Nikon NIS
Elements software. Data represent relative p53 fluorescence intensity from 32 randomly selected cells for each condition.
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same culture following treatment with doxorubicin. We first eval-
uated p53 induction in individual cells without doxorubicin treat-
ment. Productively infected cells were identified by the presence of
early gene product ORF59. In agreement with immunoblot anal-
yses, cells that stained positive for ORF59 exhibited ca. 2-fold
more p53 staining than ORF59-negative cells by 18 h postinfec-
tion (Fig. 6B and C). In contrast, treatment with doxorubicin
yielded a ca. 8-fold increase in p53 staining for ORF59-negative
cells but less than a 2-fold increase for ORF59-positive cells.
Therefore, these data indicate that p53 nonresponsiveness is a cell-
intrinsic phenotype that correlates with the expression of proteins
involved in viral DNA replication.

We next tested whether p53 was similarly unresponsive to di-
rect stimulation by treatment with the p53 agonist nutlin-3a. 3T3
fibroblasts were mock infected or infected with MHV68 at an MOI
of 5 PFU/cell, subsequently were treated with vehicle, doxorubicin
(5 �M), or nutlin-3a (10 �M) 14 h postinfection, and then were
harvested 4 h later (Fig. 7A). Indeed, MHV68-infected cells failed
to respond to nutlin-3a treatment by induction of p21 protein,
indicating that MHV68 replication compromises the p53 re-
sponse to multiple exogenous p53 stresses. Finally, we reasoned
that if p53 responses were inhibited during MHV68 infection,
then p53-related transcription also should be hindered following
treatment with exogenous activators of p53. Unfortunately, treat-
ment with doxorubicin resulted in high sample-to-sample varia-
tion using qRT-PCR arrays. Therefore, we used nutlin-3a as the
p53 agonist for array experiments. Importantly, MHV68-infected
cells also were resistant to p53-mediated p21 induction following
nutlin-3a treatment (Fig. 7A). We performed qRT-PCR experi-
ments to determine if p53-dependent transcription was hindered
in cells infected with MHV68. In agreement with immunoblot and
immunofluorescence data, p53-regulated transcripts were less in-
duced in infected cells than in mock-infected controls following
nutlin-3a treatment (Fig. 7B). This indicates that infected cells
exhibit a reduced or repressed p53 transcriptional response to an
external p53 activation stimulus. Taken together, these three com-
plementary experimental approaches demonstrate that p53 re-
sponses become inhibited as MHV68 progresses through the lytic

replication cycle. Moreover, the viral block to p53 responses ap-
parently is dominant over exogenous p53-activating stimuli.

Viral DNA replication is not required for p53 inhibition. We
next sought to define mechanisms whereby MHV68 might inhibit
p53. In immunofluorescence analyses of p53 in infected cells, we
noted that p53 appeared to colocalize with ORF59 in viral repli-
cation complexes (Fig. 8A). In agreement with this observation,
ORF59 staining corresponded to areas of active DNA replication,
which were detected by BrdU incorporation, in nuclei of infected
cells. Since infected cells also lost p53 responsiveness relatively late
in the infectious cycle, we were curious if newly replicated viral
DNA and/or late viral proteins might sequester p53 as a means to
prevent its functions during lytic MHV68 infection. This idea was
proposed previously for p53 inactivation during human cytomeg-
alovirus (HCMV) replication (56). To test this hypothesis, we
evaluated induction of p53 and p21 by doxorubicin in mock-in-
fected and infected cells that also were treated with inhibitors of
viral DNA synthesis, PAA, cidofovir, or acyclovir. While mock-
infected cells responded to doxorubicin with p53 activation and
p21 induction in the presence of each of these drugs, infected cells
were not responsive to doxorubicin treatment in either the ab-
sence or presence of viral DNA replication inhibitors (Fig. 8B).
The reduction in late viral antigens detected with MHV68 antise-
rum demonstrates drug effectiveness (Fig. 8B), which we also con-
firmed in control plaque assays that were performed in parallel
(data not shown). While these data do not completely rule out the
possibility that viral genomes can sequester p53 during MHV68
infection, they do indicate that p53 sequestration by newly repli-
cated viral DNA is not necessary for p53 inactivation. Since late
viral gene expression is dependent on viral DNA replication (51,
57), these results also demonstrate that late proteins are not essen-
tial for p53 inhibition. These findings therefore highlight potential
roles for IE and early viral gene products in restricting p53.

MHV68 host shutoff protein muSOX regulates the p53 path-
way. We next sought to identify specific viral proteins that medi-
ate the dominant inhibition of p53 responses during lytic MHV68
infection, and we focused on two particular viral genes for these
tests, ORF37 and ORF73. ORF37 encodes the MHV68 conserved

FIG 7 MHV68 infection prevents p21 induction following p53 stimulation. (A) 3T3 fibroblasts were mock infected or infected with MHV68 at an MOI of 5
PFU/cell. Twelve hours postinfection, cells were treated with DMSO, doxorubicin (Doxo; 5 �M), or nutlin-3a (10 �M) for 4 h prior to harvest. Cells were
harvested in RIPA buffer 16 h postinfection, and proteins were resolved by SDS-PAGE. Immunoblot analyses were performed using antibodies to detect the
indicated proteins. Detection of �-actin serves as a loading control. (B) 3T3 fibroblasts were infected with MHV68 at an MOI of 5 PFU/cell and either mock
treated or treated with 5 �M nutlin-3a 14 h postinfection. RNA was isolated from cells 18 h postinfection, and quantitative RT-PCR analyses were performed
using RT2 profiler p53 signaling pathway PCR arrays. Data represent the change (n-fold) in transcript levels normalized to the levels for �-actin, as determined
using the ��CT method for vehicle-treated versus drug-treated samples. For comparison purposes, data for uninfected cells are reproduced from Fig. 5. Data
represent mean values from two independent experiments. Error bars represent the range of data.
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herpesvirus alkaline exonuclease homolog muSOX. muSOX per-
forms a host shutoff function by targeting specific cellular tran-
scripts for degradation (58–60). Moreover, orf37 is transcribed
with early kinetics (54), which is consistent with the timing of p53
inhibition during MHV68 infection. To test a potential role for
muSOX in repressing p53 responses, we utilized ORF37.�HS, an
MHV68 recombinant virus that harbors a single point mutation
(R443I) in muSOX that ablates its host shutoff activity while re-
taining its exonuclease activity, which is necessary for efficient
packaging of viral DNA (37). We performed immunoblot analyses
to evaluate p53 stabilization and phosphorylation as well as p21
induction over time following infection of 3T3 fibroblasts with
ORF37.�HS or its marker rescue control, ORF37.MR. Although
both ORF37.�HS and ORF37.MR infections led to increased p53
stabilization and phosphorylation, these events appeared to be
more potently elicited by MHV68 infection in the absence of
host shutoff activity (Fig. 9A). Similarly, rather than decreasing
over time, as was observed for WT MHV68 (Fig. 6A) and
ORF37.MR, p21 was induced at later time points following
ORF37.�HS infection (Fig. 9A). These findings suggest that
muSOX host shutoff function targets the p53 pathway during
lytic MHV68 infection.

We next tested whether muSOX host shutoff function con-
tributes to dominant inhibition of p53 during MHV68 replica-
tion. As before, cells were mock infected or infected with either
ORF37.�HS or ORF37.MR for 14 h prior to treatment with doxo-
rubicin. Cells were harvested 4 h later, and p53 activation and p21
induction were evaluated. While mock-infected cells and WT
ORF37.MR infections recapitulated previous results, ORF37.�HS
infections exhibited such high levels of p53 stabilization, phos-
phorylation, and p21 induction, greater than those of positive
controls, that it was difficult to discern whether doxorubicin-me-
diated induction of p53 signaling was hindered or intact in the

absence of host shutoff by ORF37 (Fig. 9B). However, we also
evaluated transcriptional responses to p53 agonists in cells in-
fected with ORF37.�HS. Unlike cells infected with WT MHV68,
ORF37.�HS-infected cells remained largely responsive to nut-
lin-3a treatment, with 7 of the 12 most inducible transcripts still
responding to drug treatment (Table 1). Together, these data sug-
gest that muSOX participates in the deactivation of p53 responses
during MHV68 infection.

mLANA inhibits p53 during MHV68 infection. We next
tested the role of the MHV68 LANA homolog, mLANA, in p53
deactivation during MHV68 lytic replication. mLANA is encoded
by the conserved ORF73 gene, and we previously demonstrated
that mLANA-null MHV68 caused greater p53 induction than WT
MHV68 at early times postinfection (33). Increased p53 induction
also correlated with enhanced cell death, which was partially ame-
liorated in p53�/� MEFs (33). Although these data suggest that
mLANA blocks p53 activation during MHV68 infection, it was
not clear from our previous experiments whether mLANA di-
rectly hindered p53 responses. To test this, we performed immu-
noblot analyses to evaluate effects of doxorubicin treatment on
p53 activation and p21 induction in the absence of mLANA ex-
pression. In contrast to cells infected with WT MHV68, treatment
of cells infected with 73.STOP, an mLANA-null MHV68 recom-
binant (38), resulted in increased p53 stabilization and phosphor-
ylation (Fig. 10). While WT MHV68-infected cells did not pro-
duce p21 when doxorubicin treated, p21 was inducible during
73.STOP infection, albeit at a lower level than that observed for
mock-infected cells. Since cells infected with ORF37.�HS main-
tained strong p21 expression (Fig. 9A), the general reduction in
p21 levels is consistent with a role for muSOX-mediated host
shutoff occurring despite the absence of mLANA. Immunofluo-
rescence assays performed in parallel to detect ORF59 confirmed
that all cells in these experiments indeed were infected and pro-

FIG 8 p53 localizes to MHV68 replication compartments, yet viral DNA replication is not required for p53 inactivation. (A) 3T3 fibroblasts were mock infected
(top) or infected with MHV68 at an MOI of 5 PFU/cell (bottom). Cells in the upper and lower panels were incubated in the presence of 20 �M BrdU for 12 h prior
to fixation at 18 h postinfection. Cells were stained for indirect immunofluorescence microscopy using antibodies to the indicated proteins. (B) 3T3 fibroblasts
were mock infected or infected with MHV68 at an MOI of 5 PFU/cell. Inocula were removed 1 h after adsorption, and cells were treated with cidofovir, PAA, or
acyclovir as indicated. Cells were treated with vehicle (DMSO) or doxorubicin (5 �M) 4 h prior to harvest 18 h postinfection. Cells were harvested in RIPA buffer
at the indicated times postinfection, and lysates were resolved by SDS-PAGE. Resolved proteins were detected by immunoblot analyses using antibodies that
recognize the indicated proteins. Detection of �-actin serves as a loading control.

p53 Inhibition during MHV68 Lytic Replication

March 2016 Volume 90 Number 5 jvi.asm.org 2579Journal of Virology

http://jvi.asm.org


gressing through the lytic replication cycle (not shown). Thus, p53
inducibility observed during 73.STOP infection was not simply a
result of inefficient infection by mLANA-null MHV68. These data
suggest that mLANA is directly involved in limiting p53 activation
during MHV68 infection.

We and others previously demonstrated that mLANA func-
tions as a transcriptional regulator (41, 61). As a complement
to immunoblot experiments, we also evaluated whether cells
infected with mLANA-null MHV68 were transcriptionally re-
sponsive to nutlin-3a treatment. In contrast to the attenuated
response observed in cells infected with WT MHV68, cells in-
fected with mLANA-null MHV68 remained largely responsive
to nutlin-3a treatment (Table 1). This indicates that mLANA,
like muSOX, participates in dampening p53-mediated tran-

scriptional responses to exogenous p53-inducing stimuli. To-
gether, these data demonstrate that mLANA also participates in
blocking p53 function during MHV68 lytic replication.

MHV68 infection protects cells from p53-driven cell death.
We hypothesized that if p53 were functionally inactivated during
MHV68 infection, then MHV68-infected cells would resist p53-
driven cell death induced by exogenous stimuli. We therefore
tested whether MHV68-infected cells were sensitive to doxorubi-
cin-induced cell death relative to mock-infected controls. Having
established that PAA treatment did not ablate the capacity of
MHV68 to repress p53 responses, we used PAA to limit cell death
associated with end-stage viral replication in these experiments.
Treatment of mock-infected cells with doxorubicin resulted in the
death of ca. 50% of cells (Fig. 11A). In contrast, cells that were

FIG 9 muSOX host shutoff function influences the p53 signaling pathway. 3T3 fibroblasts were mock infected or infected with a host shutoff-null mutant of
MHV68 (ORF37.�HS) or WT marker rescue control (ORF37.MR) at an MOI of 5 PFU/cell. (A) Cells were harvested at the indicated time postinfection. (B) Cells
were treated with doxorubicin (1 �M) or vehicle (DMSO) 14 h postinfection, and lysates were harvested in RIPA buffer 18 h postinfection. Proteins were resolved
by SDS-PAGE. Resolved proteins were detected by immunoblot analyses using antibodies to detect the indicated proteins. Detection of �-actin serves as a loading
control.

TABLE 1 Summary of nutlin-3a-inducible p53-responsive gene expression during MHV68 infection

Gene product

Expression by infection type

Mock WT MHV68 73.stop MHV68 37.�HS MHV68

Mean SD Mean SD Mean SD Mean SD

Mdm2 7.02 0.474 4.81 0.969 6.84 0.953 5.77 1.33
Pmaip1 4.36 0.271 2.49 0.678 5.34 0.421 6.33 2.54
Btg2 3.29 0.488 3.06 1.04 5.01 1.32 2.86 1
Rb1 2.88 0.287 1.52 0.03 3.43 0.186 3.86 0.051
Dapk1 2.81 0.091 0.939 0.305 2.52 0.073 3.69 0.0223
Fas 2.8 0.075 1.98 0.2 2.43 0.128 6.18 0.336
Apaf1 2.52 0.124 1.71 0.027 2.68 0.358 3.59 0.343
Cdkn1a 2.29 0.118 1.79 0.406 3.11 0.064 2.4 0.508
Egr1 2.1 0.083 1.44 0.229 1.51 0.059 0.656 0.067
Sesn2 2 0.221 1.5 0.288 2.38 0.034 1.68 0.001
Bbc3 1.92 0.291 1.82 0.681 3.48 0.61 1.48 0.023
Ppm1d 2.1 0.134 1.83 0.035 2.44 0.05 2.67 0.142
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infected with MHV68 prior to doxorubicin treatment were largely
resistant to drug-induced death. To establish that cell death fol-
lowing doxorubicin treatment was mediated primarily by p53, we
treated cells with pifithrin-�, a pharmacologic inhibitor of p53
function (62), and found that p53 inhibition with pifithrin-� did
indeed prevent cell death following doxorubicin treatment of
mock-infected cells. This finding confirms p53 involvement in the
cell death response to doxorubicin treatment in 3T3-SA fibro-
blasts. Finally, as a test to determine if viral inhibition of cell death
was specific to the p53 pathway or represented a general nonre-
sponsiveness to exogenous cell death stimuli, we also evaluated
cell death responses following treatment with TNF-� and cyclo-
heximide. Unlike treatment with doxorubicin, both mock-in-
fected and infected cells underwent cell death following TNF-�/
cycloheximide treatment, demonstrating that MHV68-infected
cells remain responsive to certain cell death stimuli. Thus, these
data provide strong evidence that p53-directed cell death re-
sponses are blocked as a functional consequence of virus-medi-
ated p53 inhibition during lytic MHV68 infection. These data also
indicate that viral gene expression and/or host signaling events
that occur prior to viral DNA replication and late gene expression
are sufficient to prevent the p53-mediated death of the infected
cell.

Given that muSOX and mLANA were important for prevent-
ing p53-related signaling and transcription, we reasoned that
these proteins also would be necessary for preventing doxorubi-
cin-induced cell death. We therefore evaluated whether cells in-
fected with either ORF37.�HS or mLANA-null MHV68 were re-
sistant to doxorubicin treatment by following the experimental
scheme used for WT MHV68. Surprisingly, cells infected with
ORF37.�HS remained largely resistant to doxorubicin treatment,
surviving essentially as well as cells infected with ORF37.MR (Fig.
11B). In contrast, while ORF73.MR infection led to a reduction in
cell death following doxorubicin treatment, cells infected with

ORF73.STOP MHV68 remained susceptible to drug treatment
(Fig. 11C). For all viruses tested, infection did not prevent cell
death caused by TNF-�/cycloheximide treatment. These data in-
dicate that although muSOX host shutoff function limits p53 sig-
naling during MHV68 infection, this activity is not essential for
inhibiting p53-mediated cell death triggered by an exogenous
stimulus in this experimental setting. Conversely, these findings
support the conclusion that mLANA is necessary for preventing
functional outcomes of p53 responses during lytic MHV68 infec-
tion.

FIG 10 mLANA is necessary for p53 inactivation during MHV68 replication.
3T3 fibroblasts were mock infected or infected with WT MHV68 or mLANA-
null MHV68 (73.STOP) at an MOI of 5 PFU/cell. Cells were treated with
doxorubicin (1 �M) or vehicle (DMSO) 14 h postinfection, and lysates were
harvested in RIPA buffer 18 h postinfection. Proteins were resolved by SDS-
PAGE. Resolved proteins were detected by immunoblot analyses using anti-
bodies to detect the indicated proteins. Detection of �-actin serves as a loading
control.

FIG 11 Protection from p53-mediated cell death during MHV68 infection
requires mLANA but not muSOX host shutoff function. 3T3 fibroblasts were
mock infected or infected with WT MHV68 (A), ORF37.�HS MHV68 (B), or
mLANA-null MHV68 (C) at an MOI of 5 PFU/cell in the presence of PAA (200
�g/ml). In panel A, the indicated samples were treated with pifithrin-�
(PFT-�; 30 �M) at the time of adsorption to inhibit p53. Where indicated, cells
were treated with doxorubicin (8 �M) or vehicle (DMSO) 14 h postinfection,
and cell viability was determined 44 h postinfection. As a p53-independent cell
death stimulus, the indicated samples were treated with 25 nM TNF-� and 10
�g/ml cycloheximide (CHX). Cell viability was determined using a crystal
violet retention assay. Data represent percentages of cell death for treated sam-
ples relative to that for vehicle-treated controls. Results are means from trip-
licate samples. Error bars represent standard errors of the means.
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DISCUSSION
MHV68 interactions with ATM during lytic replication. Previ-
ous work with MHV68, EBV, and KSHV demonstrated that
GHVs activate DDR signaling during productive viral replication.
EBV induces a DDR during ZTA-driven reactivation, evidenced
by ATM activation and phosphorylation of downstream targets
(23). KSHV reactivation following inducible RTA expression sim-
ilarly promotes enhanced H2AX phosphorylation (45) as well as
the activation of a full DDR (63). Tarakanova and colleagues pre-
viously demonstrated that MHV68 infection of primary macro-
phages also induces ATM and H2AX phosphorylation (20), and
we likewise observed the phosphorylation of H2AX and other
ATM targets in a global phosphoproteomic analysis of MHV68
lytic infection (22). Work presented here reiterates these previous
studies and further defines the timing of the DDR induced during
MHV68 lytic infection. Data obtained using replication-defective
viruses and inhibitors of viral DNA replication strongly suggest
that either RTA itself or early genes transcribed downstream of
RTA, not viral DNA replication per se or viral late proteins, acti-
vate the DDR during MHV68 replication. These findings are anal-
ogous to those for DDR induction during herpes simplex virus 1
(HSV1) and HSV2 lytic replication or KSHV reactivation, all of
which require viral gene expression but not viral DNA synthesis
(23, 63, 64). These findings also agree with DDR induction occur-
ring due to the expression of the viral kinase encoded by ORF36
(20) or expression of the viral cyclin D ortholog encoded by
ORF72, which is suggested by the observation that k-cyclin in-
duces a DDR in endothelial cells (65). The finding that a cyclin/
CDK phosphorylation signature is prominent in cells produc-
tively infected with MHV68 and that MHV68 cyclin is important
for phosphorylation changes induced during lytic replication fur-
ther support this idea (22). Thus, our data establish a specific stage
in the MHV68 replication cycle at which ATM signaling is acti-
vated during lytic replication in fibroblasts.

We found that infection of fibroblasts and endothelial cells
promoted ATM phosphorylation, which correlated with p53
phosphorylation. However, infection-associated p53 phosphory-
lation and stabilization did not occur when ATM was inhibited
with KU-55933 or after infection of ATM-deficient fibroblasts.
Although we have previously identified many signaling pathways
triggered by MHV68 lytic infection of fibroblasts that also are
known to engage p53 (22, 39), the current data demonstrate that
ATM is the primary mediator of p53 phosphorylation and stabi-
lization during MHV68 infection of these cells. Whether ATM
also is necessary for p53 phosphorylation in B cells remains to be
determined but could be tested initially in ATM-deficient mice
(66).

It is interesting that ATM clearly is not required for MHV68
replication in fibroblasts or acute replication in vivo (our data and
references 20 and 67), although it is required for low-MOI infec-
tion of BMDMs (20) and reactivation from latent infection of
peritoneal exudate cells (68). ATM inhibition also does not block
ORF59 expression during induced KSHV reactivation (63). Given
differential requirements for ATM in GHV replication (20, 24, 44,
63, 67–69), it is reasonable to suggest that ATM is situationally
required for viral replication, perhaps in terminally differentiated
cell types. However, since p53 was stabilized and transcriptionally
active early during infection, these findings do indicate that viral
induction of a DDR can have consequences on the infected cell,

especially activation of downstream effectors such as p53. Hence,
it will be of interest to determine if ATM activation is orchestrated
by specific viral proteins in cell types that do not require a DDR for
replication or if ATM activation simply occurs as a cellular re-
sponse to infection. This would be interesting, given that Shah and
O’Shea recently demonstrated that adenovirus triggers a virus-
specific DDR that differs from a typical cellular response to extrin-
sic mediators of DNA damage (70). Nonetheless, we speculate that
the requirement for ATM in MHV68 acute replication in certain
settings necessitates that the virus encode proteins that inhibit
downstream consequences of ATM activation, such as p53 activ-
ity, as a means to enable efficient lytic replication. This notion is
supported by our findings that MHV68 encodes at least two fac-
tors that attenuate p53 responses during lytic replication.

Inhibition of p53 during MHV68 lytic replication. Many
DNA viruses usurp the DDR to efficiently replicate (5). Since p53
activation by DDR kinases enforces cell cycle arrest and ultimately
apoptosis (5, 8), cellular programs that presumably would antag-
onize viral replication, it is not surprising that p53 inactivation is a
common theme for DNA viruses (5). Although active and respon-
sive to external stimuli early during MHV68 infection, p53 be-
came repressed and nonresponsive as the infectious cycle pro-
gressed, apparently prior to or coinciding with viral DNA
replication. This led us to test the role of muSOX, which is en-
coded by the early gene ORF37, in repressing p53-related signal-
ing. While the manipulation of host stress responses is a well-
documented function for viral host shutoff systems (71–73),
descriptions of p53 signaling being affected by host shutoff previ-
ously were lacking. Our data demonstrate that muSOX host shut-
off function is necessary to limit p53 signaling events during the
MHV68 lytic cycle (Fig. 9), a function not previously appreciated
for this viral protein. Whether muSOX directly targets the p53
pathway for inhibition or p53 signaling is hyperactivated during
ORF37.�HS MHV68 infection due to the lack of control of viral
gene expression remains to be determined.

ORF37.�HS MHV68 exhibits cell type-specific replication de-
fects and altered virion protein composition (74). These pheno-
types correlate with attenuation in vivo (74). Although muSOX
host shutoff function was not a necessity for protection from cell
death induced by exogenous p53-activating treatments, it remains
possible that muSOX hindrance of p53 signaling is important in
other cell types or settings. Along these lines, it is reasonable to
suggest that p53 hyperactivation in the absence of muSOX host
shutoff activity contributes to the altered virion protein composi-
tion phenotype. This would agree with our previous demonstra-
tion that p53 drives viral gene expression (33), perhaps com-
pounding the increased presence of viral transcripts due to the
lack of degradation by muSOX (74). Thus, it will be of interest to
determine if ORF37.�HS viruses produced in p53-deficient cells
exhibit ratios of virion proteins that more closely resemble those
of WT virus.

We also demonstrate here that the dominant inhibition of p53
requires the MHV68 LANA homolog. We previously observed
that mLANA-null MHV68 exhibited more rapid p53 induction
and cell death during infection of nontransformed murine fibro-
blasts (33). We further showed that p53-deficient MEFs were par-
tially protected from death caused by mLANA-null infection and
that mLANA-null virus replicated to higher titers in p53-deficient
MEFs (33). The current work extends our previous studies and
clarifies certain unresolved issues. First, data presented here dem-

Sifford et al.

2582 jvi.asm.org March 2016 Volume 90 Number 5Journal of Virology

http://jvi.asm.org


onstrate that mLANA indeed is necessary for p53 blockade in a
productively infected cell. While the previous data suggested this
was the case, we had not directly demonstrated the need for
mLANA in preventing p53 activity during infection. Second, here
we establish that ATM-p53 signaling is triggered during infection
by WT MHV68, even in the presence of mLANA (Fig. 1). This
finding indicates that mLANA does not enforce a wholesale block-
ade to ATM-driven p53 activation as soon as infection occurs.
However, as we previously demonstrated that mLANA-null
MHV68, but not WT MHV68, replicated to higher titers following
infection of p53-deficient fibroblasts than after infection of p53-
competent cells (33), the capacity of mLANA to attenuate DDR-
p53 signaling clearly impacts viral replication efficiency and fur-
ther suggests that p53 serves an antiviral function during MHV68
infection.

While we establish here that muSOX and mLANA limit p53
functions during MHV68 lytic replication, the precise mecha-
nisms by which this is accomplished remains to be determined. It
is well established that muSOX functions to regulate the levels of
both viral and host transcripts during viral replication (58, 74, 75).
This includes host factors involved in antiviral processes, signal-
ing, cellular responses to stress, and cell death (74–76). Thus, it is
reasonable to suggest that muSOX degrades transcripts involved
in p53 responses during infection. mLANA is a DNA binding
transcription factor that regulates the expression of genes involved
in cell cycle control (61) and can repress a viral promoter con-
tained within the MHV68 terminal repeats (41). Although viral
and host genes controlled by mLANA during lytic replication are
not known, we speculate that mLANA binds to p53-responsive
promoters and represses their activation. With this in mind, it is
interesting that viruses containing mutations in the DNA binding
domain of mLANA exhibited replication defects and viral gene
hyperexpression that recapitulate the phenotype of mLANA-null
MHV68 (41). It is possible that mLANA regulates transcription of
ORF37 or other viral genes involved in p53 inhibition. Such a
possibility could explain the requirement for mLANA, but not
muSOX, in protecting infected cells from doxorubicin-induced
death. Moreover, it also will be of interest to evaluate viral repli-
cation and p53 responses for infections with MHV68 viruses in
which both muSOX and mLANA are mutated. Finally, it is worth
noting that mLANA is expressed with immediate-early kinetics.
This means mLANA likely is expressed within cells at times when
p53 was active and still responsive to external stimuli. This leads us
to speculate that mLANA is not sufficient in and of itself to prevent
p53 function. This seems to agree with findings for KSHV; al-
though LANA is expressed in latently infected primary effusion
lymphoma (PEL) cell lines, its presence alone is insufficient to
make them refractory to p53 agonists (77, 78). Conversely, reac-
tivating PEL cells are resistant to treatment with p53 agonists (79).
Together, these findings strongly suggest that viral and/or host
factors in addition to LANA homologs are involved in p53 deac-
tivation during rhadinovirus replication.

With this in mind, while our data demonstrate that muSOX
and mLANA are important for deactivating p53 signaling during
MHV68 infection, our data do not rule out the possibility that
additional factors also suppress p53 functions. A screen of KSHV
proteins identified RTA and several other viral proteins capable of
repressing p53 transcriptional activity and cell death responses
(30). Whether these viral proteins function to restrict p53 during
lytic viral replication was not explored, and it is not yet known if

MHV68 homologs exhibit similar functions. The observation that
p53 localized to sites of viral DNA replication during MHV68
infection (Fig. 8), which also occurs during HSV1, HCMV, and
EBV lytic replication (23, 80, 81), suggests that proteins involved
in viral DNA replication sequester p53 or that p53 binding sites in
viral DNA act as a molecular sponge to inhibit p53. Interestingly,
ectopically expressed p53 was recruited to replication complex-
like structures following transfection of cells with plasmids encod-
ing components of the HSV1 replication machinery (82), raising
the possibility that conserved proteins involved in MHV68 DNA
replication also participate in p53 inactivation.
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