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The major oncoprotein p53 regulates several cellular antiproliferation pathways that can be triggered in
response to a variety of cellular stresses, including viral infection. The stabilization of p53 is a key factor in the
ability of cells to initiate an efficient transcriptional response after cellular stress. Here we present data dem-
onstrating that herpes simplex virus type 1 (HSV-1) infection of HFFF-2 cells, a low-passage-number nontrans-
formed human primary cell line, results in the stabilization of p53. This process required viral immediate-early
gene expression but occurred independently of the viral regulatory protein ICP0 and viral DNA replication. No
specific viral protein could be identified as being solely responsible for the effect, which appears to be a cellular
response to developing HSV-1 infections. HSV-1 infection also induced the phosphorylation of p53 at residues
Ser15 and Ser20, which have previously been implicated in its stabilization in response to DNA damage.
However, an HSV-1 infection of ATM�/� cells, which lack a kinase implicated in these phosphorylation events,
did not lead to the phosphorylation of p53 at these residues, but nonetheless p53 was stabilized. We also show
that the wild-type p53 expressed by osteosarcoma U2OS cells can be stabilized in response to DNA damage
induced by UV irradiation, but not in response to HSV-1 infection. These data suggest that multiple cellular
mechanisms are initiated to stabilize p53 during an HSV-1 infection. These mechanisms occur independently
of ICP0 and its ability to sequester USP7 and may differ from those initiated in response to DNA damage.

The major oncoprotein p53 is a key regulator of the ability
of cells to respond to stress through its control of several
important cellular pathways, including growth arrest, apopto-
sis, and cellular senescence. The activation of p53 is induced by
a variety of stresses, including DNA damage, hypoxia, nucle-
otide deprivation, heat shock, oncogenic activation, and viral
infection. The ability of p53 to induce the transcription of
several cellular genes is regulated by three principal factors,
namely p53’s stability, activity, and subcellular localization (for
recent reviews, see references 12, 75, 77, and 79). The expres-
sion of p53 is normally maintained at low levels through ubiq-
uitination and proteasome-mediated degradation (51). Al-
though it appears that several ubiquitin isopeptide ligases (E3
ubiquitin ligases) are involved in p53 regulation (8, 45), the
best characterized of these is mouse double minute 2 (Mdm2).
Mdm2 binds to the N terminus of p53, and in conjunction with
the E2 ubiquitin-conjugating enzyme UbcH5, mediates the
ubiquitination of C-terminal lysine residues of p53 and subse-
quent p53 degradation by the 26S proteasome (31, 32, 37, 63).
Consequently, the stabilization of p53 is critical for its ability to
activate transcription. Stabilization of p53 can occur through
several mechanisms, including phosphorylation of p53 at N-
terminal serine (Ser) and threonine (Thr) residues (6, 41, 68,
69); acetylation of C-terminal lysine residues (38, 47); phos-
phorylation (15, 35, 42, 53) and sequestration of Mdm2 (40, 49,
61, 73, 83); and competitive binding of p53 by Mdmx, an Mdm2
family member that lacks E3 ubiquitin ligase activity (39, 70).
These mechanisms result in the inhibition of Mdm2 interacting
with or ubiquitinating p53, thereby promoting p53 stabiliza-
tion. The targeting of ubiquitinated p53 for degradation also

appears to be a tightly regulated process. The ubiquitin-specific
protease USP7 (also known as HAUSP) stabilizes ubiquiti-
nated p53 by cleaving the isopeptide-linked ubiquitin chains
from the protein (46). De-ubiquitination of p53 therefore pro-
vides an additional mechanism by which cells can regulate p53
stability, and ultimately, transcriptional activity.

Herpes simplex virus type 1 (HSV-1) gene expression during
a lytic infection occurs in a regulated temporal cascade in
which the viral genes can be divided into three broad classes,
named immediate early (IE), early (E), and late (L) (for a
review, see reference 64). Although the majority of IE proteins
have been associated with the regulation of viral gene expres-
sion, only ICP0 (also known as Vmw110) is capable of trans-
activating all three classes of viral genes (for a review, see
reference 20). Virus mutants that do not express ICP0 are
severely impaired in the ability to replicate in low-passage-
number human fibroblast cells at low doses of input virus and
are more likely to establish a quiescent infection. Although
ICP0 is required to a greater or lesser extent for efficient viral
replication in most cell lines, virus mutants that fail to express
ICP0 are not impaired in U2OS cells (81). One of the many
proteins with which ICP0 has been reported to interact is
USP7 (25). This interaction contributes to viral growth in BHK
cells and the ability of ICP0 to activate gene expression in Cos7
cells (24, 54). The ability of ICP0 to activate viral gene expres-
sion requires its N-terminal zinc binding RING finger motif, a
domain that confers E3 ubiquitin ligase activity (11, 19, 27, 34).
Directly or indirectly, this activity causes the degradation of
several cellular proteins, including the major ND10 (promy-
elocytic leukemia [PML] nuclear body) constituent proteins
PML and SUMO-1 modified isoforms of Sp100 (10, 13, 23, 33,
57, 59), the centromeric proteins CENP-A and CENP-C (22,
50), and the catalytic subunit of DNA-PK (44, 60). The ability
of ICP0 to induce the degradation of these and potentially
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other as yet unidentified cellular proteins through ubiquitina-
tion and proteasome-mediated degradation appears to inhibit
a cellular response to viral infection and promotes a cellular
environment that is conducive to viral replication. Several
DNA viruses are known to target p53 either through its se-
questration or by ubiquitination and proteasome-mediated
degradation, thereby affecting its transcriptional activity. For
example, the simian virus 40 large T antigen sequesters p53 (5,
80), whereas the E6/E6-AP complex of human papillomavi-
ruses 16 and 18 ubiquitinates and destabilizes p53 (3, 66, 67;
reviewed in reference 4). Several herpesviruses have also been
shown to affect the transcriptional activity of p53. For example,
the Epstein-Barr virus (EBV) IE protein BZLF1 (52, 82) and
the human herpesvirus 8 latency-associated nuclear antigen
ORF 73 (30) inhibit p53 transcriptional responses. However,
little is known about p53 regulation during alphaherpesvirus
infections. Some cellular proteins, including p53 and retino-
blastoma protein (Rb), appear to localize to HSV-1 DNA
replication compartments, but the significance of this recruit-
ment remains unclear (78). Analyses of HSV-1 mutants re-
stricted in the ability to express IE proteins have shown that
HSV-1-induced cell cycle arrest occurs independently of p53
(36) and that the mitotic block caused by ICP0 is a direct result
of its ability to induce the degradation of CENP-A and
CENP-C (22, 50). We have recently reported that ICP0 can
interact with and directly ubiquitinate a proportion of p53
molecules and can protect infected U2OS cells against UV-
induced apoptosis (9). Therefore, ICP0 has the potential to
modulate p53 expression and/or p53-mediated pathways
through its E3 ubiquitin ligase activity and also, potentially,
through its interaction with USP7. These observations
prompted us to investigate the fate of p53 during productive
HSV-1 infections.

In this paper, we show that HSV-1 infection of HFFF-2 cells,
a nontransformed human fetal foreskin fibroblast cell line ex-
pressing wild-type (wt) p53, results in the phosphorylation and
stabilization of p53. The stabilization of p53 required HSV-1
IE gene expression but not viral DNA replication and was
therefore not a cellular response to HSV-1 virion binding, un-
coating, or the translocation of viral DNA into the nucleus or
a cellular DNA damage response activated during viral DNA
replication. The stabilization and phosphorylation of p53 oc-
curred in an ICP0-independent manner, suggesting that the
sequestration of USP7 by ICP0 is not involved in p53 stabili-
zation during an HSV-1 infection. However, the efficient phos-
phorylation of p53 required ICP4 expression and its DNA
binding activity (and hence its ability to activate viral early
gene expression). Although the stabilization of p53 was appar-
ently concordant with its phosphorylation on N-terminal serine
residues in HFFF-2 cells, it did not require the phosphoryla-
tion of Ser15 or Ser20 by ATM, a cellular kinase known to
phosphorylate and promote the stabilization of p53 in response
to DNA damage. These effects were found to be cell type
dependent since p53 was not stabilized during an infection of
U2OS cells, an osteosarcoma cell line that also expresses wt
p53. Taken together, these data suggest that a lytic HSV-1
infection induces the stabilization of p53 through several cel-
lular mechanisms but that neither ICP0 nor its ability to inter-
act with USP7 is involved.

MATERIALS AND METHODS

Cells and viruses. U2OS and HFFF-2 cells (European Collection of Cell
Cultures) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum. AT�/� (GM02052E) and control AT�/�

(GM03491) (NIGMS Human Genetic Cell Repository) cells were grown in
DMEM supplemented with 20% fetal calf serum, 1% nonessential amino acids,
and 1% L-glutamine. All cultures were grown at 37°C in an atmosphere contain-
ing 5% CO2 unless otherwise stated.

HSV-1 strain 17 syn� and its derivatives dl1403 (74), FXE (a RING finger
deletion mutant lacking residues 106 to 146 of ICP0) (18), substitution mutant
M1 (with mutations of ICP0 residues 623R to L and 624K to I) (24), and deletion
mutant D12 (lacking residues 594 to 633 of ICP0) (54) were grown in BHK (C13)
cells infected at a multiplicity of infection (MOI) of 0.01 PFU per cell. The titers
of all viruses, including ICP0 mutant viruses, were determined with U2OS cells.
The mutant in1411 virus, which fails to express ICP4 (65), and the ICP27
deletion mutant 17�27-pR19lacZ (48) were grown and titrated in M49 BHK
cells, which constitutively express both ICP4 and ICP27. The mutant tsK virus
(62) was grown in BHK cells and titrated in U2OS cells at the permissive
temperature of 32°C. Virus released into the cell medium was harvested after the
cell monolayer showed an extensive cytopathic effect. Supernatants containing
the virus were clarified, stored at 4°C, and titrated on appropriate cells in the
presence of 2% human serum.

Pulse-chase determination of p53 stability. Pulse-chase experiments were per-
formed essentially as described previously (28, 71). HFFF-2 cells were seeded in
35-mm-diameter dishes at a cell density of 5 � 105 cells/dish, cultured overnight,
and washed twice in 1 ml of phosphate-buffered saline (PBS) before being
cultured in methionine-free DMEM (Sigma-Aldrich) for 30 min. The medium
was then removed and replaced with methionine-free DMEM supplemented
with [35S]methionine (100 �Ci/ml) (Amersham) for 1 h (pulse). The medium was
subsequently removed and the cells were washed twice with 1 ml of PBS before
being mock infected or infected with HSV-1 (strain 17�) at an MOI of 10. After
absorption, the cells were returned to the normal culture medium and harvested
at the appropriate time points postinfection (p.i.) (chase). The medium was
removed and the cells were washed twice with 1 ml of PBS and harvested directly
in 1 ml of cell lysis buffer (50 mM Tris [pH 7.4], 500 mM NaCl, 1% NP-40, 0.1%
sodium dodecyl sulfate [SDS], 0.1% sodium deoxycholate, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol) containing protease inhibitors (Roche). Samples
were subsequently incubated on ice for 30 min, briefly sonicated, and clarified by
centrifugation at 20,000 � g for 10 min at 4°C. Soluble fractions were then
incubated with 1 �g of a polyclonal p53 antibody (FL-393; Santa Cruz Biotech-
nology) end-over-end (on a rotary mixer) at 4°C for 2 h. Immune complexes were
precipitated by the addition of 40 �l of 50% (wt/vol) protein A-Sepharose for a
further 2 h at 4°C end-over-end. The beads were subsequently pelleted by
centrifugation and washed three times in 1 ml of ice-cold lysis buffer before being
resuspended in 40 �l of SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
boiling mix. Radiolabeled proteins were resolved by SDS–8% PAGE, and the gel
was subsequently stained with Coomassie brilliant blue and destained before
being dried and analyzed by phosphorimaging.

UV irradiation and chemical treatments. Cells (4 � 105) were seeded in
35-mm-diameter dishes, cultured overnight, washed in PBS, and then subjected
to a UV dose of 50 J/m2 (UV cross-linker; Stratagene). Normal medium was then
added and the cells were incubated for the indicated time points prior to har-
vesting. The cells were treated with cycloheximide (CHX) at 10 �g/ml (Sigma-
Aldrich), acyclovir (ACG) at 10 �M (Sigma-Aldrich), and wortmannin (Sigma-
Aldrich) at various concentrations as described in the text.

Western blots and antibodies. Cells (4 � 105) were seeded in 35-mm-diameter
dishes, incubated overnight, infected with the appropriate viruses and/or treat-
ments, and then incubated for the indicated times. Cell monolayers were then
washed twice with 1 ml of PBS before being harvested directly in 200 �l of 1�

SDS-PAGE boiling mix buffer containing 3 M urea and 25 mM dithiothreitol.
Proteins in 30 �l of cell extract (equivalent to 6 � 104 cells) were resolved in
SDS–7.5 and/or 10% PAGE or 4 to 12% Bis-Tris NuPAGE gels (Invitrogen) and
then transferred to nitrocellulose membranes by Western blotting. The filters
were probed with the following antibodies, as appropriate: anti-ICP0 monoclonal
antibody (MAb) 11060 (26), anti-ICP4 MAb 11076 (16), and anti-ICP27 MAb
H1113 (1), purchased from the Goodwin Institute for Cancer Research; and an
anti-p53 MAb (oncogene Ab-6), anti-actin MAb AC-40 (Sigma-Aldrich), and
phospho-specific (p-) anti-p53 rabbit antibodies p-p53(Ser15) (Oncogene) and
p-p53(hser20) (Santa Cruz Biotechnology).
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RESULTS

HSV-1 infection results in the stabilization of p53. We re-
cently reported that ICP0 can interact with and ubiquitinate
p53 both in vitro and in vivo, implying that ICP0 has the
potential to regulate p53 expression and its transcriptional
activity through ubiquitination and proteasome-mediated deg-
radation (9). However, while ICP0 could ubiquitinate p53 in
vivo, its activity was significantly lower than that of Mdm2, a
negative regulator of p53 expression. We concluded that ICP0
may target only a subset of posttranslationally modified p53
molecules or p53 molecules that are associated with other
known cellular targets of ICP0 as part of a complex of proteins
targeted for degradation. Since little is known about the fate of
p53 during HSV-1 infection, we decided to analyze the metab-
olism of p53 in HSV-1-infected cells.

HFFF-2 cells were infected at an MOI of 1, and p53 levels
were analyzed at various times p.i. (Fig. 1). Infected cells ex-
hibited increased levels of p53 as early as 4 h p.i., correlating
with increased levels of IE gene expression (Fig. 1A). Densi-
tometry analysis demonstrated that p53 levels had increased
more than twofold at 4 h p.i. and continued to increase over
the time course of the infection (Fig. 1A and B). The increased
levels of p53 appeared to be a result of its stabilization, since
infected cells maintained their p53 levels upon a subsequent
treatment with CHX, whereas parallel mock-infected cells
showed a significant decrease in p53, presumably due to turn-
over by ubiquitination and proteasome-mediated degradation
(Fig. 1C). The increase in p53 stability during infection also
correlated with its phosphorylation at N-terminal serine resi-
dues Ser15 and Ser20 (Fig. 1C). Phosphorylation of these res-
idues reduces the ability of Mdm2 to bind to p53 and thereby
contributes to its stabilization (6, 41, 68, 69). Since HSV-1
inhibits cellular protein synthesis through the activities of the
tegument-associated protein vhs and the IE protein ICP27
(reviewed in reference 64) and since p53 levels increased dur-
ing the initial stages of viral infection, it appears that the
increase in p53 expression during infection is a result of p53
stabilization rather than an increase in its transcription. In-
deed, previous microarray analysis of HSV-1-infected HeLa
cells showed that the level of p53 mRNA transcripts does not
increase during infection (72).

To confirm that HSV-1 infection stabilizes p53, we con-
ducted a pulse-chase experiment. Cells were incubated with a
medium containing [35S]methionine before being mock in-
fected or infected with HSV-1 (strain 17�, as described in
Materials and Methods). Replicate plates were harvested at
the indicated times points p.i., and soluble cell extracts were
prepared for the immunoprecipitation of p53. The samples
were analyzed by SDS-PAGE and phosphorimaging (Fig. 2A).
Mock-infected cells showed a dramatic decrease (approxi-
mately 60%) in the amount of metabolically labeled p53 re-
covered after 1 h of chase (consistent with the published half-
life of approximately 25 min), with a similar decrease after 2 h
(Fig. 2B). In HSV-1-infected cells, however, p53 was clearly
more stable, with a decrease of only 35% of the metabolically
labeled p53 after 1 h, with a similar relative decrease after 2 h,
indicating that the half-life of p53 had been increased to at
least an hour. Due to technical considerations, this experiment
had to be performed at early times of infection, probably be-

fore the maximum stabilization effect of HSV-1 on metaboli-
cally labeled p53 could be established, and therefore this in-
crease in half-life is probably a minimum estimate. In normal
cells, p53 lost by degradation is replaced by newly synthesized
proteins, leading to stable total levels of the protein. There-
fore, an increase in the p53 half-life during HSV-1 infection
leads to an increased total amount of p53 protein (as seen in
Fig. 1A), provided that its rate of synthesis is maintained.
Taken together with the results of the CHX experiment, the
results of the pulse-chase experiment confirm that HSV-1
causes a relative stabilization of p53, resulting in increased
total p53 levels in HFFF-2 cells, and most significantly, in the
retention of p53 in the absence of de novo synthesis.

HSV-1-induced stabilization of p53 requires IE gene expres-
sion but not DNA replication. In order to investigate the basis
of HSV-1-induced p53 stabilization, we carried out infections
in the presence or absence of either CHX to inhibit viral

FIG. 1. HSV-1 infection results in stabilization of p53. (A) HFFF-2
cells were either mock infected or infected with HSV-1 (strain 17�) at
an MOI of 1 PFU/cell for the indicated times. (B) Histogram repre-
senting the relative increases in p53 levels during HSV-1 infection of
HFFF-2 cells. Densitometry analysis was performed on p53 Western
blots from a series of experiments, and the results are expressed as
relative changes in intensity (arbitrary units). Error bars represent the
standard errors for three independent experiments. (C) HFFF-2 cells
were either mock infected or infected with HSV-1 for 8 h at an MOI
of 1 PFU/cell. The cells were then either harvested directly in SDS-
PAGE loading buffer or treated with CHX (final concentration, 10
�g/ml) for an additional 10 h before being harvested. The cell extracts
were analyzed by Western blotting with monoclonal antibodies that
recognize ICP0, p53, and actin and with phospho-specific p53-Ser15
and p53-Ser20 rabbit polyclonal antibodies, as indicated. Note that in
this and subsequent figures, the relative intensities of bands of the
different proteins in the vertical columns vary according to trivial
factors and cannot therefore be used for quantitative purposes (for
example, for comparing the apparent absolute levels of p53 to actin).

8070 BOUTELL AND EVERETT J. VIROL.



protein synthesis or ACG to inhibit the onset of viral DNA
replication. The cells were harvested and analyzed by Western
blotting for the presence of both viral and cellular proteins
(Fig. 3).

CHX efficiently inhibited de novo viral protein expression
and resulted in a decrease in the levels of p53 expression below
the threshold of detection by Western blot analysis (Fig. 3A).
Since CHX does not inhibit HSV-1 entry, virus uncoating, the
translocation of viral DNA to the nucleus, or IE gene tran-
scription, these data clearly indicate that viral (and potentially
also cellular) protein expression is required to induce both the
phosphorylation and stabilization of p53 during infection. The
stabilization of p53 is therefore independent of any pre-exist-
ing stress-activated pathways that may be triggered due to
virion-receptor binding, virus entry and uncoating, the pres-
ence of any virion-associated proteins, e.g., tegument-associ-
ated kinase that may potentially phosphorylate p53, or a re-
sponse to viral DNA entry into the nucleus.

Treatment with the viral DNA replication inhibitor ACG

had no effect on the expression of ICP0 or ICP4 or on the
phosphorylation and stabilization of p53 during HSV-1 infec-
tion (Fig. 3B). The lack of the late protein glycoprotein C (gC)
in the ACG-treated samples clearly demonstrate that the drug
treatment had successfully inhibited viral DNA replication.
The phosphorylation and stabilization of p53 must therefore
occur prior to the onset of viral DNA replication and are
therefore not responses to replicative intermediates that may
be recognized as damaged DNA.

The stabilization of p53 occurs in an ICP0-independent
manner. Virus mutants that fail to express functional ICP0 are
severely impaired in the ability to replicate in low-passage-
number human fibroblasts at low MOIs (21; for a review, see
reference 20). ICP0 also binds strongly and specifically to
USP7 (25, 54, 55), a ubiquitin-specific protease that can stabi-
lize p53 by cleaving isopeptide-linked ubiquitin chains from the
C terminus of the protein (46). In order to determine whether
ICP0 could be involved in the stabilization of p53 through its
interaction with USP7 or whether it was simply required for
the efficient onset of viral gene expression, which in turn results
in the stabilization of p53, we infected cells with several HSV-1
ICP0 mutants at a low or high MOI and analyzed the stability
of p53 by Western blotting (Fig. 4). The HSV-1 ICP0 null
mutant dl1403 and the RING finger deletion mutant FXE,

FIG. 2. HSV-1 infection decreases rate of p53 degradation. (A)
HFFF-2 cells were pulse labeled (as described in Materials and Meth-
ods) prior to being mock infected or infected with HSV-1 (strain 17�)
at an MOI of 10 PFU/cell. The cellular levels of metabolically labeled
p53 were determined by immunoprecipitation and SDS-PAGE analy-
sis (as described in Materials and Methods). (B) Histogram represent-
ing quantification of metabolically labeled p53 from mock-infected
or HSV-1-infected HFFF-2 cells (as described for panel A) by phos-
phorimaging analysis. Relative intensity values for both mock-infected
and HSV-1 17�-infected cells are given as percentages of the total
amounts of metabolically labeled p53 at time zero.

FIG. 3. p53 stabilization requires IE gene expression but not viral
DNA replication. HFFF-2 cells were either mock infected or infected
with HSV-1 (strain 17�) at an MOI of 1 PFU/cell in the presence or
absence (� and �, respectively) of CHX (final concentration, 10
�g/ml) (A) or ACG (final concentration, 10 �g/ml) (B).
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which are less efficient than the wt virus at inducing the onset
of IE gene expression at an MOI of 1 in HFFF-2 cells (18, 21,
74), showed similar profiles in low-MOI infections, with no
detectable ICP4 expression, no phosphorylation of p53 at
Ser15, and no increase in the stabilization of p53 compared to
mock-infected cells (Fig. 4A).

HSV-1 mutants M1 and D12, which express forms of ICP0
that are unable to bind to USP7 (17, 54), showed a reduced
ability to induce the phosphorylation of p53 compared to that
of wt HSV-1 in low-MOI infections. Nonetheless, total p53
levels were increased in the mutant virus infections, which is
indicative of stabilization (Fig. 4A). The reduction in p53 phos-
phorylation in these infections correlated with a reduction in
ICP4 expression (Fig. 4A). Therefore, in order to determine
whether the ability of ICP0 to bind to USP7 was specifically
required for the stabilization of p53, we infected cells with
dl1403 at a high MOI, thereby overcoming the requirement for
ICP0-mediated viral gene transactivation (Fig. 4B). Infection

with dl1403 at an MOI of 10 resulted in levels of IE gene expres-
sion that were similar to those for a wt virus infection at an MOI
of 1, and this correlated with equivalent levels of phosphorylation
of p53 at Ser15. The treatment of cells with CHX 8 h after
infection with dl1403 at a high but not a low MOI resulted in a
significant stabilization of p53. Therefore, the stabilization and
phosphorylation of p53 during HSV-1 infection require the ability
of ICP0 to induce efficient viral gene expression, but the stabili-
zation of p53 occurs independently of ICP0 and therefore of any
potential mutual interactions between ICP0, USP7, and p53.

ICP4, but not ICP27, is required for efficient p53 phosphor-
ylation at Ser15. ICP4 is essential for HSV-1 replication due to
its ability to bind to viral DNA and activate the transcription of
early and late genes (7, 14, 56, 62). Since the HSV-1-induced
N-terminal phosphorylation of p53 appears to correlate with
the induction of IE gene expression and since p53 has been
reported to be recruited to viral DNA replication compart-
ments associated with ICP4 (78), we determined whether ICP4
expression was required for the phosphorylation and stabiliza-
tion of p53 during infection. Cells were infected at an MOI of
1 with in1411, an HSV-1 mutant that fails to express ICP4, and
the stability and phosphorylation status of p53 was analyzed by
Western blotting (Fig. 5A). In the absence of ICP4, there was
a significant reduction in the extent of p53 phosphorylation at
Ser15 compared to that in wt HSV-1-infected cells. However,
since there were similar increases in the level of p53 stabiliza-
tion in in1411-infected cells compared to that in wt HSV-1-
infected cells, the phosphorylation of p53 at Ser15 does not
appear to correlate with its induced stabilization during infec-
tion. Note that infections in the absence of functional ICP4
lead to an enhanced expression of the other IE genes com-
pared to similar low-MOI infections carried out in the absence
of ICP0. Therefore, in1411 infections are considerably more
biologically productive, at least with regard to IE protein syn-
thesis, than low-multiplicity dl1403 infections.

To determine if p53 metabolism was affected by the DNA
binding activity of ICP4, and consequently by its ability to
transactivate viral gene expression, we monitored the phos-
phorylation and stabilization of p53 after an infection with a
temperature-sensitive tsK mutant virus that expresses a form of
ICP4 that fails to bind to DNA at the nonpermissive temper-
ature of 38.5°C (62) (Fig. 5B). Infection with tsK at the per-
missive temperature of 32°C resulted in the phosphorylation of
p53 at Ser15 to an extent that was comparable to that in
previous wt HSV-1 infections (for a comparison, see Fig. 5A).
In contrast, cells infected with tsK at the nonpermissive tem-
perature showed levels of p53 phosphorylation at Ser15 that
were reduced and similar to those in in1411 infections. There-
fore, the efficiency of phosphorylation of p53 at Ser15 corre-
lates more with the ability of ICP4 to induce viral early gene
expression than with any direct effect of ICP4 on p53 itself.
This result is consistent with the reduced levels of p53 phos-
phorylation during the infection of HFFF-2 cells with HSV-1
ICP0 mutants M1 and D12 (Fig. 4A).

We next tested any possible effect of ICP27 on p53 metab-
olism by infecting cells with the HSV-1 mutant 17�27-
pR19lacZ (�ICP27) (Fig. 5C). The lack of ICP27 expression
did not affect the rate of phosphorylation or the stabilization of
p53 compared to those in wt HSV-1-infected cells.

Taken together, these data indicate that rather than being

FIG. 4. ICP0 is not required for phosphorylation and stabilization
of p53 during HSV-1 infection. HFFF-2 cells were either mock in-
fected or infected with HSV-1 (strain 17�) and the indicated mutants.
(A) The mutants used were HSV-1 IE-1 mutants that expressed no
ICP0 (dl1403/�ICP0) or had a deletion in the RING finger domain of
ICP0 (FXE) and two ICP0 USP7-negative binding mutants, M1 (a
substitution mutant carrying the mutations 623R to L and 624K to I in
ICP0) and D12 (a deletion mutant lacking amino acids 594 to 633 of
ICP0). These mutants were used at an MOI of 1 PFU/cell. (B) The
mutant used was dl1403 (�ICP0), which was added at various MOIs (as
indicated). At 8 h p.i., the cells were either harvested or treated with
CHX, as designated (final concentration, 10 �g/ml), for an additional
10 h before being harvested. The cell extracts were then analyzed by
Western blotting with anti-ICP0, -ICP4, -p53, and -actin monoclonal an-
tibodies and a phospho-specific p53-Ser15 rabbit polyclonal antibody.
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direct effects of any of the individual IE proteins tested, the
stabilization and phosphorylation of p53 appear to be indepen-
dent mechanisms that correlate with the extent and activity of
viral IE and early gene expression, respectively. Although it
remains possible that another specific IE or early gene product
has a direct effect upon p53, the in1411 data imply that no early
gene product is essential for p53 stabilization. Thus, the stabi-
lization of p53 is induced during the onset of IE gene expres-
sion, but changes in the p53 phosphorylation status may be a

consequence of a developing viral infection and the intracel-
lular changes that ensue.

Phosphorylation of p53 at Ser15 and Ser20 requires ATM
but is not essential for its stabilization. Several phosphatidyl-
inositol 3-kinases (PI-3 kinases), including DNA-PK, ATM,
and ATR, have been implicated in the phosphorylation of p53,
thereby promoting its stabilization in response to DNA dam-
age (for a review, see reference 43). In order to determine if a
PI-3 kinase was responsible for the phosphorylation of p53 in
response to HSV-1 infection and if this phosphorylation was
required for p53 stabilization, we infected cells in the presence
of increasing concentrations of wortmannin, a nonspecific PI-3
kinase inhibitor (Fig. 6A). Wortmannin inhibited the phos-
phorylation of p53 at Ser15 in a dose-dependent manner while
having no effect on HSV-1 IE (ICP0) gene expression levels.
These data therefore implicate a PI-3 kinase in the HSV-1-
induced phosphorylation of p53 at Ser15. However, consis-
tent with the in1411 infection data, the decrease in p53 Ser15
phosphorylation did not eliminate the increase in p53 stabi-
lization during infection. Since ICP0 has been shown to de-

FIG. 5. Efficient phosphorylation of p53 at Ser15 requires ICP4
expression and its DNA binding activity, but not ICP27 expression.
HFFF-2 cells were either mock infected or infected with HSV-1 (strain
17�) and an HSV-1 mutant that fails to express ICP4 (in1411/�ICP4)
(A), a temperature-sensitive ICP4 mutant (tsK) (B), or an HSV-1
mutant that fails to express ICP27 (17�27-pR19lacZ/�ICP27) (C) at
an MOI of 1 PFU/cell. The cells were incubated at 37°C, unless stated
otherwise, and were harvested at the indicated time points. The cell
extracts were then analyzed by Western blotting with the appropriate
anti-ICP0, -ICP4, -ICP27, -p53, and -actin monoclonal antibodies and
a phospho-specific p53-Ser15 rabbit polyclonal antibody.

FIG. 6. ATM is required for HSV-1-induced phosphorylation of
p53 at Ser15 and Ser20 but is not essential for p53 stabilization. (A)
HFFF-2 cells were pretreated with various concentrations (as indi-
cated) of wortmannin (Wort) 1 h prior to infection. The cells were
subsequently mock infected or infected with HSV-1 (strain 17�) at an
MOI of 1 PFU/cell for 8 h before being harvested. (B) AT�/� or
AT�/� cells were either mock infected or infected with HSV-1 (strain
17�) for 8 h before being harvested or treated with CHX (final con-
centration, 10 �g/ml), as indicated, for an additional 10 h prior to har-
vesting. The cell extracts were then analyzed by Western blotting with
anti-ICP0, -p53, and -actin monoclonal antibodies and phospho-spe-
cific p53-Ser15 and p53-Ser20 rabbit polyclonal antibodies.
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grade the catalytic subunit of the PI-3 kinase DNA-PK (44,
60), we decided to analyze the role of the PI-3 kinase ATM
in p53 phosphorylation during an HSV-1 infection. AT�/�

(GM02052E) and AT�/� (GM03491) cells were infected
with HSV-1, and the stability of p53 was analyzed by West-
ern blotting (Fig. 6B). In the absence of ATM, no phosphor-
ylation of p53 at Ser15 or Ser20 could be detected during
HSV-1 infection. In contrast, ATM�/� control cells showed a
phosphorylation profile similar to that of infected HFFF-2
cells, with p53 becoming phosphorylated at both Ser15 and
Ser20. These data indicate that ATM is required, either di-
rectly or indirectly, for the phosphorylation of p53 at Ser15 and
Ser20 during infection. Despite the lack of Ser15 and Ser20
phosphorylation, CHX treatment of infected AT�/� cells dem-
onstrated that HSV-1 still induced the stabilization of p53
compared to uninfected cells. In contrast to wt HSV-1 infec-
tions of HFFF-2 cells, for which we routinely observed in-
creases in total p53 levels, such infections of AT�/� and AT�/�

cells did not appear to increase the amount of p53 (Fig. 6B).
Total p53 levels are a consequence of the relative rates of
synthesis and degradation of p53, both of which may be af-
fected by HSV-1 infection in a cell-type-dependent manner.
The effect of HSV-1 on the balance of these pathways may be
insufficient to cause an increase in total p53 in the AT cells, but
nonetheless p53 must have become stabilized since it was re-
tained despite the inhibition of new synthesis by CHX.

Therefore, the phosphorylation of p53 at Ser15 or Ser20
induced by ATM in response to HSV-1 infection is not solely
responsible for p53 stabilization. These results are consistent
with the data from in1411 infections (Fig. 5A) and tsK infec-
tions carried out at the nonpermissive temperature (Fig. 5B)
and with the effect of wortmannin (Fig. 6A), all of which
showed a reduced phosphorylation of p53 at Ser15 without
compromising the increased p53 stability induced by HSV-1
infection. Therefore, additional mechanisms are responsible
for, or at least contribute to, the stabilization of p53 during
HSV-1 infection.

HSV-1 infection of U2OS cells fails to induce stabilization of
p53. During the course of these experiments, we noted that
HSV-1 strain 17� and ICP0 null mutant dl1403 caused similar
increases in p53 Ser15 phosphorylation (and ICP4 expression)
during low-MOI infections of U2OS cells, which also express
wt p53, confirming that ICP0 is not required for the promotion
of phosphorylation of p53 at Ser15. However, the total levels of
p53 were reduced during infection of this cell type in the
presence or absence of ICP0 (Fig. 7A), contrasting with the
increased p53 levels seen in wt HSV-1-infected HFFF-2 cells.
Since wt HSV-1 and dl1403 gave similar results in U2OS cells,
these data indicate that the reduction in p53 levels in these
infected cells cannot be attributed to the ability of ICP0 to
ubiquitinate p53 (9) during this infection situation. Instead, the
decreased levels of p53 in HSV-1-infected U2OS cells were
concordant with the failure to induce the stabilization of p53
that was observed in infected HFFF-2 cells. Thus, while a CHX
treatment revealed an increased stability of p53 in infected
HFFF-2 cells (Fig. 1C and 4B), infected and CHX-treated
U2OS cells showed no stabilization of p53 during an HSV-1 or
dl1403 infection (Fig. 7B). As a control, U2OS cells showed a
significant increase in p53 stability after UV irradiation, indi-
cating that these cells can induce the stabilization of p53 after

DNA damage. These data imply that the mechanism by which
p53 is stabilized during HSV-1 infections of HFFF-2 cells is
absent from or fails to be initiated during infections of U2OS
cells and differs from that induced by UV irradiation in the
latter cell type. Since p53 was phosphorylated but not stabi-
lized during the infection of U2OS cells, these results provide
further evidence to suggest that N-terminal phosphorylation,
and more specifically Ser15 phosphorylation, is neither respon-
sible nor required for p53 stabilization during HSV-1 infection.
Furthermore, as a productive HSV-1 infection of U2OS cells
failed to induce p53 stabilization, it is clear that no single viral
protein alone and of itself is responsible for this effect.

DISCUSSION

The major oncoprotein p53 is a key regulator in the stress
response and controls many important pathways involved in
growth arrest, apoptosis, and senescence (for a review, see
reference 76). Levels of p53 in unstressed cells are maintained
at a low level through ubiquitination and proteasome-medi-
ated degradation (31, 32, 37, 51, 63). Consequently, the stabi-
lization of p53 is a critical factor in its ability to initiate a rapid

FIG. 7. HSV-1 infection of U2OS cells fails to induce stabilization
of p53. (A) U2OS and HFFF-2 cells were mock infected or infected
with either HSV-1 (strain 17�) or an HSV-1 IE-1 mutant that fails to
express ICP0 (dl1403/�ICP0) at an MOI of 1 PFU/cell for 8 h before
being harvested. (B) U2OS cells were infected as described above or
were UV irradiated and harvested at 8 h posttreatment or treated with
CHX (final concentration, 10 �g/ml), as indicated, for an additional
10 h prior to being harvested. The cell extracts were then analyzed by
Western blotting with anti-ICP0, -ICP4, -p53, and -actin monoclonal an-
tibodies and a phospho-specific p53-Ser15 rabbit polyclonal antibody.

8074 BOUTELL AND EVERETT J. VIROL.



response to stress or DNA damage through the transcriptional
activation of p53-responsive genes. Since a viral infection often
induces both cellular stress and DNA damage, these activities
of p53 are significant during the replication of many viruses.
For example, if a virus is unable to inhibit p53 responses, the
infected cell may be subjected to processes that are detrimental
to viral replication, e.g., the induction of apoptosis.

Although it is becoming increasingly clear that many viruses,
including several herpesviruses, directly affect the transcrip-
tional activity of p53, there is limited information regarding the
fate of p53 during alphaherpesvirus infections. We recently
reported that the HSV-1 IE protein ICP0 can directly interact
with and ubiquitinate a proportion of p53 molecules in a
USP7-independent manner (9). Moreover, ICP0 expression in
the context of an HSV-1 infection was sufficient to protect
U2OS cells from UV-induced apoptosis. These data suggest
that ICP0 can directly affect p53 stability and/or p53-mediated
pathways during infection. However, during the course of this
study, we noted that HSV-1 infections of HFFF-2 cells, a non-
transformed cell line expressing wt p53, resulted in an increase
in p53 levels. Therefore, any potential destabilization of p53 by
ICP0 during the infection of these cells must be secondary to
virus-induced mechanisms that result in the stabilization of
p53. Accordingly, we analyzed the potential mechanisms by
which p53 becomes stabilized during HSV-1 infection. In par-
ticular, we investigated whether the ability of ICP0 to recruit
USP7, a ubiquitin-specific protease known to stabilize p53
(46), had any direct effect upon the stabilization of p53 during
infection.

The increase in p53 levels during lytic HSV-1 infections
correlated with an increase in p53 stability. While microarray
studies have indicated that p53 transcription is not increased
during a normal lytic infection (72), we note that an HSV-1
virus with defects in several IE genes has been shown to in-
crease the transcription of both p53 and p53-responsive genes
after the prolonged expression of ICP0 in the absence of other
IE proteins (36). However, the infections in these previous
studies were carried out at a high MOI for extended periods of
nonproductive infection (typically 12 to 48 h). Here we ad-
dressed the level of p53 expression during typical low-MOI
productive infections. Under these conditions, we found that
the increase in p53 expression was due to p53 stabilization. We
found that de novo HSV-1 IE protein expression was necessary
to induce p53 stabilization and phosphorylation and that viri-
on-receptor binding, virion uncoating, the release of associated
virion proteins, viral DNA nuclear import, and the transcrip-
tion of IE genes were not responsible for the stabilization of
p53. Indeed, a similar stabilization and phosphorylation of p53
have been observed for a human cytomegalovirus infection (28,
29; Lee Fortunato, personal communication). Although the
infection of HFFF-2 cells with an HSV-1 ICP0 null mutant
virus at a low MOI did not lead to the stabilization of p53, this
was not a direct effect of ICP0, but a consequence of the
requirement for ICP0 to stimulate viral gene expression in
low-MOI infections (20, 21). The infection of HFFF-2 cells at
a high MOI with dl1403 resulted in p53 stabilization, demon-
strating that neither ICP0 nor its ability to recruit USP7 is
directly responsible or required for p53 stabilization or phos-
phorylation. Moreover, infections carried out in U2OS cells,
which express wt p53, demonstrated that p53 was not stabilized

in either the presence or absence of ICP0 or any additional
viral gene product (Fig. 7B). Taken together with the results of
the studies using the ICP4 and ICP27 mutant viruses, these
data clearly indicate that neither individual viral IE proteins
nor the recruitment of USP7 by ICP0 is directly involved in p53
stabilization. Thus, the stabilization of p53 during a productive
HSV-1 infection appears to be a result of viral IE protein
expression in general, which triggers a cellular response that
inhibits the ubiquitination and proteasome-mediated turnover
of p53, as opposed to any specific viral protein mediating its
stabilization through sequestration or de-ubiquitination. This
cellular response is augmented as the infection progresses to
early protein expression.

The stabilization of p53 after DNA damage can occur
through a number of mechanisms involving the posttransla-
tional modification of p53. Several cellular kinases, including
ATM, ATR, DNA-PK, Chk1, and Chk2, have been shown to
phosphorylate N-terminal p53 serine residues that have been
implicated in the stabilization of p53 by the blocking of its
interaction with its negative regulator Mdm2. Although the
HSV-1-induced stabilization of p53 appeared in our initial
experiments to correlate with its phosphorylation at N-termi-
nal serine residues, a more detailed examination suggested
that these events were not necessarily linked. The phosphory-
lation of p53 occurred prior to the onset of viral DNA repli-
cation, indicating that it did not occur due to the replicating
viral DNA triggering a DNA damage response. Although the
phosphorylation of both Ser15 and Ser20 has been implicated
in the stabilization of p53 in response to DNA damage (6, 41,
68, 69), infections carried out in AT�/� cells showed that these
phosphorylation events, although they required ATM, were
not essential for the stabilization of p53 in response to an
HSV-1 infection (Fig. 6B). Indeed, similar findings have been
observed concerning the stabilization of p53 during human
cytomegalovirus infection (Lee Fortunato, personal communi-
cation). Since ATM has also been implicated in the phosphor-
ylation of Mdm2 (15, 42), an event that in turn also contributes
to the stabilization of p53, these data indicate that the stabili-
zation of p53 during HSV-1 infection is not directly linked to
these phosphorylation events and that other mechanisms must
also be involved. Indeed, since HSV-1 infection can induce p53
phosphorylation without concomitant stabilization (in U2OS
cells) and stabilization without N-terminal serine phosphory-
lation (in AT�/� cells), it appears that these two processes may
be triggered by independent mechanisms during HSV-1 infec-
tion.

The sequestration of Mdm2 and the Mdmx-mediated se-
questration of p53, as well other posttranslational modifica-
tions of p53, e.g., the acetylation of C-terminal lysine residues,
have been implicated in the stabilization of p53. Although
these mechanisms have not been directly addressed in this
paper, it is likely that one or more of these factors are required
for the stabilization of p53 during an HSV-1 infection. Inter-
estingly, the EBV protein BZLF1, a DNA binding IE protein
that is required for the efficient onset of EBV lytic replication
and the reactivation of latent EBV genomes, has been shown
to have a direct effect on the posttranslational modification
status of p53, inducing extensive phosphorylation of N-termi-
nal residues as well as the acetylation of C-terminal lysine
residues (52). It is therefore likely that p53 undergoes similar
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multiple modifications during the course of an HSV-1 infec-
tion. If so, it is unlikely that one particular modification is
directly responsible for p53 stabilization, but rather that each
modification (and potentially the initiation of other pathways
[for example, the sequestration of Mdm2 or p53 by Mdmx])
contributes to the overall increase in the stability of p53 during
infection. During the course of this work, we also investigated
the phosphorylation of p53 at serine residues 46 and 392. Of
these, only serine 46 had a significant modification during
HSV-1 infection (data not shown); the phosphorylation of this
residue has been implicated in p53’s ability to induce apoptosis
after DNA damage (58). We attempted to investigate p53
acetylation at lysine residues 320 and 373, but these experi-
ments failed for technical reasons. Unfortunately, given the
myriad of modifications, proteins, and pathways that affect p53,
it is impractical to investigate all of the possible mechanisms
for p53 stabilization during HSV-1 infection.

The results presented in this paper demonstrate that several
aspects of p53 metabolism are affected during HSV-1 infec-
tions of cultured cells. The extent and consequences of these
effects on p53 vary between different cell types, implying that
viral gene expression modulates several pathways that impinge
upon p53. While the results were clear and highly reproduc-
ible, the overall biological significance for the cell and for viral
infections was less apparent. The stabilization of p53 does not
appear to increase p53-responsive gene expression in HFFF-2
cells infected with wt HSV-1 under the conditions of our ex-
periments, since neither p21 nor GADD45 showed increased
levels of expression, in contrast to the substantial increase in
both proteins that was seen after the UV irradiation of HFFF-
2 cells (data not shown). Some viruses appear to target p53 to
inhibit apoptotic responses. While this may be true of HSV-1
in certain situations, HSV-1 also expresses many other de-
fenses against a variety of steps in the apoptotic pathways (for
a review, see reference 2). A DNA damage response via sta-
bilized p53 and the reported p53 recruitment into replication
compartments could in principle have effects on the efficiency
of viral DNA replication. However, no obvious differences in
HSV-1 replication in p53-positive or -negative cells have been
reported to date. Given that a productive HSV-1 infection
causes such widespread and drastic changes to the cell status,
it is perhaps unsurprising that a cellular protein that plays
important roles in the cellular stress response is affected by
viral replication. It is likely that the effects that we have ob-
served are significant for as yet undefined aspects of natural
HSV-1 infections.
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