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Human cytomegalovirus (HCMYV), like other DNA tumor viruses, induces morphological transformation of
cells in vitro and stimulates host cell macromolecular synthesis in infected cells. Since other DNA tumor
viruses, such as simian virus 40 and adenovirus, have previously been shown to interact with cellular protein
p53, we investigated whether infection of cells by HCMV would modulate cellular p53 levels. Our results
indicate that HCMYV elevates cellular p53 levels on the order of 10- to 20-fold in infected fibroblasts. The
induction of elevated p53 levels was dependent upon the presence of active virus and was prevented by
neutralizing antibody. The induction of elevated p53 levels was determined not to be due to virus-receptor
interactions or HCMYV late events. The induction of elevated p53 levels commenced at immediate-early times
of the HCMYV multiplication cycle (6 h postinfection) and reached maximal levels by 24 h postinfection, before
most of the HCMV DNA synthesis was initiated. HCMV immediate-early proteins were clearly shown to be
responsible for elevating p53 levels in infected fibroblasts; expression of HCMV immediate-early region 1 and
2 proteins resulted in elevation of p53 levels in transfected human fibroblasts. This is the first report of
increased p53 levels caused by HCMYV in infected fibroblasts.

Cellular protein p53 is classified as a tumor suppressor gene
product (15, 19, 25, 27). The precise biochemical activities and
functions of p53 are not clear, and it might well be that p53 has
multifunctional regulatory properties (25, 34, 39, 44, 51, 54).
Wild-type p53 regulates normal cell proliferation by arresting
the cell cycle in the G; phase (32, 36). It also acts as a
“molecular policeman” by accumulating in response to DNA
damage and inhibiting proliferation while repair takes place
(21, 22, 24). If repair fails, p53 continues to accumulate until
apoptosis occurs (10, 30). Levels of p53 in normal cells are thus
kept quite low, and the half-life of the protein is short (6 to 30
min) (42, 43). Information concerning factors that alter cellu-
lar p53 levels is thus of scientific and practical importance.

Infection and transformation of cells by certain viruses have
been shown to alter cellular p53 levels. Levels of p53 are
elevated in cells infected by simian virus 40 (SV40) (11, 28) and
adenovirus (45). Studies have shown that the interaction of p53
with SV40 large T antigen in infected and transformed cells
and with the adenovirus E1b 55-kDa protein in transformed
cells results in a significant increase in the half-life of p53 (26).
The interaction of p53 with human papillomavirus type 16 and
18 E6 appears to lead to degradation of p53 (46). It is believed
that both mechanisms lead to inactivation of the p53 function.
Since p53 is important in cellular functioning, an investigation
of the extent of its involvement in the transformation and
infection process of other DNA tumor viruses, such as herpes-
viruses, is necessary. No studies have been reported concerning
any interactions between human cytomegalovirus (HCMV)
and p53 in permissive infected cells.

HCMYV, a herpesvirus, is an important human pathogen,
causing widespread reactivable infections in humans (18, 47,
52) and possessing proven oncogenic potential (3, 6, 16, 20,
40). HCMYV, like other DNA tumor viruses, morphologically
transforms cells in vitro and stimulates host cell macromolec-
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ular synthesis in infected cells (2, 20, 40). In this study, we
investigated whether infection of human fibroblasts by HCMV
affects the level of the cellular p53 protein. We found that p53
protein levels were 10- to 20-fold higher in HCM V-infected
cells than in uninfected control cells. Induction of the elevated
p53 levels observed in infected cells was dependent on the
presence of active HCMV and was prevented by the presence
of HCMYV neutralizing antibody in the medium. Induction of
elevated pS53 levels commenced at immediate-early (IE) times
of the HCMV multiplication cycle. The involvement of HCMV
IE proteins in the induction of elevated p53 levels was shown
by transfection of human embryonic lung (HEL) fibroblasts
with a plasmid DNA construct expressing HCMYV IE region 1
and 2 proteins.

MATERIALS AND METHODS

Cells and virus. HEL, WI38, and MRCS fibroblasts (Amer-
ican Type Culture Collection, Rockville, Md.) at passages 14 to
24 were used in these experiments. Cell lines were passaged in
Eagle’s minimal essential medium supplemented with 2 mM
glutamine, 10% fetal bovine serum (FBS; Gibco), and peni-
cillin-streptomycin. Cells were infected with HCMV strain
Towne as previously described (38) and as indicated in the
figure legends, by using medium containing 4% heat-inacti-
vated FBS. Mock-infected control cells were treated with 4%
heat-inactivated FBS-containing medium without virus.

Antibodies. Mouse anti-p53 monoclonal antibodies DO-1
and PAb1801 were obtained from Oncogene Science, Inc., San
Diego, Calif. The mouse p53 polyclonal antibody and mouse
anti-HCMYV IE antibody (MABS810; specific for both region 1
and region 2 proteins) were purchased from Chemicon Inter-
national, Temecula, Calif. Anti-HCMV IE antibody MAB810
very readily detects the major IE region 1 72K protein (which
is in abundance), as well as the IE region 2 84K protein; with
increased sensitivity, the 50-55K IE region 2 protein is also
detected (33). Mouse HCMV neutralizing antibody 14-4b,
directed against gp86, and control mouse nonneutralizing
mouse antibody 28-19, directed against HCMV pp65, were a
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generous gift of William Britt, University of Alabama at
Birmingham. The secondary antibody, a horseradish peroxi-
dase-conjugated goat anti-mouse antibody, was purchased
from Kirkegaard & Perry Laboratories, Inc.

Plasmids. HCMYV IE gene region 1 and 2-expressing plas-
mid pHD101SV1 and control plasmid pSVOCMV1 were
obtained from Eng-Shang Huang, University of North Caro-
lina at Chapel Hill. Plasmid pHD101SV1 has previously been
described (12). Plasmid pHD101SV1 contains the EcoRI frag-
ment of the HCMV genome from map units 0.72 to 0.76
inserted into the EcoRlI site of plasmid pSVOH; expression of
IE region 1 and 2 proteins from this fragment is under control
of the HCMV IE promoter (12). Plasmid pSVOCMV1 lacks
the coding region for HCMYV IE region 1 and 2 proteins but
contains the HCMV IE promoter.

DNA transfections. Plasmid DNA was purified by column
chromatography (Qiagen, Inc.). HEL cells at 50 to 80% con-
fluence in 75-cm? flasks were transfected with 20 pg of plasmid
DNA by using the lipofectamine procedure (Life Technolo-
gies, Inc.) in accordance with the manufacturer’s instructions.
The lipofectamine reagent-DNA complexes were incubated
with the cells for 5 h. Extractions were performed 72 h later,
and Western blot (immunoblot) analysis was performed as
described below.

Immunoblot analysis. Cells were washed in TBS 7.5 (10 mM
Tris, [pH 7.5], 150 mM NaCl) and lysed at 4°C by gentle
vortexing in lysis buffer (50 mM Tris [pH 7.5], 1 mM EDTA,
1% Triton X-100, 0.5% sodium deoxycholate, 0.5% sodium
dodecyl sulfate [SDS], 0.02% NaN;, 0.0004% NaF, 1 mM
phenylmethylsulfonyl fluoride, 2 pg of aprotinin per mi, 0.1
mM leupeptin, 0.1 mg of phosphoramidon per ml). The 16,000
X g supernatants were then adjusted to 1 X SDS sample buffer
(0.0625 M Tris [pH 6.8], 2% SDS, 10% glycerol, 5% B-mer-
captoethanol, 0.001% bromophenol blue), and equal quanti-
ties of each sample were loaded onto an SDS-10% polyacryl-
amide gel with a 4% stacking gel as described by Laemmli (23).
Protein bands were then electroblotted onto polyvinylidene
difluoride membranes. The blots were then incubated with
TBST containing 5% nonfat powdered milk (10 mM Tris [pH
7.5], 150 mM NaCl, 0.05% Tween 20, 5% nonfat powdered
milk) for 1 h at room temperature to block nonspecific sites.
The blots were then incubated with the appropriate primary
antibody (DO-1 against p53 at 1:100 or MABS810 against
HCMV IE antigens at 1:1,000) and processed throughout in
accordance with the antibody manufacturer’s instructions. The
control antibody used was mouse immunoglobulin G (from
Sigma Chemical Co.). In most experiments, the secondary
antibody used was a horseradish peroxidase-conjugated goat
anti-mouse antibody (1:1,000); antigen levels were then de-
tected by a chemiluminescent substrate (Kirkegaard & Perry
Laboratories, Inc.). Light emission was measured by using X-ray
film. Quantitation was performed by densitometer tracing.

Virus neutralization studies. Equal aliquots of HCMV
(~107 PFU/ml), enough to infect cells at 1 to 2 PFU per cell,
were reacted with hybridoma tissue culture fluid containing
control or HCMV neutralizing antibodies for 1 h at 37°C. Most
experiments were performed by reacting 50 to 66 ul of a virus
suspension with full- or half-strength antibody-containing fluid
in a total volume of 1.3 ml. The reacted virus preparations were
then used to infect 5 X 10° cells in 25-cm? tissue culture flasks;
adsorption was for 1 h at 37°C. Additional control samples
contained cells infected with virus previously incubated with
medium at 37 or 25°C, as well as cells mock infected with
medium, control antibody, and neutralizing antibody. The
virus preparation was removed from the cells after the 1-h
adsorption and replaced with medium containing 4% heat-
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FIG. 1. Immunoblot analysis of p53 protein levels in HCMV-
infected (0 to 120 h) HEL cells. HEL cells were infected with HCMV
at 2 and 6 PFU per cell, and extractions were performed at various
times postinfection. Extracts containing 50 pg of protein were analyzed
by immunoblotting (with p53 antibody DO-1) and chemiluminescence
detection. (A) Extracts of cells infected with 2 PFU per cell. (B)
Extracts of cells infected with 6 PFU per cell. Lanes: 1, mock-infected
cells extracted at 0 (A) and 72 (B) h postinfection; 2, HCMV-infected
cells extracted at 0 h postinfection; 3 to 8, HCMV-infected cells
extracted at 24, 48, 60, 72, 96, and 120 h postinfection, respectively; c,
p53 positive control cell line Cos-1.

inactivated FBS. Extractions were performed at 24 h postin-
fection.

RESULTS

Immunoblot analysis of pS3 protein levels in human fibro-
blasts after HCMV infection. HEL fibroblasts were infected
with HCMYV, and extractions were performed at various times
postinfection. Figure 1 shows representative results obtained
by using chemiluminescence detection and anti-p53 monoclo-
nal antibody DO-1 on cells infected at virus doses of 2 (panel
A) and 6 (panel B) PFU per cell. Levels of pS53 increased
approximately 10- to 20-fold (as determined by densitometer
tracing) upon infection of HEL cells with HCMYV (lanes 3 to 8)
compared with those in mock-infected cells (lane 1) or infected
cells extracted at 0 h postinfection (lanes 2). Induction of
elevated p53 levels in HCM V-infected cells was maximal by 24
h postinfection (lane 3) and did not increase at later times
postinfection (lanes 4 to 8), regardless of whether a viral dose
of 2 (panel A) or 6 (panel B) PFU per cell was utilized. The
failure to detect a further increase in p53 levels beyond 24 h
postinfection was not due to experimental artifacts, since much
higher levels of p53 were confirmed in Cos-1 cells (lane C).
The same results were obtained with various other p53 anti-
bodies (PAb1801 and a p53 polyclonal antibody from Chemi-
con) and a colorimetric method of detection. All of the p53
antibodies were demonstrated to be specific for p53, since the
control antibody did not react with p53 (data not shown).

To investigate whether the elevation of p53 in cells infected
with HCMV was not a characteristic unique to HEL cells,
other permissive cells were infected with HCMV. Both WI38
and MRC5 human fibroblasts infected with HCMV at 2 PFU
per cell had elevated p53 levels comparable to those observed
in HEL cells (data not shown). This indicated that infection
with HCMYV causes elevation of p53 levels in various permis-
sive human fibroblastic cells.

Elevation of p53 protein levels in HCMV-infected cells is
dependent on the presence of active virus. To investigate
whether HCMV was indeed responsible for the induction of
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FIG. 2. Effects of virus inactivation and removal on elevation of
p53 levels in HCMV-infected cells. Equal aliquots of HCMV enough
to infect cells at 1 to 2 PFU per cell were either heat inactivated, left
untreated, or passed through a 0.1-wm-pore-size Millipore filter (Ul-
trafree-CL low-protein-binding Durapore membrane filter used to
retain the virus). The aliquots were then used to infect HEL cells.
Extractions were performed at 24 h postinfection, and immunoblot
analysis (of 100 pg of protein per lane) was performed with alkaline
phosphatase-conjugated goat anti-mouse antibody (0.2 wg/ml; Onco-
gene Science, Inc.) as the secondary antibody and a color reaction. (A)
p53 protein levels detected by pS3 antibody DO-1. (B) HCMV IE
antigen levels detected by HCMV antibody MABS810. Lanes: 1, Cos-1,
a p53 positive control cell line; 2 and 3, mock-infected HEL cells
maintained in 10 and 4% FBS-containing media, respectively; 4, HEL
cells infected with active HCMV (no heat inactivation); 5, HEL cells
infected with heat-inactivated HCMV (56°C, 30 min); 6, HEL cells
infected with a 0.1-p.m HCMYV filtrate (no heat inactivation); 7, HEL
cells infected with a heat-inactivated (56°C, 30 min) 0.1-pm HCMV
filtrate.

elevated p53 protein levels in HCM V-infected cells, the exper-
iment whose results are shown in Fig. 2A and B was per-
formed. Similar aliquots of HCMV Towne strain (needed to
infect HEL cells at 2 PFU per cell) were subjected to heat
inactivation at 56°C for 30 min (lane 5), filtration through a
0.1-pm-pore-size Millipore filter (Ultrafree-CL low-protein-
binding Durapore membrane filter; catalog no. UFC4 OVV
25) (lane 6), or filtration through a 0.1-pm-pore-size filter
followed by heat inactivation at 56°C for 30 min (lane 7) or left
untreated (lane 4). The aliquots were then used to infect HEL
cells. HEL cells infected with heat-inactivated virus (Fig. 2B,
lanes 5 and 7) or the 0.1-pm virus filtrate (Fig. 2B, lane 6)
failed to show a cytopathic effect (data not shown) or detect-
able HCMV IE antigens; this implied that the virus in these
preparations was either inactivated by heat or filtered out of
the aliquots. These preparations lacking active virus failed to
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FIG. 3. Effect of neutralizing the infectivity of HCMV on the
elevation of p53 levels in infected cells. Equal aliquots of HCMV (107
PFU/ml and enough to infect cells at 1 to 2 PFU per cell) were treated
as described in Materials and Methods and then used to infect HEL
cells. Extractions were performed at 24 h postinfection, and immuno-
blot analysis was performed as described in Materials and Methods.
(A) Levels of p53 protein (detected by p53 antibody DO-1) in 25 pg of
extracts. (B) Levels of HCMV IE antigen (detected by antibody
MABS10) in 10 pg of extracts. Lanes: 1, cells infected with an HCMV
aliquot which had been kept at 25°C for 1 h; 2, cells infected with an
HCMV aliquot which had been kept at 37°C for 1 h; 3 and 4, cells
infected with an HCMV aliquot which had been reacted at 37°C for
1 h with HCMV neutralizing monoclonal antibody 14-4b (directed
against HCMV gp86) at full strength and half strength, respectively; 5,
cells infected with an HCMV aliquot which had been reacted at 37°C
for 1 h with control HCMV nonneutralizing monoclonal antibody
28-19 (directed against pp65) at full strength; 6, cells mock infected
with medium which had been kept at 37°C for 1 h; 7 and 8, cells mock
infected with media containing a neutralizing antibody at full strength
and at half strength, respectively; 9, cells mock infected with a control
nonneutralizing antibody at full strength. CMVAg, cytomegalovirus
antigen.

induce elevated levels of p53 upon infection of HEL cells (Fig.
2A, lanes 5 to 7), while untreated control aliquots containing
active virus (Fig. 2B, lane 4) were able to (Fig. 2A, lane 4).
Mock-infected cells cultured in 10% fetal bovine serum-
containing medium (Fig. 2A, lane 2) failed to show an increase
in p53 levels compared with mock-infected cells cultured in 4%
fetal bovine serum-containing medium (Fig. 2A, lane 3). This
observation, along with the fact that the 0.1-pum filtrate failed
to elevate pS3 levels, indicates that growth factors are not
responsible for elevating p53 levels in infected cells under
these experimental conditions. Together, all of these observa-
tions suggest that the induction of elevated p53 levels in
HCM V-infected cells is dependent on the presence of active
virus.

Since both heat inactivation and filtration were not specific
for removal of HCMYV, the role of virus in elevating p53 levels
was further investigated by performing virus neutralization
studies (Fig. 3A). Infection of HEL cells for 24 h with a virus
dose of 1 to 2 PFU per cell resulted in the usual elevation of
p53 levels (compared with the mock-infected cells shown in
lane 6), regardless of whether the virus aliquot had previously
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FIG. 4. Effect of virus dose on p53 protein levels in HCMV-
infected cells. HEL cells were infected with various doses of HCMV,
and extractions were performed at 8.5 h postinfection. Immunoblot
analysis was performed as described in Materials and Methods. (A)
Levels of p53 (detected by the DO-1 antibody) in 25 pg of extract
protein. (B) Levels of HCMYV IE antigens (detected by the MAB810
antibody) in 10 pg of extract protein. Lanes: 1, mock-infected cells; 2
to 5, cells infected with HCMYV at virus doses of 0.25, 0.5, 1, and 2 PFU
per cell, respectively. CMVAg, cytomegalovirus antigen.

been kept for 1 h at 25°C (lane 1) or at 37°C (lane 2). However,
infection of HEL cells with a similar HCMYV aliquot which had
been reacted at 37°C with HCMV neutralizing monoclonal
antibody 14-4b (against gp86) for 1 h at full strength (lane 3) or
at half strength (lane 4) resulted in no elevation of p53 levels.
A similar HCMV aliquot reacted with control nonneutralizing
HCMYV antibody 28-19, directed against the pp65 protein (lane
5), was still able to elevate p53 levels (lane 6). The observed
effects were not artifacts of experimental procedures, for both
the neutralizing and nonneutralizing antibodies had no effects
on p53 levels in mock-infected cells (lanes 7 to 9). HCMV IE
antigens were detected only in cells infected by nonneutralized
virus (see Fig. 5B, lanes 1, 2, and 5), indicating that the
neutralization was effective. These results thus show that
HCMV is directly responsible for elevating p53 levels in
infected cells.

Effect of virus dose on elevation of p53 protein levels in
HCMV-infected cells. Since induction of elevated p53 levels in
HCMV-infected HEL cells was maximal at 2 PFU per cell
(Fig. 1), the effect of the virus dose at a low multiplicity of
infection was investigated. HEL cells were infected with
HCMV Towne strain at various multiplicities of infection
(0.25, 0.5, 1, and 2 PFU per cell), and extractions were
performed at 8.5 h postinfection (a time point right after
elevation of p53 commences). Figure 4A shows that elevated
p53 levels were detected between virus doses of 0.5 and 2 PFU
per cell and not at 0.25 PFU per cell. As the virus dose
increased from 0.5 to 2 PFU per cell, only a very small increase
in p53 levels was detected at 8.5 h postinfection. Experiments
performed at 24 and 48 h postinfection showed the same
results. These observations thus suggest that induction of
elevated p53 levels in HCMV-infected cells increases with
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increasing viral doses but a cooperativity effect occurs. Under
these experimental conditions, levels of HCMV IE antigens
also did not significantly increase between 0.5 and 2 PFU per
cell (Fig. 4B), although the immunoblot assay was linear with
increasing antigen concentrations within this range (data not
shown). In line with these observations, DeMarchi and Kaplan
(13) have previously reported that virus antigens in nonar-
rested confluent HEL cells were detected in 25 to 50% of the
cells, even though the multiplicity was varied from 1 to 10 PFU
per cell. Together, all of these observations suggest that the
induction of elevated p53 levels in HCMV-infected cells occurs
once a certain threshold of inducing viral factors has been
obtained within the infected cells.

Involvement of viral IE antigens in induction of elevated p53
levels in HCMV-infected cells. Elevation of p53 in HCMV-
infected cells was not blocked by inhibitors of HCMV DNA
synthesis (such as phosphonoformic acid at 200 pg/ml; data not
shown) and is thus due to events in the multiplication cycle of
HCMY prior to HCMV DNA synthesis. Events in the HCMV
multiplication cycle that might be responsible for elevating p53
levels thus included virus-receptor interactions and the action
of HCMYV IE and/or early proteins. The role of virus-receptor
interactions was tested and ruled out by using UV light
inactivation of HCMV (unpublished observations) in accor-
dance with the procedure of AbuBakar et al. (1). Since the
induction of elevated p53 levels in HCMV-infected HEL cells
was maximal by 24 h postinfection (Fig. 1), the effect of the
virus on cellular p53 levels at earlier times (0 to 24 h)
postinfection was investigated. Figure SA indicates that induc-
tion of elevated p53 levels was observed as early as 6 h
postinfection (lane 5). Levels of p53 continued to rise slowly up
to 12 h postinfection, reaching maximal levels at 24 h postin-
fection. Figure SA shows the results obtained with 0.5 PFU per
cell; however, an infection dose of 2 PFU per cell gave similar
p53 kinetics (data not shown and Fig. 4). An investigation of
how the kinetics of p53 induction correlate with HCMV IE
antigen levels in these cells gave the results shown in Fig. 5B.
At a virus dose of 0.5 PFU per cell, HCMV IE antigens (the
72K IE region 1 protein is visible) were detectable as early as
4 h postinfection (lane 4), reached maximal levels by 10 h
postinfection (lane 7), and then declined very slightly. Under
these experimental conditions, the immunoblotting assay was
linear with increasing p53 and HCMV antigen quantities (data
not shown). Since induction of elevated p53 levels in infected
cells was observed right after synthesis of HCMV IE proteins
was detected, these results favored the possible involvement of
HCMV IE antigens, rather than early antigens, in the induc-
tion of elevated p53 levels in HCMV-infected cells.

To directly test the role of HCMV IE antigens in the
induction of elevated p53 levels, a control plasmid (pSVO
CMV1) and a DNA construct (pHD101SV1) encoding HCMV
IE region 1 and 2 proteins were separately transfected into
HEL cells (Fig. 6). The results show that transfection of
plasmid pHD101SV1 (which expresses the HCMV IE pro-
teins) resulted in elevation of p53 levels (Fig. 6A, lane 2) over
those detected in HEL cells transfected with control plasmid
pSVOCMV1 (lacking HCMV IE regions 1 and 2) (Fig. 6A,
lane 1). HCMV IE antibody MAB810 was able to detect the
expression of the most abundant 72K IE region 1 protein in
HEL cells transfected with pHD101SV1 (Fig. 6B, lane 2) but
not in cells transfected with pSVOCMV1 (Fig. 6B, lane 1).
These results thus show that HCMV IE antigens are directly
involved in the induction of elevated p53 levels in HCMV-
infected cells.
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FIG. 5. Analysis of p53 and HCMV IE antigen levels in HCMV-
infected HEL cells at early times postinfection. HEL cells were
infected with an HCMV dose of 0.5 PFU per cell. Extractions were
then performed at various times (0 to 24 h) postinfection, and samples
were analyzed by immunoblotting and chemiluminescence detection.
(A) p53 protein levels (detected by the DO-1 antibody) in 25 pg of
protein. (B) HCMV IE protein levels (detected by the MAB810
antibody) in 10 pg of protein. Lanes: 1, mock-infected cells; 2 to 9,
HCMV-infected cells collected at 0, 2, 4, 6, 8, 10, 12, and 24 h
postinfection, respectively.

DISCUSSION

In this report, we have demonstrated for the first time that
infection of human fibroblasts with HCMV induces elevated
levels of cellular protein p53. This elevation was observed in all
of the permissive cell lines tested. The involvement of HCMV
in this process was shown by virus neutralization studies, virus
heat inactivation studies, and studies involving physical re-
moval of the virus from infecting fluids. Previous reports have
demonstrated the elevation of pS53 protein levels in cells
infected and transformed by SV40 and adenovirus (11, 28, 45).
A very recent report by Speir et al. (48) has shown that
infection of nonpermissive human smooth muscle cells in vitro

J. VIROL.

72 K

FIG. 6. Induction of elevated p53 levels in HEL cells by transfec-
tion of a DNA construct expressing HCMV IE proteins. HEL cells
(10%) at 50% confluence in 75-cm? flasks were transfected by using the
lipofectamine procedure (see Materials and Methods), with either 20
ug of pHD101SV1 (an HCMV IE region 1 and 2 protein-expressing
construct) or 20 pg of pSVOCMV1 (a control plasmid lacking the
HCMV IE protein-coding region). Extractions were performed 72 h
later, and Western blot analysis was performed on 100 pg of trans-
fected cell extract protein as described in Materials and Methods. (A)
p53 protein levels detected by the DO-1 antibody. (B) HCMV IE
antigens detected by the MAB810 antibody. Lanes: 1, cells transfected
with control plasmid pSVOCMV1; 2, cells transfected with the HCMV
IE proteins expressing construct pHD101SV1.

by HCMV elevated p53 levels. Not all DNA tumor viruses,
however, have been found to elevate p53 protein levels; human
papillomavirus E6 promotes the degradation of p53 in cells
containing human papillomavirus types 16 and 18. Therefore,
the modulation of cellular p53 levels in infected cells will have
to be determined for each individual type of virus, and the
HCMV system provides an additional system in which the
multifunctional nature of p53 (25, 34, 39, 44, 51, 54), an
important tumor suppressor gene product, can be studied.
HCMV gene expression, which occurs after virus attach-
ment, penetration, and uncoating, is coordinated into IE, early,
and late phases; the late phase begins with the onset of HCMV
DNA synthesis (49). Our experiments determined that late
events within the HCMV multiplication cycle are not involved
in the induction of elevated pS3 levels, since p53 levels in
HCMV-infected cells were not affected by inhibitors of HCMV
DNA synthesis (data not shown). Studies utilizing UV light-
inactivated HCMV (which could still penetrate a cell but had
different degrees of viral DNA template damage [1]) deter-
mined that HCMYV gene expression, rather than virus-receptor
interactions, is required for virus-induced elevation of p53
levels in infected fibroblasts (data not shown). Subsequently,
HCMV IE gene products were clearly implicated in the
induction of elevated p53 levels in infected HEL cells; expres-
sion of IE antigens within transfected HEL cells resulted in
induction of elevated p53 levels. Furthermore, induction of
elevated p53 levels in infected cells occurred right after the
synthesis of IE antigens was detected. Speir et al. (48) have
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recently shown that elevation of p53 levels in HCMV-infected
human smooth muscle cells correlated temporally with the
expression of the HCMV IE 84K protein; those researchers,
however, did not perform transfection studies to prove this
point. Our experiments do not specify which of the IE proteins
(the 72K IE 1 or the 84K IE 2 protein) is involved in elevating
p53 levels in infected fibroblasts; this, along with other details
of the mechanism by which elevated p53 levels are induced
within HCM V-infected cells is under investigation.

It is interesting that levels of the p53 protein in normal cells
markedly increase upon stimulation of quiescent-cell growth
by serum or mitogens (35, 37, 41, 51) and upon treatment of
cells by DNA-damaging agents (17, 21, 31, 55). Albrecht and
coworkers have previously shown that HCMYV infection causes
DNA damage (1), and infection of quiescent cells with HCMV
activates cellular biochemical and physiological responses
which in some aspects resemble growth factor-induced cell
activation (2, 4, 5). We have noted that the magnitude and
induction kinetics of p53 elevation in HCMV-infected human
fibroblasts are within a range similar to that of those obtained
upon growth stimulation of cells (41) or induction of DNA
damage (17). It is also interesting that Albrecht and coworkers
(7) have determined that the DNA damage caused by HCMV
correlates with the expression of IE gene products in infected
cells. All of these factors, as they relate to HCMV-induced
elevation of p53 levels in infected cells, are under investigation.

Pulse-chase studies indicate that HCMV-infected cells have
a higher than normal rate of p53 protein synthesis, as well as
increased p53 stability; no stable-complex formation between
p53 and any viral or cellular proteins was observed under
conditions in which p53-SV40 large T antigen complexes were
detected in Cos-1 cells (37a). Thus, complex formation, if it
occurs, is not very stable. In contrast to these findings, Speir et
al. (48) have observed complex formation between the HCMV
IE 84K protein and p53, as assayed in a doubly infected
baculovirus expression system. Apart from the use of a differ-
ent system, those researchers did not specify the conditions of
their assay (which could explain the discrepancy) and reported
that less than 10% of the proteins were in a complex. It is
important to note that elevated p53 levels in infected cells can
occur in the absence of complex formation and that complex
formation does not always account for the stability of p53. The
HCMV-infected cell system may possess similarities to the
adenovirus-infected cell system, in which no stable complex
formation was observed, despite elevated p53 levels caused by
increased synthesis (8, 45). Stabilization of the p53 protein by
the adenovirus 5 E1A protein and not by E1B protein, which
complexes with p53 in transformed cells, has also been re-
ported (29). On the other end, several reports (14, 50) point
out that the increased metabolic stability of p53 in SV40-
transformed cells may actually be mediated through an effect
of SV40 on cellular properties rather than, or in addition to,
complex formation per se. Thus, the role of complex formation
in the stability of p53 in the best-studied SV40 system is still
undefined.

Cellular protein p53 has a multifunctional nature, and its
precise biochemical functions are not clear (25, 34, 39, 44, 51,
54). There are indications that p53 is involved in the infection
processes of DNA tumor viruses, such as herpes simplex virus,
Epstein-Barr virus, and SV40 (9, 53, 56). We do not know the
significance of the elevation of p53 levels by HCMYV infection.
Albrecht et al. (2) have reported that infection of nonarrested
confluent cells with HCMYV resulted in cell activation accom-
panied by inhibition of cellular DNA synthesis, which was
apparent within the first 25 h postexposure; it is possible that
this was mediated by p53. On the other end, Speir et al. (48)
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have reported that HCMV IE 84K protein-mediated inhibition
of p53 may contribute to the development of coronary reste-
nosis. Thus, dissection of the HCMV-infected cell system with
regard to p53 will further our understanding of virus-cellular
interactions, as well as the regulation and function of p53 during
lytic infection and in cell growth control. This is currently
under investigation.
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