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High-risk human papillomaviruses are causally associated with cervical cancer. Two viral oncogenes, E6 and
E7, are expressed in most cervical cancers, and these genes cause cancer when expressed in experimental
animals. The E6 protein targets the p53 tumor suppressor for degradation, while the E7 protein inactivates the
retinoblastoma susceptibility protein (pRb), in part by stimulating its degradation. In contrast, expression of
E7 in the absence of E6 leads to stabilization of p53. Here we show that E7 stabilizes p53 in mouse embryo
fibroblasts lacking p19ARF. The stable p53 is active as a transcriptional activator, as evidenced by the increased
expression of the p53-responsive mdm2 gene. Normally, MDM2 protein inhibits p53 function in an autoreg-
ulatory loop. Regulation of p53 by MDM2 is required for murine development as well as for proliferation of
cultured human fibroblasts. However, E7-expressing human fibroblasts continue to divide even though E7
abrogates the ability of MDM2 and p53 to bind. Furthermore, E7-expressing cells are not more sensitive to UV
light, an agent that has been reported to induce apoptosis mediated by p53. These results indicate that in
addition to inhibiting the ability of MDM2 to regulate p53, E7 must block signaling steps downstream of p53
to allow cell division.

In more than 90% of cervical cancers, DNA from anogenital
human papillomaviruses (HPVs) is present (3). The anogenital
HPVs are divided into two types, the high-risk types found in
cervical cancers (most frequently HPV type 16 [HPV-16] and
HPV-18) and the low-risk types commonly found in genital
warts (HPV-6 and HPV-11). Both types of HPVs express two
oncogenes, E6 and E7. However, only the high-risk viruses
encode E6 oncoproteins that efficiently inactivate the tumor
suppressor protein p53 (12, 56). The E7 proteins from high-
risk HPVs are highly effective at inactivating another tumor
suppressor, the retinoblastoma susceptibility protein (pRb),
whereas E7 proteins from low-risk HPVs are less effective (26,
48). The ability of HPVs to inactivate these two tumor sup-
pressor proteins appears to contribute to their ability to in-
crease the risk of cancer in experimental animals (21, 37, 50).

HPVs infect squamous epithelia and replicate in differenti-
ated keratinocytes (28). There is evidence that the functions of
E6 and E7 that contribute to cancer are those that allow DNA
replication to occur in postmitotic cells. For example, the E7
protein induces DNA synthesis in differentiated postmitotic
human keratinocytes (10). Inactivation of pRb is part of the
mechanism through which E7 promotes entry of resting cells
into S phase (1). E7 liberates pRb from members of the E2F
family of transcription factors, thereby allowing induction of
genes encoding proteins that function during S phase (6, 47).
E6 stimulates the degradation of p53, a protein required for
the inhibition of DNA synthesis in senescing normal diploid
human fibroblasts (NDFs) (19). The activity of p53 is also
required to arrest cycling cells in the G1 phase in response to
DNA damage (35). The ability of p53 to induce a G1 arrest in
response to ionizing radiation is in part dependent on the
induction of the p21 gene, whose product inhibits the cyclin-
dependent kinases (CDKs) (14, 16). CDKs phosphorylate pRb

and release it from the E2F transcription factor, allowing ex-
pression of genes whose products promote DNA synthesis.
CDK activity is inhibited when p53 induces p21 expression in
response to ionizing radiation (16). E6 eliminates the induc-
tion of p21 by p53, allowing CDKs to remain active in NDFs
exposed to ionizing radiation (16). Thus, under certain circum-
stances, both E6 and E7 promote passage from G1 to S phase,
a process that appears to be essential for viral replication in
postmitotic keratinocytes. A lack of appropriate regulation of
the transition from G1 to S may contribute to the development
of cancer (reviewed in reference 58). Indeed, the functions of
pRb and p53 are disrupted directly or indirectly in the majority
of human cancers (58).

In cells expressing E7 but not E6, the levels of pRb protein
are reduced while the levels of p53 are increased (13, 30). A
decrease in pRb is consistent with the idea that E7 stimulates
the transition into S phase; however, the increase in the
amount of p53 is counterintuitive because p53 can induce
growth arrest and apoptosis (35, 69). It is not clear whether p53
is activated by E7. On one hand, Massimi and Banks (42) used
p53-responsive transcriptional reporter assays to show that p53
function is inhibited in cells expressing HPV-16 E7. In agree-
ment with these findings, Vaziri et al. (66) found that HPV-16
E7 could inhibit transcription of a luciferase reporter gene
cloned downstream from the promoter of the p53-responsive
p21 gene. Other data have indicated that p21 protein levels are
increased in cells expressing E7 and that the majority of this
increase can be accounted for by posttranscriptional events
independent of p53 (29, 31). Thus, there is not strong evidence
that stabilization of p53 by E7 results in a stimulation of tran-
scription of p21. On the other hand, Thomas and Laimins (63)
showed that HPV-16 E7 expression in keratinocytes results in
overexpression of the MDM2 protein, which is the product of
another gene induced by p53. In keratinocytes expressing E6
with E7, MDM2 protein levels were reduced, prompting
Thomas and Laimins to hypothesize that E7 upregulates
MDM2 by synergizing with factors that regulate p53 activity
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(63). In sum, it has not been established whether p53 is acti-
vated as a transcriptional regulator by E7.

Recently, the E1A, c-myc, and E2F1 proteins have been
shown to stabilize p53 and stimulate its transcriptional activa-
tion function (15, 71). Expression of E1A in mouse embryo
fibroblasts (MEFs) appears to disrupt the interaction between
p53 and its inhibitor, MDM2 (15). MDM2 directly blocks the
ability of p53 to stimulate transcription (44, 49), and inhibition
of the interaction between MDM2 and p53 results in activation
of p53 (2). In addition, binding of MDM2 to p53 is required for
the ability of MDM2, a ubiquitin ligase (27), to target p53 for
degradation (25, 36). The ability of E1A to stabilize p53 ap-
pears to be dependent on the p19ARF protein (15), which
inhibits the ability of MDM2 to ubiquitinate p53 (27). How-
ever, both c-myc and E2F1 elevate p53 levels in MEFs lacking
p19ARF (71). E7 elevates p53 levels in NDFs (30) and expands
the life span of these cells. In contrast, antibodies that block
the interaction between MDM2 and p53 in NDFs cause an
increase in p53 protein that results in arrest of cell division (2,
19). Therefore, we investigated whether E7 inhibited the reg-
ulation of p53 by MDM2 in NDFs.

MATERIALS AND METHODS

Cell culture and retroviral infections. The normal diploid human skin fibro-
blast strains GM00011 and GM00037 were obtained from the NIGMS Human
Genetic Mutant Cell Repository at the Coriell Institute for Medical Research
and used between passages 15 and 25. Cells were grown in Dulbecco’s modifi-
cation of Eagle’s medium supplemented with 20% fetal calf serum (Summit),
nonessential amino acids, essential amino acids, vitamins (Gibco), penicillin, and
streptomycin. Retroviral packaging lines PA317LXSN, PA31716E6, PA31716E7
(23), and PA317p53CTF (64) were obtained from Karl Munger. The p53CTF
virus carries the carboxy-terminal fragment of murine p53 which acts as a dom-
inant-negative inhibitor of wild-type p53 (57, 64). Culture supernatants contain-
ing viruses were generated as described previously (23) and stored at 280°C. For
infection of NDFs, viruses were added to cells with 4 mg of hexadimethrine
bromide (Sigma)/ml for 8 h. Cells were passaged 1:3 the next day and grown
under selection in 1 mg of Geneticin (Calbiochem)/ml for about 10 days. Resis-
tant colonies of cells were pooled and used for experiments within three pas-
sages. Some Geneticin-resistant colonies were infected with a second retrovirus
before being pooled as described by Halbert et al. (23). MEFs were either wild
type (from Arnold J. Levine) or null for p19ARF (34). MEFs were cultured in
Dulbecco’s modification of Eagle’s medium supplemented with 10% fetal calf
serum, penicillin, and streptomycin. The retroviruses used to infect MEFs were
the vector pBabe Puro (46) and pBabe Puro E7 (31). High-titer stocks of virus
were generated by transient transfection of the BOSC23 cell line as described by
Pear et al. (51). Early-passage MEFs were thawed into six 6-cm-diameter culture
dishes, infected the next day in triplicate, and passaged 1:3 2 days later into
DMEM with 2 mg of puromycin/ml. The resistant cells were then passaged 1:6
and harvested for Western analysis after 2 days.

Exposure to UV light. Before exposure of NDFs to UV light, the medium was
removed and cells were rinsed with phosphate-buffered saline. The distance
between the plates and the lamp was adjusted so that the fluence of the UV-C
light source (Glo-Mark Systems, Inc.) was 0.4 or 1 J/m2/s as measured by a
Blak-Ray J-225 UV meter (UV Photoproducts, San Gabriel, Calif.).

Colony-forming ability. Two quantities of NDFs were plated in triplicate on
6-cm-diameter tissue culture dishes and allowed to attach for 24 h before being
irradiated with different doses of UV light. The medium was replaced, and cells
were allowed to form colonies for 2 weeks. Colonies were fixed in methanol,
stained with Giemsa, and counted. Data are graphed as means 6 standard
errors.

S1 nuclease digestion. RNA was isolated by using Tri reagent (Molecular
Research Center, Inc.). The probe was a 488-bp XbaI-ApaLI fragment from
pTA-L-mdm2 containing all of exon 1, none of exon 2, all of exon 3, and 44 bp
of exon 4 (38). Following end labeling with T4 kinase (New England Biolabs), the
probe was denatured and hybridized overnight to 30 mg of total RNA. The
hybridization products were incubated with 100 U of S1 nuclease (Gibco) and
then separated on 5% polyacrylamide gels. The positive control, corresponding
to RNA transcribed from the P1 promoter of human mdm2 (containing exon 1
spliced to exon 3 [38]), was synthesized in vitro from pHDM (8). The 25-bp
ladder was obtained from Gibco and end labeled with T4 kinase. Products were
quantified with a Molecular Dynamics PhosphorImager.

Northern analysis. Twenty micrograms of RNA was separated on a 1% aga-
rose gel containing formaldehyde, transferred to a membrane (GeneScreen Plus;
New England Nuclear), and hybridized sequentially with probes to human p21
(from pc-Waf1S [17]) and glyceraldehyde-3-phosphate dehydrogenase (from
pBSGAPDH [65]).

Immunoprecipitation and Western analysis. Immunoprecipitations were car-
ried out as described previously (53). The CM5 polyclonal antibody (Calbio-
chem) was used to immunoprecipitate p53. For detection of human p53, the
DO-1 antibody (Calbiochem) was used (at a 1:1,000 dilution). Human MDM2
was detected with either monoclonal antibody IF-2 (Calbiochem) at 1 mg/ml or
2A10 culture supernatant (8), diluted 1:50. Primary antibodies were revealed
with sheep anti-mouse immunoglobulin (Ig) conjugated to horseradish peroxi-
dase (Amersham; 1:500) and by enhanced chemiluminescence (ECL; Amer-
sham). For controls, p53 was translated in vitro from pKS53SN (a gift from
Jiandong Chen) and MDM2 was translated from pHDM1A (8). For detection of
murine p53, CM5 was diluted 2,000-fold and revealed with a sheep anti-rabbit Ig
conjugated to horseradish peroxidase (Amersham; 1:10,000).

Immunofluorescence. GM00011 cells were fixed for 10 min at room temper-
ature in 100% methanol and stored at 4°C in phosphate-buffered saline. For
detection of p53, DO-1 antibody was used at a dilution of 1:1,000. For detection
of MDM2, 2A10 hybridoma culture supernatant was diluted 1:500. Each primary
antibody was detected with Alexa 488 goat anti-mouse IgG (Molecular Probes)
at a dilution of 1:500. Images were collected with a Zeiss Axiophot microscope
coupled to a Spot charge-coupled device camera (Diagnostic Instruments, Inc.).

RESULTS

To confirm that the amount of p53 protein was increased in
NDFs expressing the E7 oncoprotein of HPV-16, we generated
pools of cells containing retroviruses expressing E7 and com-
pared the level of p53 in these cells to that in cells carrying the
vector alone (Fig. 1A). Western blot analysis indicated that the
amount of p53 in cells expressing E7 was increased approxi-
mately fivefold over than in vector-only cells. Next, we asked
whether MDM2 protein levels were increased in NDFs ex-
pressing E7, as they are in keratinocytes expressing E7 (63).
Western analysis (Fig. 1B) revealed that steady-state levels of
MDM2 were higher in cells expressing E7 than in cells carrying
the vector alone (LXSN). Comparison of the amount of
MDM2 in serial dilutions of lysates from NDFs carrying the

FIG. 1. Western analysis of p53 and MDM2 levels in NDFs. Proteins (150
mg) from one pool of NDFs (GM00011 cells) infected with virus carrying vector
alone and from two pools of fibroblasts infected with virus expressing E7 were
separated by polyacrylamide gel electrophoresis and blotted onto nitrocellulose.
As a control for migration and immunoreactivity, human p53 protein was trans-
lated in a rabbit reticulocyte lysate. (A) p53 levels. Lane 1, lysate from NDFs
carrying the vector alone; lanes 2 and 3, lysate from NDFs expressing E7; lane 4,
2 ml of a rabbit reticulocyte lysate programmed with RNA encoding p53; lane 5,
10 ml of a rabbit reticulocyte lysate programmed with RNA encoding p53. p53
was detected with monoclonal antibody DO-1. (B) MDM2 levels. Lanes 1 and 2,
lysate from NDFs carrying the vector alone; lanes 3 and 4, lysate from NDFs
expressing E7. MDM2 was detected with monoclonal antibody IF-2.
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vector or expressing E7 indicated that MDM2 was overex-
pressed about sixfold in the presence of E7 (52). These results
indicated that although MDM2 is present at high levels in
NDFs expressing E7, it may not be able to regulate p53.

The ability of MDM2 to stimulate p53 degradation requires
the domain of MDM2 that interacts with p53 (25, 36), indicat-
ing that direct binding to p53 is obligatory for MDM2 to
shorten the half-life of p53. Thus, we asked whether the in-
creased amount of p53 in E7-expressing cells was due to a
decrease in the ability of MDM2 and p53 to bind. We com-
pared the amount of MDM2 coimmunoprecipitating with
equivalent amounts of p53 from cells lacking or expressing E7.
To do this, we immunoprecipitated p53 from several different
amounts of lysate from cells carrying the vector alone and
compared it with that immunoprecipitated from various
amounts of lysate from E7-expressing cells. We used the CM5
polyclonal antibody against p53 (39) because we have found
that this antibody precipitates 100% of the p53 from lysates of
NDFs and does not disrupt the MDM2-p53 complex (55).
Comparison of the amount of p53 protein in 150 mg of each
total lysate to the amount in the immunoprecipitates from
150-mg quantities of the lysates revealed that immunoprecipi-
tation of p53 by the CM5 antibody was quantitative (Fig. 2;
compare lane 2 to lane 3 and lane 6 to lane 9). Approximately
equivalent amounts of p53 were immunoprecipitated from 900
mg of cells carrying the vector alone and from 150 mg of cells
expressing E7 (Fig. 2; compare lanes 5 and 9), indicating that
E7-expressing cells had approximately sixfold more p53 than
cells containing the vector alone. We compared the amount of
MDM2 coimmunoprecipitating with p53 from NDFs carrying
the vector alone with that from NDFs expressing E7. MDM2
was undetectable in the immunoprecipitates of p53 from 150-
and 300-mg quantities of lysate (Fig. 2, lanes 3 and 4). When
900 mg of lysate from NDFs carrying the vector alone was
immunoprecipitated with the p53 antibody, MDM2 was detect-
able (Fig. 2, lane 5). The amount of MDM2 in the immuno-
precipitate from 900 mg of lysate was less than the amount of
MDM2 in 150 mg of total lysate (Fig. 2, lane 2), indicating that
less than one-sixth of the MDM2 protein could be detected in

a complex with p53, as had been previously reported (55).
E7-expressing cells contained much more MDM2 protein than
NDFs carrying the vector alone (Fig. 2, compare lanes 2 and
6), but MDM2 was still undetectable in the immunoprecipi-
tates of p53 from 150- and 300-mg quantities of this lysate (Fig.
2, lanes 9 and 10). MDM2 was detectable in the immunopre-
cipitate of p53 from E7-expressing cells when 450- and 900-mg
quantities of lysate were used (Fig. 2, lanes 11 and 12). The fact
that the same amount of MDM2 coimmunoprecipitated with
p53 in 900 mg of each lysate indicates that E7 inhibits the
interaction between MDM2 and p53 by at least sixfold.

One possible explanation for the inability of MDM2 and p53
to bind is that they are not localized in the same cellular
compartment. Both MDM2 and p53 are nuclear phosphopro-
teins, and nuclear localization of MDM2 is thought to be
required for it to inhibit p53’s transcriptional activation func-
tion (9). Therefore, we investigated whether p53 or MDM2
was excluded from the nucleus in the presence of E7. Indirect-
immunofluorescence analysis (Fig. 3) indicated that p53 is in
the nucleus in the absence or presence of E7. MDM2 staining
is faint and diffuse in the absence of E7 and is not clearly above
the background staining of the secondary antibody alone (52).
However, in the presence of E7, there is a clear increase in
MDM2 staining in the nucleus. Therefore, in the presence of
E7, both MDM2 and p53 are present in the nucleus, and
localization cannot account for the inability of MDM2 and p53
to interact.

The high levels of nuclear p53 in E7-expressing cells led us
to ask whether p53 was functional. If so, this might explain the
elevated levels of MDM2 protein in E7-expressing cells, since
p53 can induce mdm2 expression (67). Induction of mdm2 by
p53 is mediated through the activity of an internal promoter,
P2, within exon 2 (33, 38, 70). An upstream promoter, P1, is
unaffected by p53 function (70). In the absence of functional
p53, the major mdm2 transcript in many human cell lines is
one, originating from the P1 promoter, in which exon 1 is
directly spliced to exon 3 (38, 70). When human p53 is acti-
vated, there is an accumulation of mdm2 RNA, originating
from the P2 promoter, lacking exon 1 and containing exon 2

FIG. 2. Coimmunoprecipitation of MDM2 with p53. p53 was immunoprecipitated, with the CM5 antibody, from lysates of GM00011 cells carrying the retroviral
vector alone or expressing E7. Following transfer to nitrocellulose, p53 and MDM2 were detected with antibodies DO-1 and 2A10, respectively. Lane 1, 3 ml of a rabbit
reticulocyte lysate programmed with p53 RNA and 3 ml of a rabbit reticulocyte lysate programmed with RNA from human mdm2; lane 2, 150 mg of total lysate from
NDFs carrying the vector alone; lane 3, immunoprecipitate (IP) from 150 mg of lysate from NDFs carrying the vector alone; lane 4, immunoprecipitate from 300 mg
of lysate from NDFs carrying the vector alone; lane 5, immunoprecipitate from 900 mg of lysate from NDFs carrying the vector alone; lane 6, 150 mg of total lysate
from NDFs expressing E7; lane 7, immunoprecipitate from 15 mg of lysate from NDFs expressing E7; lane 8, immunoprecipitate from 75 mg of lysate from NDFs
expressing E7; lane 9, immunoprecipitate from 150 mg of lysate from NDFs expressing E7; lane 10, immunoprecipitate from 300 mg of lysate from NDFs expressing
E7; lane 11, immunoprecipitate from 450 mg of lysate from NDFs expressing E7; lane 12, immunoprecipitate from 900 mg of lysate from NDFs expressing E7.
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spliced to exon 3 (70). The activity of the P2 promoter of mdm2
has been employed as a reliable indicator of the activity of p53
(5, 54). Therefore, we used an S1 nuclease digestion assay to
determine whether there were changes in the levels of either or
both mdm2 mRNA species in NDFs expressing E7 (Fig. 4A).
The amounts of mdm2 transcript synthesized from the P1
promoter of mdm2 were the same in cells carrying the vector
alone and in cells expressing E7 (Fig. 4B; compare lanes 3 and
4). However, the amount of mdm2 RNA synthesized from the
P2 promoter was increased approximately ninefold in E7-ex-
pressing cells (Fig. 4B; compare lanes 3 and 4). These results
indicate that E7 may stimulate p53’s function as a transcrip-
tional activator.

To determine whether the induction of mdm2 by E7 was
dependent on p53 function, we generated pools of NDFs in
which p53 activity was abrogated either by the E6 oncoprotein
or by a dominant-negative p53 mutant and monitored E7’s
influence on mdm2 expression in them. E6 is known to stim-
ulate degradation of p53 and to inhibit the accumulation and
activation of p53 following exposure of cells to ionizing and
UV radiation (11, 16). In contrast, the dominant-negative p53
protein stabilizes wild-type p53 but inhibits sequence-specific
DNA binding by wild-type p53 (57). First, we assessed the
ability of retroviruses expressing E6 and dominant-negative
p53 to inhibit the induction of the P2 promoter of mdm2 by
p53 in NDFs. We asked whether p53 could be activated in
response to UV light in pools of NDFs expressing vector alone,
E6, dominant-negative p53, or E7. We measured both accu-
mulation of p53 (Fig. 5A) and activation of the P2 promoter of
mdm2 (Fig. 5B) because we had shown previously that the
p53-dependent induction of murine mdm2 by UV light was
mediated through the P2 promoter (54). In cells carrying the

vector alone, p53 protein accumulated in response to UV ex-
posure (Fig. 5A). In contrast, levels of p53 remained low in
cells expressing E6 (Fig. 5A). The level of p53 was constitu-
tively high in cells expressing the dominant-negative p53 mu-
tant (Fig. 5A). Cells expressing E7 contained large amounts of
p53, which accumulated to higher levels in response to DNA
damage (Fig. 5A). These results indicate that the retroviruses
encoding E6 and dominant-negative p53 are effective modifiers
of p53 accumulation in response to UV light. S1 analysis re-
vealed that in cells carrying the retroviral vector alone the P2
promoter of mdm2 was induced by UV light (Fig. 5B). The
amount of mdm2 mRNA transcribed from the P1 promoter,
which is not influenced by E7 or by p53, serves as an internal
control for the S1 analysis. Therefore, the products of the S1
analysis were quantified and the ratio of mRNA transcribed
from the P2 promoter to mRNA transcribed from the P1
promoter was calculated. The ratio of P2 to P1 mRNAs rose
10-fold by 8 h following exposure of NDFs carrying the vector
alone to 10 J of UV light/m2. In contrast, both the basal and
UV-induced activities of the P2 promoter were inhibited in
NDFs expressing either E6 or dominant-negative p53 (Fig.
5B). Thus, both proteins can inhibit p53 function in NDFs. In

FIG. 3. Immunofluorescence detection reveals that p53 and MDM2 are in
the nucleus in cells expressing E7. Pools of NDFs (GM00011) carrying the vector
alone or expressing E7 were fixed and stained with p53 antibody DO-1 or MDM2
antibody 2A10. Antibodies were revealed with a secondary antibody conjugated
to a fluorescent molecule (Alexa 488).

FIG. 4. S1 nuclease analysis of mdm2 transcripts in NDFs (GM00011). (A)
Schematic of probe and predicted sizes of resulting products following protection
by RNAs transcribed from the P1 (constitutive) and P2 (p53-responsive) pro-
moters. The star indicates that the protected products are radiolabeled in exon
4. (B) S1 nuclease digestion pattern of mdm2 RNAs. Lane 1, 25-bp molecular
size markers; lane 2, product of protection of full-length mdm2 mRNA tran-
scribed in vitro from the P1 promoter; lane 3, RNA from NDFs carrying the
vector alone; lane 4, RNA from NDFs expressing E7.
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contrast, E7 expression alone stimulated the activity of the P2
promoter, and the activity of the P2 promoter rose slightly but
reproducibly in E7-expressing cells exposed to UV light. The
level of p53 also rose slightly but reproducibly in E7-expressing
cells exposed to UV light (Fig. 5A). In sum, these results
indicate that the activity of the P2 promoter corresponds with
the level of active p53.

To determine whether the induction of P2 promoter activity
by E7 can be inhibited when p53 function is abrogated, we
coexpressed E7 with E6 and with dominant-negative p53. Re-
infection of an E7-expressing population of NDFs with retro-
viruses expressing either the dominant-negative p53 protein or
the E6 oncoprotein led to a reduction in the high levels of
P2-specific mdm2 mRNA (Fig. 6; compare lane 5 to lanes 6
and 7). Low levels of expression of mdm2 from the P2 pro-
moter were also seen when cells expressing E6 or dominant-

negative p53 were reinfected with retroviruses expressing E7
(Fig. 6, lanes 8 to 10 and 11 to 13, respectively). We conclude
that E7’s ability to upregulate the activity of the P2 promoter
of mdm2 is dependent on an increase in p53 function.

Since it has not been clear whether E7 stimulates transcrip-
tion of the p21 gene in a p53-dependent manner, we per-
formed Northern analysis on RNAs isolated from pools of
NDFs expressing E7 in the presence and absence of E6 and
dominant-negative p53. The results indicated that p21 mRNA
was increased 1.6-fold in NDFs expressing E7, but not in those
expressing both E7 and E6 or both E7 and dominant-negative
p53 (Fig. 7). Thus, the small increase in transcription of p21 in
response to E7 appears to be p53 dependent.

Stabilization and activation of p53 by the E1A viral onco-
protein appear to require the p19ARF protein (15). To inves-
tigate whether the increase in p53 levels mediated by E7 re-

FIG. 5. Pools of GM00011 cells were generated carrying vector alone, E6, the dominant-negative p53 mutant, or E7. Cells were either left untreated (No UV) or
exposed to UV light at a dose of 10 J/m2 and harvested 4 h (1UV 4 h) or 8 h (1UV 8 h) later. (A) Levels of p53 were determined by Western analysis as described
in the legend to Fig. 1. The first lane contains 10 ml of a rabbit reticulocyte lysate programmed with p53 RNA (IVT, in vitro translated). The second lane contains 2
ml of a rabbit reticulocyte lysate programmed with p53 RNA. The next 12 lanes contain 150-mg quantities of lysates from NDFs infected with the retrovirus indicated.
(B) Levels of mdm2 mRNAs were analyzed by S1 nuclease protection. The ratio of the amount of mdm2 mRNA synthesized from the P2 (p53-responsive) promoter
to the amount of mdm2 mRNA synthesized from the P1 (constitutive) promoter is shown. The results are averages of data from two experiments with two independent
sets of pools of infected NDFs. One of the sets of NDFs was also used to generate the data shown in Fig. 5A.
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quired p19ARF, we infected wild-type and p19-null MEFs with
either a retroviral vector (pBabe Puro) or a virus expressing
HPV-16 E7 (pBabe Puro E7). Western analysis of lysates from
infected cells showed that E7 stimulated an increase in p53
levels independent of p19ARF gene status (Fig. 8). MDM2
protein levels were also elevated in MEFs of both genotypes

(52), and this likely reflected a p19ARF-independent stimula-
tion of p53 function.

The increased activity of p53 in E7-expressing cells is likely
to be due, at least in part, to the increased amount of p53 that
is free of MDM2 (Fig. 2). MDM2 is induced by p53 in response
to DNA-damaging agents (7, 53) and is hypothesized to regu-
late p53 function, in an autoregulatory loop, such that some
cells recover from DNA damage (67). Indeed, overexpression

FIG. 6. S1 nuclease protection assay of RNA from GM00037 cells expressing E7 alone, E7 and E6, or E7 and dominant-negative p53. Lane 1, 25-bp molecular size
markers; lane 2, probe alone; lane 3, product of protection of mdm2 mRNA transcribed in vitro from the P1 (constitutive) promoter; lane 4, RNA from NDFs carrying
the vector alone; lane 5, NDFs expressing E7 alone; lane 6, NDFs expressing E7 reinfected with virus expressing dominant-negative p53; lane 7, NDFs expressing E7
reinfected with virus expressing E6; lane 8, NDFs expressing E6 alone; lane 9, NDFs expressing E6 reinfected with virus carrying the vector; lane 10, NDFs expressing
E6 reinfected with virus expressing E7; lane 11, NDFs expressing the dominant-negative p53 mutant alone; lane 12, NDFs expressing the dominant-negative p53 mutant
reinfected with virus carrying the vector; lane 13, NDFs expressing the dominant-negative p53 mutant reinfected with virus expressing E7. 1°, primary; 2°, secondary.

FIG. 7. Northern analysis of p21 mRNA in GM00011 cells expressing E7
alone, E7 and E6, or E7 and dominant-negative p53. First lane from left, NDFs
carrying the vector alone; second lane, NDFs expressing E7; third lane, NDFs
expressing E7 and dominant-negative p53; fourth lane, NDFs expressing E7 and
E6. The blot was probed with a radiolabeled cDNA to p21 and reprobed with a
radiolabeled cDNA to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; a
loading control). The fold increase in p21 mRNA was calculated as the ratio of
the signal from p21 to the signal from GAPDH and normalized to signal from the
vector control (n 5 2).

FIG. 8. Level of p53 in MEFs expressing E7. Early-passage wild-type or
p19-null MEFs were infected in triplicate with a retroviral vector alone (pBabe
Puro) or with a retrovirus expressing E7 (pBabe Puro E7). Cells were harvested
after incubation for 1 week in the presence of puromycin, and 100 mg of total cell
protein was analyzed by Western blotting. The amount of p53 expressed was
revealed by using the CM5 antibody and goat anti-rabbit Ig conjugated to
horseradish peroxidase. Lanes 1 to 3, wild-type MEFs infected with the vector
pBabe Puro; lanes 4 to 6, wild-type MEFs infected with pBabe Puro E7; lanes 7
to 9, p19-null MEFs infected with the vector pBabe Puro; lanes 10 to 12, p19-null
MEFs infected with pBabe Puro E7.
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of MDM2 blocks the G1 arrest mediated by p53 in response to
ionizing radiation (7) and inhibits p53-mediated apoptosis in
some cell types (24). Expression of E7 in the murine epidermis
prolongs the elevation of p53 levels following exposure to
ionizing radiation (60), perhaps because MDM2 cannot regu-
late p53 levels in the presence of E7. Thus, E7 expression may
sensitize NDFs to p53-mediated apoptosis. Indeed, NDFs ex-
pressing E7 have an increased propensity to undergo apoptosis
in response to serum deprivation (30). Since NDFs have been
reported to undergo p53-mediated apoptosis in response to
exposure to UV light (18), we tested whether abrogation of the
interaction between MDM2 and p53 by E7 would lead to
increased sensitivity to UV light. We assayed the ability of
NDFs carrying the vector alone to grow into colonies following
exposure to UV light and compared that to the ability of NDFs
expressing E7 to do so (Fig. 9). The dose of UV light required
to reduce the number of colonies of NDFs carrying the vector
alone by 50% was, on average, 3.7 J/m2. The dose of UV light
required to reduce the number of colonies of E7-expressing
NDFs by 50% was, on average, 4.1 J/m2. Thus, E7 does not
increase the sensitivity of NDFs to UV light, as measured by a
colony-forming assay, even though p53 is functional as a tran-
scription factor.

DISCUSSION

Here we showed that the HPV-16 E7 protein increases the
level of the p53 protein in NDFs by inhibiting the interaction
of p53 and MDM2. This results in an increase in the transcrip-
tional activation function of p53. This effect of E7 appears to
be counterproductive to the well-established effect of E7 on
extending the life span of NDFs, since p53 transcriptional
function promotes senescence (19). However, it is clear from
the data presented here that E7 expression activates p53 while
inhibiting some of the downstream biological effects of p53
function. For example, NDFs expressing E7 do not exhibit an
increased sensitivity to UV light, as determined by colony-

forming ability, even though UV light has been reported to
induce p53-mediated apoptosis in NDFs (18). Furthermore,
E7-expressing NDFs continue to divide in spite of increased
levels of p53, unlike NDFs in which the interaction between
MDM2 and p53 has been inhibited by antibodies that block
their association (2, 19). The ability of MDM2 to regulate p53
is required not only for multiplication of cultured cells but also
for the development of murine embryos (32, 45). Thus, E7
promotes cell division while abrogating what is, in its absence,
an essential control mechanism.

E7 expression results in a large amount of MDM2 protein
that is not complexed with p53. In NDFs, transient overexpres-
sion of human MDM2 alone inhibits cell division by inducing
a G1 arrest (4). Thus, E7 must change the environment of
NDFs such that they can tolerate overexpression of MDM2.
MDM2 has been shown to stimulate S phase in some cell types
that tolerate its overexpression. For example, MDM2 allows
mink lung epithelial cells to resist the G1 arrest mediated by
transforming growth factor b1 (TGF-b1) (61). In these cells,
MDM2 inhibits the accumulation of hypophosphorylated pRb
normally caused by treatment with TGF-b1 (61). Furthermore,
E2F1 levels and activity are higher in TGF-b1-treated mink
lung epithelial cells that overexpress MDM2 (61). MDM2 can
stimulate E2F function in other cell types (41, 68). Teoh et al.
(62) showed that inhibition of MDM2 expression by antisense
oligonucleotides resulted in dephosphorylation of pRb and in
increased amounts of E2F1 in complexes with pRb in a human
tumor cell line. Thus, in NDFs, MDM2 may be part of the
mechanism by which E7 stimulates the release of E2F from
pRb (47). MDM2 has been shown to directly associate with
E2F1, and this interaction is postulated to allow MDM2 to
stimulate E2F function, even in cells that lack pRb (41). The
interaction between MDM2 and E2F1 may be enhanced in
E7-expressing cells, and this may promote entry into S phase.
MDM2 has been shown to promote DNA replication in dif-
ferentiated mammary epithelial cells in vivo, leading to
polyploidy (40). Perhaps MDM2 overexpression is part of the
program through which E7 stimulates DNA synthesis in post-
mitotic epithelial cells (10) or tumorigenesis in the epidermis
(21).

The interaction between E2F and MDM2 may be important
for the stimulation of p53 function by E7. E7 liberates E2F
from Rb, and overexpression of E2F1 increases the levels of
both p53 and MDM2 (71). This effect of E2F1 does not require
p19ARF (71). Our data indicate that E7, like E2F1, can in-
crease the levels of both p53 and MDM2 in cells lacking
p19ARF. Therefore, E7 and E2F1 may stabilize p53 through the
same p19ARF-independent mechanism. One possibility for
such a mechanism is that E7 interferes with the function of
p300, a protein recently found to act as a platform for the
stimulation of degradation of p53 by MDM2 (20). Another
candidate pathway is that used by ionizing radiation, which is
known to be p19ARF independent (34). Indeed, some of the
kinases involved in the response to ionizing radiation have
been shown to phosphorylate p53 and MDM2, resulting in an
inhibition of binding of these two proteins (43, 59). E7 could
physically block the interaction of MDM2 with p53 by binding
either partner and hiding the necessary interaction surface.
However, we have not been able to obtain evidence supporting
this model; neither p53 nor MDM2 bound to an E7–glutathi-
one S-transferase (GST) fusion protein in experiments in
which pRb bound to E7-GST readily, so evidence for a direct
interaction is lacking (52). Finally, our data do not eliminate
the possibility that E7, like c-myc (71), activates p53 via mul-
tiple pathways, some of which are dependent on p19ARF. De-
lineation of the mechanism(s) used by E7 to abrogate the

FIG. 9. Survival of GM00011 cells following exposure to UV light. NDFs
were plated 24 h prior to irradiation. Following irradiation, colonies were al-
lowed to grow for 2 weeks. The plated cells were then fixed and stained, and
colonies were counted. Closed symbols indicate the colony-forming ability of
NDFs carrying the vector alone following UV exposure; open symbols indicate
the colony-forming ability of E7-expressing NDFs following UV exposure. The
squares represent the results obtained when 500 cells were plated on each dish;
the circles represent the results obtained when 1,000 cells were plated on each
dish.
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interaction between MDM2 and p53 may provide insight into
the pathways deregulated in human tumors which contain high
levels of both wild-type p53 and MDM2 (22).

It is not yet known whether E7 stimulates host cell DNA
replication in postmitotic epithelial cells during a viral infec-
tion. HPVs express E6 as well as E7, and we have shown that
E6 inhibits the p53-mediated induction of mdm2 transcription
by E7 in NDFs. Thomas and Laimins showed that MDM2
protein levels were high in normal, proliferating human kera-
tinocytes expressing E7 and reduced when E6 was coexpressed
with E7 (63). Therefore, during a viral infection, E6 may pre-
vent the increase in MDM2 caused by E7. It would be inter-
esting to determine whether MDM2 is induced during an HPV
infection and, if so, whether it plays a role in stimulating host
cell DNA synthesis, HPV replication, or tumorigenic conver-
sion.
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