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The E6 and E7 genes of the high-risk human papillomavirus (HPV) types encode oncoproteins, and both act
by interfering with the activity of cellular tumor suppressor proteins. E7 proteins act by associating with
members of the retinoblastoma family, while E6 increases the turnover of p53. p53 has been implicated as a
regulator of both the G1/S cell cycle checkpoint and the mitotic spindle checkpoint. When fibroblasts from p53
knockout mice are treated with the spindle inhibitor nocodazole, a rereplication of DNA occurs without transit
through mitosis. We investigated whether E6 or E7 could induce a similar loss of mitotic checkpoint activity
in human keratinocytes. Recombinant retroviruses expressing high-risk E6 alone, E7 alone, and E6 in com-
bination with E7 were used to infect normal human foreskin keratinocytes (HFKs). Established cell lines were
treated with nocodazole, stained with propidium iodide, and analyzed for DNA content by flow cytometry. Cells
infected with high-risk E6 were found to continue to replicate DNA and accumulated an octaploid (8N)
population. Surprisingly, expression of E7 alone was also able to bypass this checkpoint. Cells expressing E7
alone exhibited increased levels of p53, while those expressing E6 had significantly reduced levels. The p53
present in the E7 cells was active, as increased levels of p21 were observed. This suggested that E7 bypassed
the mitotic checkpoint by a p53-independent mechanism. The levels of MDM2, a cellular oncoprotein also
implicated in control of the mitotic checkpoint, were significantly elevated in the E7 cells compared to the
normal HFKs. In E6-expressing cells, the levels of MDM2 were undetectable. It is possible that abrogation of
Rb function by E7 or increased expression of MDM2 contributes to the loss of mitotic spindle checkpoint
control in the E7 cells. These findings suggest mechanisms by which both HPV oncoproteins contribute to
genomic instability at the mitotic checkpoint.

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses that induce hyperproliferative lesions of cutane-
ous and mucosal epithelia. Half of the more than 70 identified
types of HPVs specifically infect the genital epithelium. These
genital papillomaviruses can be divided into low-risk types,
which induce only benign lesions, and high-risk types, which
are associated with the development of malignant lesions (28).
More than 90% of cervical cancers contain HPV DNA of the
high-risk types (11, 34, 41, 58, 69). The two transforming pro-
teins encoded by the high-risk HPVs, E6 and E7, function
through their associations with the tumor suppressor proteins,
p53 and Rb, respectively (reviewed in reference 60). E6 facil-
itates the degradation of p53 through its association with an
accessory protein, E6-AP, a component of the ubiquitin pro-
teolytic pathway (29, 55, 57, 63). E7 proteins of the high-risk
types bind to Rb (14, 50), as well as to other pocket proteins,
such as p107 and p130 (7, 13), leading to the altered activities
of these cell cycle regulators. The E6 proteins from the low-risk
viruses fail to abrogate p53 functions, while the low-risk E7
proteins bind Rb with substantially reduced affinities (reviewed
in references 28 and 56). These differences are likely respon-
sible for the lack of association of the low-risk types with
malignancy.

p53 is a site-specific DNA binding protein which activates
expression of genes involved in cell cycle control such as the
cyclin kinase inhibitor p21 (15). In response to DNA-damaging
agents, p53 levels increase by a posttranscriptional mechanism
resulting in arrest via inhibition of cyclin-associated kinase

activity at the G1/S interface of the cell cycle (reviewed in
reference 32). Loss of p53 or expression of mutant p53 results
in a failure to arrest in G1, and p53-negative cells exhibit gene
amplification, a marker of genomic instability (40, 68). p53 is
commonly mutated in human cancers, many of which contain
amplifications and aneuploid chromosomes, consistent with its
role as a “guardian of the genome” (reviewed in references 36
and 39). In this capacity, p53 has been postulated to play a role
in maintaining genomic integrity. All of these functions of p53
are inhibited by HPV E6 of the high-risk types (18, 20, 27, 31,
37, 38, 46).

The product of the retinoblastoma gene, Rb, in addition to
p53, plays a significant role in the regulation of the cell cycle
and its checkpoints. Prior to S phase, Rb, in complex with the
transcription factor E2F, is hyperphosphorylated, leading to
the release of E2F, which binds to promoters of numerous
genes required for DNA synthesis (reviewed in reference 62).
The binding of E7 to Rb inhibits the association of Rb with
E2F, resulting in constitutive activation of E2F and expression
of these genes (3). Furthermore, Rb can bind p107 and p130,
which also negatively regulate E2F transcription (7, 14). In this
way, E7 can modulate the cell cycle by inappropriately induc-
ing S-phase progression. Additional studies with E7 have dem-
onstrated the ability of E7 to bypass p21-mediated G1 arrest
following DNA damage (8, 9, 25, 59). The mechanism for
abrogation of this checkpoint is independent of p53 and likely
acts through deregulation of E2F activity (26, 48, 54).

In addition to directing the G1/S checkpoint, p53 also func-
tions in the mitotic spindle checkpoint at G2/M. Whereas the
treatment of wild-type cells with the mitotic spindle inhibitor
nocodazole results in arrest at G2/M, mouse embryo fibroblasts
from p53 knockout mice treated with nocodazole continue to
replicate their DNA, resulting in a significant polyploid popu-
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lation (6). The absence of p53 results in aberrant chromosomal
replication, implicating it in control of this mitotic checkpoint.
The loss of p53 function in cervical cancer, through the action
of E6, could, by this mechanism, result in the acquisition of
numerous genetic alterations and contribute to the multistep
progress of this disease. In this study, we have examined the
ability of the HPV oncoproteins E6 and E7 to inhibit the
mitotic spindle checkpoint. Expression of either E6 or E7 was
found to independently bypass the mitotic checkpoint. We
believe that E6 is able to inhibit this function via degradation
of p53. E7 appears to bypass this checkpoint in the presence of
high levels of p53, possibly through the loss of Rb and/or the
increased expression of the cellular oncoprotein MDM2.

MATERIALS AND METHODS

Cell culture. Human foreskin keratinocytes (HFKs) were derived from neo-
natal human foreskin epithelium as previously described (22) and were main-
tained in serum-free keratinocyte growth medium (KGM; Clonetics). Retrovi-
rally infected cells were grown in serum-containing medium (44) with mitomycin
C (Boehringer Mannheim)-treated J2 3T3 fibroblast feeders (45) kindly provided
by the Howard Green laboratory.

Infection of HFKs and cell lines. The retrovirus vector and construction of the
LXSN plasmids have been described previously (21). PA317 packaging cell lines
generating HPV-16 E6, -16 E7, and -16 E6E7 recombinant retroviruses were
provided by Denise Galloway. For infection of HFKs, 1.5 ml of the amphotropic
viral supernatant was combined with 5 ml of KGM containing Polybrene (Sigma)
(9 mg/ml) and added to subconfluent HFKs in a 100-mm dish. After 6 to 8 h, 10
ml of fresh KGM was added to the dish and cells were allowed to incubate for
an additional 12 to 18 h. Cells were then split 1:3 and replated in serum-
containing medium in the presence of fibroblast feeders. Selection with G418
sulfate (Gibco) (100 to 200 mg/ml) began 2 days postinfection and continued for
8 days. The LKP31 cell line was generated by transfection of HFKs with HPV-31
DNA as previously described (19).

Flow cytometry analyses. For cell cycle analyses, cells were either untreated or
treated with nocodazole (Sigma) (50 ng/ml) at various time points and harvested
following trypsinization. Cells grown with fibroblast feeders were treated with
EDTA prior to harvesting to remove feeders as described elsewhere (45). Har-
vested cells (1.5 3 106) were washed with phosphate-buffered saline and centri-
fuged, and the cell pellet was resuspended in 0.5 ml of stain solution (0.1 mg of
propidium iodide [PI] per ml, 0.5 mg of RNase A per ml, 1% PBA–Triton [1 mg
of bovine serum albumin per ml in phosphate-buffered saline–10% Triton X-
100], 3.34 mM sodium citrate, 30 mg of polyethylene glycol per ml). Cells were
then passed through an 18-gauge needle six times and incubated at 37°C for 20
min with shaking. An equal volume of hypertonic solution (0.1 mg of PI per ml,
1% PBA–Triton, 0.356 M NaCl, 30 mg of polyethylene glycol per ml) was added,
the cell extracts were sheared again, and samples were stored at 4°C for at least
6 h. Stained nuclei were analyzed on a Becton-Dickinson (Mountain View,
Calif.) FACScan with Lysis II software.

Antibodies and Western blot analyses. Antibodies directed against p53 protein
(Ab-2) and MDM2 (Ab-1) were obtained from Oncogene Science, Inc. Anti-
bodies directed against p21 protein (clone 6B6) and cyclin B1 (clone GNS-1)
were obtained from PharMingen. Antibodies against cdc2 p34 (17) were ob-
tained from Santa Cruz Biotechnology, and horseradish peroxidase-linked sheep
anti-mouse secondary antibody was obtained from Amersham. Nocodazole-
treated and untreated cells were harvested by centrifugation (1,100 rpm; Beck-
man TJ6) following trypsinization and lysed with 0.5% Nonidet P-40 lysis buffer.
HFK-16E7 cells were harvested after 96 h of nocodazole treatment; all other cell
populations were harvested after 48 h. Protein concentrations were determined
by Bradford assays, and 100 mg of whole-cell extract from each cell type was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins
were then transferred to a polyvinylidene difluoride membrane (Millipore) and
incubated with 5% milk solution to block nonspecific binding. Primary and
secondary antibodies were incubated with the membrane for 1 h and 30 min,
respectively, followed by chemiluminescence detection as described by the man-
ufacturer (ECL; Amersham).

RESULTS

Abrogation of mitotic checkpoint by E6. p53 has been shown
to play a role in regulation of the mitotic spindle checkpoint at
the end of S phase in mouse embryo fibroblasts (6). In order to
investigate whether this function of p53 can be inhibited by E6
proteins from high-risk HPV types, we examined the effects of
E6 expression on cell cycle progression of nocodazole-treated
HFKs. HFKs were infected with recombinant retroviruses
which express the HPV-16 E6 gene or the -16 E6 and E7 genes

together. Following selection for neomycin resistance, colonies
were pooled, expanded, and treated with nocodazole. Flow
cytometry analysis of DNA content was performed on unin-
fected and HPV oncoprotein-infected HFKs to determine
their ability to arrest at G2/M after exposure to nocodazole
(Fig. 1). Normal HFKs were found to accumulate with a 4N
(tetraploid) DNA content after exposure to nocodazole (Fig.
1A and B), and very few cells continued to replicate to an 8N
(octaploid) population. Untreated HFK-16E6 cells exhibited a
cell cycle profile identical to that of normal HFKs (Fig. 1C) but
failed to arrest DNA synthesis after nocodazole treatment.
Instead, the cells remained in S phase, resulting in the gener-
ation of a substantial 8N population (Fig. 1D). Moreover,
HFK-16E6E7 cells (Fig. 1E and F), as well as HFKs trans-
fected with the HPV-31 genome (LKP31 cells) (Fig. 1G and
H), exhibited a similar loss of G2/M arrest upon nocodazole
treatment. Infections, treatments, and analyses were repeated

FIG. 1. DNA content flow cytometry analysis of normal and HPV oncopro-
tein-expressing HFKs after nocodazole treatment. Cells were treated with no-
codazole for 48 h and harvested, and nuclei were isolated and stained with PI. (A,
C, E, and G) Untreated cells showing comparable DNA content profiles. 2N
represents the DNA content of those cells in the G0/G1 phase of the cell cycle,
while 4N indicates increased DNA content and is representative of cells in G2/M.
(B) HFKs treated with nocodazole showing an accumulation of cells at a DNA
content of 4N. (D, F, and H) Nocodazole-treated cells demonstrating a loss of
the G2/M checkpoint and subsequent accumulation at 8N.
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at least three times for normal keratinocytes and E6- and
E7-expressing cell lines.

In order to monitor the progression of cell populations
through the cell cycle after nocodazole treatment, we repeated
the above analysis at successive time points up to 48 h of
nocodazole treatment. As shown in Fig. 2, HFK-16E6 cells
demonstrated a gradual change in DNA content from 2N into
4N and 8N populations. Analysis of HFK-16E6E7 as well as
LKP31 cells showed that the two cell lines exhibited similar
effects, whereas low-risk E6-alone cells did not bypass the
checkpoint (data not shown). These data indicate that normal
human keratinocytes contain a mitotic checkpoint that can be
abrogated by high-risk E6 protein alone, E6 in combination
with E7, or E6 in the context of the entire HPV-31 genome.

Abrogation of mitotic checkpoint by E7. To examine wheth-
er E7 also affected the mitotic spindle checkpoint, normal
human keratinocytes were infected with retroviruses express-
ing HPV-16 E7 and neomycin-resistant colonies were pooled
and expanded. We first observed that HFK-16E7 cells prolif-
erated at a rate much lower than that of normal HFKs and
HFK-16E6 cells. By measuring growth rates in tissue culture,
we determined that HFK-16E7 cells exhibit approximately a
twofold increase in doubling time compared to normal kerati-
nocytes and other keratinocytes expressing HPV oncoproteins,
which have comparable doubling times (data not shown). In
order to compare effects in HFK-16E7 cells with those in
HFK-16E6 cells after nocodazole treatment, it was important
to examine them at similar points relative to their cycling
times, since the accumulation in 8N for the E6-expressing cells
occurred only after an additional cell cycle (Fig. 2). From the
above data, we determined that nocodazole treatment of E7
cells for 96 h would be equivalent to 48-h treatment for the
other cell lines. DNA content flow cytometry analysis was
therefore performed on HFK-16E7 cells at progressive time
points up to 96 h (Fig. 3). Unexpectedly, we observed that, in
the presence of nocodazole, HFK-16E7 cells were able to over-
come the mitotic spindle checkpoint equally as well as were
HFK-16E6 cells. The accumulation of cells with an 8N DNA
content can be observed in HFK-16E7 cells as early as 48 h
after nocodazole treatment. Low-risk E7 cells did not over-

come the spindle checkpoint following nocodazole treatment
(data not shown). Furthermore, normal HFKs treated with
nocodazole for 96 h still did not bypass the checkpoint and
accumulated with a 4N DNA content (data not shown). This
indicates that the effect of E7 on the mitotic spindle checkpoint
was not due to the extended length of treatment. These data
indicate a role for high-risk E7 in abrogation of the mitotic
spindle checkpoint.

A summary of the cell cycle distribution of all cells analyzed
expressed as population percentages with and without nocoda-
zole treatment is shown in Table 1. All cells expressing HPV
oncoproteins exhibit obvious increases in the percentage of
cells reaching a DNA content of 8N, ranging from 29% for
HFK-16E7 to 46% for LKP31. Normal HFKs have less than
5% of cells falling in this population after nocodazole treat-
ment. These data further confirm that E6 and E7 can indepen-
dently abrogate the mitotic spindle checkpoint.

Levels of p53 and p21 in nocodazole-treated cells. The ob-
servation that E6 can abrogate the mitotic spindle checkpoint
was not unexpected, given the presumed role of p53 and the
ability of E6 to facilitate its degradation. However, it was less
clear how E7 could alter this checkpoint. Either E7 could
target p53, or alternatively, it could act through other, un-
known components of the checkpoint. In order to investigate
the mechanism by which E7 can overcome G2/M arrest, we first
analyzed the levels of p53 protein before and after nocodazole
treatment of both E6- and E7-expressing keratinocytes. One
possibility was that nocodazole-treated E7 cells had dramati-
cally reduced levels of p53. As shown in Fig. 4A, normal HFKs
contain significant levels of p53, which are increased twofold
after nocodazole treatment (lanes 1 and 2). Cells expressing
E6, whether alone, in combination with E7, or in the context of
the entire HPV-31 genome, have decreased levels of p53 due
to the ability of E6 to facilitate its degradation (lanes 3, 4, and
7 to 10). Consistent with previous reports, HFK-16E7 cells
contain higher levels of p53 compared to normal HFKs (lanes
5 and 6) (10, 54). Following nocodazole treatment, cells ex-
pressing E6 alone or in combination with E7 did not demon-
strate significant changes in levels of p53 (lanes 4 and 8).
However, cells expressing the entire HPV-31 genome exhibited

FIG. 2. DNA content flow cytometry time course analysis of HFK-16E6 cells after nocodazole treatment. Cells were either left untreated (UT) or treated with
nocodazole for the indicated times. DNA content profiles demonstrate a gradual, but not complete, loss of cells in the G0/G1 phase and gain of an 8N DNA content
population upon nocodazole treatment.
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elevated, though still low, levels of p53 after nocodazole treat-
ment (lane 10). This is similar to the increase in p53 levels seen
following treatment with actinomycin D, which arrests cells at
G1/S; however, the molecular basis for it is unclear.

To examine whether the p53 present in the oncoprotein-
expressing cells was functional, we carried out Western blot-
ting analyses for the kinase inhibitor p21. p21 is transcription-
ally regulated by p53, and the levels of p21 have been shown to
parallel increases in p53 (reviewed in reference 32). As shown
in Fig. 4B, the p21 protein levels directly correlate with the
levels of p53, indicating that the p53 present is functional, at
least in its role as a transcriptional transactivator. Most impor-
tantly, the levels of p21 increased following nocodazole treat-
ment of E7-expressing cells. The ability of E7-containing cells
to overcome this checkpoint appears to be independent of p53,
since both levels and activity remain high. This finding is rem-
iniscent of the ability of E7 to bypass the G1/S checkpoint after
DNA damage. While both checkpoints are thought to be con-
trolled by p53, E7 does not diminish the activity or levels of
p53.

MDM2 protein levels in nocodazole-treated cells. We
wanted to further examine the mechanism by which HFK-16E7
cells were able to bypass the mitotic checkpoint. Recently,
Lundgren et al. (42) examined the role of the MDM2 cellular
oncoprotein in the cell cycle and in tumorigenesis in a p53 null
background. Their data indicate that overexpression of MDM2
in mammary cells resulted in multiple rounds of S phase with-
out intervening mitosis. The phenotype is similar in p53 wild-
type and in p53 null backgrounds. Because it appeared that
HFK-16E7 cells were bypassing the spindle checkpoint inde-
pendently of p53, we examined the levels of MDM2 before and
after nocodazole treatment to see if expression of this protein
could be contributing to aneuploidy (Fig. 5). The levels of
MDM2 in HFK-16E7 cells (lanes 5 and 6) were found to be
significantly increased above that seen either in HFKs (lanes 1
and 2) or in E6-expressing cells (lanes 3 and 4), whose levels
were very low or undetectable. Interestingly, HFK-16E6E7 and
LKP31 cells also have undetectable levels of MDM2 (lanes 7,
8, 9, and 10), indicating that expression of E7 alone is not
sufficient to induce overexpression of MDM2. It is likely that
E7 activates factors which function synergistically with p53 to
increase MDM2 levels. These studies were repeated three

FIG. 3. DNA content flow cytometry time course analysis of HFK-16E7 cells after nocodazole treatment. Cells were either untreated (UT) or treated with
nocodazole at the indicated times. HFK-16E7 cells exhibit a loss of the G2/M checkpoint with no cells in G0/G1 and a gain of cells at 8N after nocodazole treatment.

FIG. 4. Western blot analysis of normal and HPV oncoprotein-expressing
keratinocytes before and after nocodazole treatment for cyclin B and cdc2. One
hundred micrograms of whole-cell extract was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis transferred to a polyvinylidene diflu-
oride membrane, and Western blot analysis was performed. Odd-numbered
lanes represent untreated samples, and even-numbered lanes show nocodazole-
treated samples. (A) p53 protein levels. (B) p21 protein levels.

TABLE 1. Summary of cell cycle distribution of normal and HPV
oncoprotein-expressing HFKs after nocodazole treatment

Cell population Nocodazole
% of cells with ploidy:

2N 4N 8N

HFK 2 60 39 1
1 3 90 5

HFK-16E6 2 60 37 1
1 23 41 32

HFK-16E7 2 65 30 2
1 7 41 29

HFK-16E6E7 2 45 42 12
1 13 35 41

LKP31 2 54 42 2
1 18 25 46
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times with similar results. Given the previously documented
role of MDM2 in mediating an abrogation of the spindle
checkpoint, it is possible that its elevated expression may con-
tribute to E7’s ability to act in this process.

Cyclin B and cdc2 levels in nocodazole-treated cells. Addi-
tional cell cycle regulators of the G2/M phase of the cell cycle
may also be affected by the expression of the HPV oncopro-
teins and consequently contribute to the ability of these cells to
bypass the mitotic spindle checkpoint. Therefore, we examined
the levels of cyclin B and the cdc2 kinase in nocodazole-treated
cells, which are required for entrance into mitosis. As shown in
Fig. 6A, cyclin B levels are reduced in nocodazole-treated
normal HFKs compared to untreated cells (lanes 1 and 2). All
other cells tested which express the HPV oncoproteins (lanes
3 to 10) show little or no decrease in the levels of cyclin B after
nocodazole treatment. Furthermore, cdc2 levels (Fig. 6B) are
also decreased in normal HFKs after nocodazole treatment
(lanes 1 and 2) but remain high for all other cell lines tested
(lanes 3 to 10). The presence of a noncycling, quiescent pop-
ulation in the E6-expressing cells (see 2N population [Fig. 1D])
may account for the lower levels of cyclin B and cdc2. How-
ever, the levels of cyclins and cdc2 remain unchanged before
and after nocodazole treatment (lanes 3 and 4). These data
suggest that expression of the HPV oncoproteins alone, or in
combination, does not lead to decreased expression of cyclin B
and cdc2 following nocodazole treatment.

DISCUSSION

The present study demonstrates the ability of both E6 and
E7 oncoproteins of the HPV high-risk types to bypass the
mitotic spindle checkpoint in human keratinocytes. p53 has
been previously shown to be a component of this checkpoint,
and in its absence, cells inappropriately replicate their DNA

without intervening mitoses when treated with a mitotic spin-
dle inhibitor (6). E6-expressing cells most likely overcome this
checkpoint through their ability to facilitate the degradation of
p53, since the levels of p53 are dramatically reduced in these
cells. This would be consistent with our observation that E6
proteins from low-risk types, which fail to induce p53 degra-
dation, cannot overcome the mitotic checkpoint.

Cells expressing E7 alone can also overcome the mitotic
checkpoint. Levels and activity of p53 are high in E7 cells,
indicating a p53-independent mechanism. E7 functions in
transformation through binding and inhibiting the activities of
Rb, another tumor suppressor protein (reviewed in reference
49). We observed that cells expressing low-risk E7, which binds
Rb with significantly reduced affinity compared to high-risk E7,
are unable to bypass the mitotic checkpoint. This suggests that
deregulation of Rb function may contribute to loss of this
checkpoint. During preparation of this manuscript, studies by
Wahl and coworkers (12) were published which show that loss
of Rb function in Rb2/2 fibroblasts resulted in loss of the
mitotic spindle checkpoint. This is consistent with our findings
and points to one mechanism by which E7 cells can bypass the
checkpoint.

An additional mechanism which may contribute to the abil-
ity of E7-expressing cells to overcome the spindle checkpoint
stems from our observation that the levels of MDM2 are ele-
vated only in E7 cells. Previous studies have shown that over-
expression of MDM2, a cellular oncogene, can lead to multiple
rounds of S-phase replication without intervening mitosis in
mammary epithelial cells (42). Most importantly, this pheno-
type is similar in p53 wild-type and p53 null backgrounds. In
the E7-alone-expressing cells, high levels of functional p53 are
present, as demonstrated by inducible p21 expression. Despite
these high levels, E7 can overcome this checkpoint, suggesting
that its action is independent of p53. It is possible that both loss
of Rb and overexpression of MDM2 can act cooperatively to
result in loss of the mitotic spindle checkpoint.

MDM2 was originally identified as the product of the mu-
rine double minute 2 gene from a spontaneously transformed
BALB/c 3T3 cell line (2). Overexpression of MDM2 has been
shown to increase the tumorigenic potential of cells in culture
(16) and has been found to be amplified in human sarcomas
(51). The ability of MDM2 to promote tumorigenesis is a result
of its interactions with tumor suppressor proteins such as p53.
The product of the mdm2 oncogene forms a complex with p53
and inhibits p53-mediated transactivation (47, 52), growth sup-
pression (17), G1 arrest following DNA damage, and apoptosis
(4, 5, 23). Interestingly, MDM2 expression is transcriptionally
activated by p53 (1, 30, 65), indicating the presence of an
autoregulatory loop between the two proteins. Other interac-
tions of MDM2 include its association with Rb (66). This
interaction results in the deregulation of E2F-DP1 activity,
normally negatively controlled by Rb, leading to stimulation of
S phase entry. Furthermore, MDM2 stimulates the transcrip-
tional activity of two cooperating transcription factors, E2F
and DP1, which enhances the stimulation of S phase (43).

It is interesting that HFK-16E6E7 cells and LKP31 cells do
not express high levels of MDM2 since they, too, express E7.
These cells contain low levels of p53, which may explain the
lack of MDM2 protein since MDM2 is transcriptionally acti-
vated by p53. These data suggest that p53 may be required for
MDM2 expression; however, our data indicate that expression
of p53 alone is not sufficient to induce high levels of MDM2.
For instance, normal HFKs treated with nocodazole contain
levels of p53 similar to that seen in HFK-16E7 cells and yet do
not have detectable levels of MDM2. Furthermore, expression
of E7 alone is not sufficient to induce expression of MDM2,

FIG. 5. Western blot analysis comparing levels of MDM2 protein in normal
and oncoprotein-expressing keratinocytes after nocodazole treatment. Samples
were prepared as described in Materials and Methods. Odd-numbered lanes
represent untreated samples, and even-numbered lanes represent nocodazole-
treated samples.

FIG. 6. Western blot analysis of normal and HPV oncoprotein-expressing
keratinocytes before and after nocodazole treatment for cyclin B and cdc2.
Samples were prepared as described in Materials and Methods. Odd-numbered
lanes represent untreated samples, and even-numbered lanes show nocodazole-
treated samples. (A) Cyclin B protein levels. (B) cdc2 protein levels.
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since HFK-16E6E7 and LKP31 cells do not have detectable
levels of MDM2. We conclude that E7 may activate factors
which function synergistically with p53 to increase MDM2 lev-
els. Finally, recent work by two different groups has found that
MDM2 is able to promote the degradation of p53 (24, 33) and
that there is an inverse correlation between the levels of
MDM2 and those of p53; high levels of MDM2 were shown to
correlate with reduced levels of p53. We do not see decreased
levels of p53 due to overexpression of MDM2 in the HFK-
16E7 cells, demonstrating that this correlation is not true in all
cases.

In addition to p53 and MDM2, p21 has been implicated in
control of the mitotic spindle checkpoint. Work from the Vo-
gelstein laboratory has shown that cells lacking p21 are able to
undergo additional S phases without intervening mitoses when
arrested in a G2-like state (61). Unlike those authors’ findings,
our E7-alone-expressing cells have elevated levels of p21 and
yet still undergo rereplication through a mechanism which
appears to be independent of p53-p21 activity. Furthermore,
recent reports have demonstrated that some tumor cell lines
contain elevated levels of both p53 and MDM2 but lack sig-
nificant levels of p21 (35). It is possible that p53 is not fully
functional in these tumor lines. In our studies, E7-alone-ex-
pressing cells contain elevated levels of p53 and MDM2, as
well as functional p21. E7 cells, therefore, appear to be unusual
in that they express high levels of all three of these cell cycle
regulators.

Previous studies by other groups have examined the role of
the HPV oncoproteins in alteration of genomic stability. White
et al. demonstrated that expression of E6 in human fibroblasts
results in a failure to arrest in G1 and G2 following exposure to
the metabolic inhibitor PALA as well as CAD gene amplifica-
tion (64). In contrast, E7-expressing cells display massive cell
death with the rare appearance of PALA-resistant aneuploid
cells, which occurs by a p53-independent mechanism. This
indicates that each of the HPV oncoproteins alters distinct
pathways, resulting in different types of genomic instability.
The alteration of cyclin-CDK complexes by E6, but not by E7,
is implicated in this loss of genomic stability (67). Likewise,
Reznikoff et al. (53) reported statistically significant differences
in genomic stability between E6- and E7-immortalized human
uroepithelial cells. In our study, we observe a similar loss of cell
cycle control for E6 and E7 in their natural host cells, kerati-
nocytes. Both HPV oncoproteins, through different mecha-
nisms, are able to overcome the mitotic spindle checkpoint,
leading to altered genomic integrity.

We conclude that both HPV oncoproteins contribute to
genomic instability at the mitotic checkpoint: E6 through deg-
radation of p53, a component of the checkpoint, and E7
through a p53-independent mechanism. The loss of Rb as well
as the increased levels of MDM2 in the E7 cells may play a role
in the loss of this checkpoint by providing the signal to undergo
DNA synthesis but not allowing for a complete transition
through mitosis. Both of these mechanisms afford the accumu-
lation of genetic alterations, which may contribute to the pro-
gressive nature of cervical cancer.
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