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The E6 and E7 proteins from the high-risk human papillomaviruses (HPVs) bind and inactivate the tumor
suppressor proteins p53 and Rb, respectively. In HPV-positive cells, expression of E6 proteins from high-risk
types results in increased turnover of p53, which leads to an abrogation of p21-mediated G,/S arrest in
response to DNA-damaging agents. In contrast, keratinocytes which express E7 alone have increased levels of
pS3 but, interestingly, also fail to undergo a G,/S arrest. We investigated the mechanism by which E7 bypasses
this p21 arrest by using both keratinocytes which stably express E7 as well as U20S cells which stably or
transiently express E7. We observed that E7 does not affect the induction of p21 synthesis by p53. While
glutathione S-transferase (GST)-E7 bound a low level of in vitro-translated p21, we were unable to detect E7
and p21 in the same complex by GST-E7 binding assays or immunoprecipitations from cell extracts. Further-
more, E7 did not prevent p21-mediated inhibition of cyclin E kinase activity. In keratinocytes expressing E7,
increased levels of p53, p21, and cyclin E, as well as increased cyclin E kinase activity, were observed. To
determine if this increase in cyclin E activity was necessary for E7’s ability to overcome p21-mediated G,/S
arrest, we examined U20S cells in which cyclin E levels are not increased in response to E7 expression. U20S
cells which stably express E7 were found to initiate DNA synthesis in the presence of DNA-damaging agents
despite the inhibition of cyclin E activity by p21. In transient assays, cotransfection of E7 or E2F-1 along with
p21 into U20S cells rescued G, arrest and resulted in S-phase entry, as measured by the ability to incorporate
bromodeoxyuridine. These data indicate that E7 is able to overcome G,/S arrest without directly affecting p21
function and likely acts through deregulation of E2F activity.

Human papillomaviruses (HPVs) are small DNA viruses
which induce hyperproliferative lesions in epithelial tissues.
High-risk genital HPV strains (HPV type 16 [HPV-16], HPV-
18, HPV-31, and HPV-54) are associated with the develop-
ment of anogenital cancer, particularly malignant carcinoma of
the cervix, while low-risk types (HPV-6 and HPV-11) induce
benign genital warts (29, 34, 38, 45, 68). In the high-risk HPV
types, the E6 and E7 genes encode transforming proteins
which act through their associations with the tumor suppressor
proteins p53 and Rb, respectively (18, 44, 59, 63). In a produc-
tive infection in vivo, E6 and E7 most likely act to control cell
cycle progression and so it is not surprising that, in some viral
types, these genes can contribute to cellular transformation (8,
23, 29, 34).

In uninfected epithelia, keratinocytes undergo terminal dif-
ferentiation as they stratify and migrate toward the surface.
Once cells leave the basal layer and begin to differentiate, they
exit the cell cycle, and their nuclei are degraded in the stratum
granulosum layer (29). In an HPV infection, the expression of
differentiation markers is similar to that of uninfected epithelia
but suprabasal cells retain their nuclei and remain replication
competent (3). Using amphotropic retroviruses, Halbert et al.
(23) and Cheng et al. (8) demonstrated that expression of E7
alone blocks exit from the cell cycle and prevents the differ-
entiation-dependent degradation of nuclei in suprabasal layers.
It is likely that disruption of Rb function contribute to this
property of E7, but it is not clear if it is sufficient (11, 18, 44,
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59). The E7 proteins from low-risk viruses also bind Rb but
with substantially reduced affinity, and it is not known whether
this level of binding is sufficient to maintain cells in a replica-
tion-competent state (8, 26, 45). In an uninfected cell, hypo-
phosphorylated Rb represses transcription from promoters
containing E2F sites during early G, by binding the E2F family
of transcription factors (5, 28, 62). E2F sites are found in the
promoters of a large number of genes required for DNA syn-
thesis during S phase, and phosphorylation of Rb results in the
disruption of the Rb-E2F complex, leading to the stimulation
of S-phase-dependent transcription (35, 61). The binding of E7
to Rb renders E2F transcription constitutive and independent
of the phase of the cell cycle (6).

In addition to Rb, E7 also binds the Rb-related proteins
p107 and p130 (9, 17). All three pocket proteins, Rb, p107, and
p130, negatively regulate E2F transcription, and recent data
suggest that each may associate with different groups of E2F
family members. Some reports suggest that Rb binds only
E2F-1, E2F-2, and E2F-3, while p107 and p130 associate with
E2F-4 and E2F-5 (22, 53, 58, 64). Other groups report a func-
tional role for an Rb—E2F-4 complex (30, 43). Unlike Rb, p107
and p130 bind cyclin E-cdk2 and cyclin A-cdk2 complexes in a
cell cycle-regulated manner coincident with their appearance
just prior to and during S phase, respectively (20, 36, 37). The
E7 proteins associate with cyclin-cdk proteins through the
binding of p107 as well as p130, and these complexes exhibit
histone H1 kinase activity (1, 9, 40). While it is likely that the
association of E7 with non-Rb pocket proteins and cyclin-cdk
complexes contributes to S-phase progression, the targets of
these complexes are only poorly understood.

Further insight into how E7 modulates the cell cycle has
been provided by studies using DNA-damaging agents such as
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actinomycin D and gamma irradiation. Following exposure to
these agents, the levels of p53 are increased, resulting in stim-
ulation of expression of the cyclin regulatory protein p21
through p53 binding sites located in the p21 promoter (15, 19,
25). This increase in p21 protein levels results in a G, arrest
which is dependent on its association with cyclin-cdk com-
plexes (7, 13, 46). At low levels, p21 associates with active
cyclin D-cdk4, cyclin E-cdk2, and cyclin A-cdk2 complexes,
while at high stoichiometric concentrations, it inhibits cyclin
kinase activities, resulting in G,/S arrest (66). Cells which ex-
press the E6 oncoprotein have low levels of p53 due to an
increase in the rate of turnover and are resistant to DNA
damage-induced G,/S arrest (21, 32, 54). Surprisingly, expres-
sion of E7 alone also renders cells refractory to G, arrest in
response to DNA damage despite the presence of functional
pS3 proteins, suggesting that other mechanisms are involved
(12, 27, 56). E7 could abrogate the G,/S checkpoint either by
directly inhibiting p21 action or by targeting activities down-
stream of cyclin-cdk complexes. We have investigated E7’s role
in this process to provide insight into how it modulates cell
cycle progression.

MATERIALS AND METHODS

Cells and exposure to DNA-damaging agents. Normal human keratinocytes
(NHKs) (Clonetics, San Diego, Calif.) were maintained in KGM (Clonetics)
prior to retroviral infection. Retrovirus-infected human keratinocytes (HKs) or
control NHKSs were maintained either in KGM or in serum-containing medium
with fibroblast feeders (41). U20S (wild-type Rb and wild-type p53), C33A
(mutant Rb and mutant p53), and HaCat (mutant p53) cells were maintained in
Dulbecco modified Eagle medium with 10% fetal bovine serum (Gibco BRL,
Grand Island, N.Y.). DNA damage was induced in NHK and HK lines with 0.5
nM actinomycin D treatment for 22 to 24 h, and cells were then harvested for
Western blotting or histone H1 assays (12). U20S cells were treated with 5.0 nM
actinomycin D for 22 to 24 h. Cells were then harvested for the preparation of
whole-cell extracts or treated with 50 wM bromodeoxyuridine (BrdU) for an
additional 18 h.

Western blot analysis. The following antibodies were used at 0.5 pg/ml: anti-
cyclin E antibody (HE12; Pharmingen, San Diego, Calif.), anti-p53 antibody
(Ab-2; Oncogene Science, Uniondale, N.Y.), anti-p21 antibody (15091A; Pharm-
ingen), anti-proliferating cell nuclear antigen (PCNA) antibody (PC10; Pharm-
ingen), and anti-cdk2 antibody (sc-163; Santa Cruz Biotechnology, Santa Cruz,
Calif.). Whole-cell extracts were prepared by placing cells in lysis buffer consist-
ing of 250 mM NaCl, 50 mM HEPES (pH 7.0), 5 mM EDTA, 1 mM dithiothre-
itol (DTT), 100 mM sodium fluoride, 200 pM sodium orthovanadate, 10 uM zinc
chloride, 0.5% Nonidet P-40, 5 mM benzamidine hydrochloride, 1 pg of leupep-
tin per ml, 1 pg of pepstatin per ml, and 10 mM phenylmethylsulfonyl fluoride.
Cells were resuspended in lysis buffer and incubated on ice for 10 min before
insoluble proteins were pelleted in a tabletop microcentrifuge at 4°C. Protein
concentrations were determined by the Bio-Rad protein assay (Bio-Rad, Her-
cules, Calif.). Fifty micrograms of whole-cell extract per lane was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
Western blotting was performed with the above antibodies and the proteins
were visualized by enhanced chemiluminescence (ECL) (Amersham, Arlington
Heights, Ill.) according to the manufacturer’s instructions. Band intensity was
quantitated with a densitometer (model GS-670) with Molecular Analyst soft-
ware (both from Bio-Rad). The nonlinear effects of ECL at high exposures were
not corrected for in determination of the levels of induction, so the actual fold
induction was likely underestimated. However, all comparisons of the levels of
expression were made from one exposure of protein samples run on the same gel.

Retroviruses. PA317 cells producing 16E6E7 and 16E7 amphotropic retrovi-
ruses, conferring neomycin resistance, were a gift of D. Galloway (24). The 18E7
retrovirus was constructed by cloning an 18E7 BamHI/BglII fragment into the
BamHI site of pMX1112 (gift of Nissam Hay) which confers hygromycin resis-
tance. Ecotropic virus was harvested from transient transfections of the psi-2
packaging line. Amphotropic virus was produced after infection of PA317 cells
with ecotropic virus and selection with hygromycin (400 pg/ml) (2). A 1.5-ml
sample of supernatant containing amphotropic retrovirus was used to infect cells
in 5 ml of total medium containing 9 pg of Polybrene (Sigma, St. Louis, Mo.) per
ml. Infected HK cells were selected with 250 pg of G418 (Gibco BRL) per ml or
30 pg of hygromycin (Calbiochem, Cambridge, Mass.) per ml, and colonies were
pooled and analyzed as mass cultures. U20S, C33A, and HaCat cells were
selected with 100 pg of hygromycin per ml, and E7 expression was confirmed by
Western blot analysis.

Histone H1 kinase assays. Whole-cell extracts were prepared in lysis buffer as
described above. Equal amounts of protein were diluted to a volume of 1 ml in
lysis buffer and incubated with 1 pg of anti-cyclin E antibody (sc-248; Santa
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Cruz), 1 pg of anti-pl07 antibody (SD-9; Santa Cruz), or 1 pg of anti-cdk2
antibody (sc-163; Santa Cruz). After a 1-h incubation at 4°C, immune complexes
were collected with protein G Sepharose (Pharmacia, Piscataway, N.J.). For E7
kinase assays, an affinity-purified antibody directed to the carboxyl terminus of
18E7 was used (40). In vitro kinase assays were performed by the method of Koff
et al. (33) with histone H1 as a substrate. Briefly, immunoprecipitates from 0.3
to 1.0 mg of whole-cell extract were collected with protein A or G Sepharose
beads and washed four or five times with cold lysis buffer and then washed four
times with cold kinase buffer (50 mM Tris [pH 7.0], 10 mM MgCl,). Beads were
then incubated for 20 min at 37°C in 50-p.I portions of reaction mixture prepared
in kinase buffer (30 uM ATP, 1 mM DTT, 0.1 mg of bovine serum albumin per
ml, 1 pg of histone H1, 10 p.Ci of [y-**P]ATP). Fifty microliters of 6X SDS-
PAGE sample buffer containing DTT was added, and complexes were boiled
before separation by SDS-PAGE. Radioactivity incorporated was quantitated
with a phosphorimager (Fuji, Tokyo, Japan).

In vitro binding assay. Proteins labeled with [*>S]methionine (Amersham)
were synthesized by using TNT T7 Coupled Reticulocyte Lysate System (Pro-
mega, Madison, Wis.) according to the manufacturer’s instructions with the
following plasmids: pSG5-Rb (gift of D. McCance), pWaf-1-T7 (gift of B. Vo-
gelstein [19]), pBS-cyclin E (40), and pBS-p27 (gift of T. Hunter) (57). Gluta-
thione S-transferase (GST) and GST-E7 proteins were prepared as described
previously (40). The indicated amount of each in vitro-translated product was
diluted in 0.4 ml of lysis buffer and precleared with 6 pg of GST for 1 h at 4°C
followed by 50 l of glutathione-agarose for 30 min at 4°C (Sigma). The pre-
cleared supernatant was then mixed with 3 ug of GST-E7 or GST and incubated
for 1 h at 4°C. Glutathione-agarose beads (50 pl) were added and incubated an
additional 30 min before collection by centrifugation. The proteins complexed to
the glutathione-agarose were then washed five times with 1 ml of cold lysis buffer,
released by boiling in 6X SDS-PAGE sample buffer containing DTT, and sep-
arated by SDS-PAGE (40). Gels were fixed, placed in Amplify (Amersham), and
dried. One-fourth of the input amount was also separated by SDS-PAGE and
examined with a densitometer to check that equivalent amounts were used.

Acute expression assay. Transfections and subsequent B-galactosidase (Bgal)
and BrdU staining were performed by the method of Johnson et al. (31) as
modified by DeGregori et al. (10). CMV-E2F-1 was a gift of W. Krek, pCep-
WAF-1 was a gift of B. Vogelstein, and pSG5-18E7 was described previously
(39). Two micrograms of CMV-Bgal was transfected along with 2 pg of each
plasmid, except for 120 ng of CMV-E2F-1. The concentration of total DNA was
increased to 20 pg with pUC-18, and the DNA was transfected into U20S cells
by calcium phosphate precipitation (51). Transfected cells were split onto cov-
erslips and incubated for 24 to 48 h before addition of 50 pM BrdU (Boehringer
Mannheim, Indianapolis, Ind.) and then incubated for an additional 18 h. Cells
were then fixed in 4% paraformaldehyde for 10 min at room temperature, made
permeable by treatment with methanol-acetone (1:1) for 30 s at room temper-
ature, and stained first with an anti-Bgal antibody (5 Prime-3 Prime, Boulder,
Colo.) (diluted 1:250) and then with a second antibody, a Texas red-conjugated
anti-rabbit immunoglobulin (Ig) antibody (Amersham) (diluted 1:50). Cells were
fixed again in paraformaldehyde, treated with 2 N HCI for 30 min, and stained
first with an anti-BrdU antibody (Boehringer Mannheim) (diluted 1:20) and then
with a second antibody, a fluorescein isothiocyanate (FITC)-conjugated anti-
mouse Ig antibody (Amersham) (diluted 1:10).

BrdU immunofluorescence. Stable U20S-1112 and U20S-18E7 cells were
grown on coverslips or 10-cm-diameter dishes and treated with 5 nM actinomycin
D for 22 to 24 h. BrdU was then added to a final concentration of 50 wM, and
the cells were incubated for an additional 18 h. Cells on coverslips were stained
for BrdU as described for the acute expression assays above.

RESULTS

E7-expressing keratinocytes contain elevated levels of p53,
p21, cyclin E, PCNA, and cdk2. To examine the mechanism by
which the oncogenic E7 proteins modulate cell cycle progres-
sion, we first isolated cell lines following infection of NHKs
with E7-expressing amphotropic retroviruses. Recombinant
retroviruses expressing the HPV-16 E6 and E7 genes (HK-
E6E7) or the HPV-16 or HPV-18 E7 open reading frames
alone (HK-E7) were used to infect monolayer cultures of NHK
cells. Following drug selection, pooled resistant colonies were
examined. In agreement with a previous report (23), infection
with these retroviruses extended the life span of normal fore-
skin keratinocytes. We also observed that the frequency of
establishment of HK-E7 lines in serum-free medium was much
lower than for HK-E6E7 lines. These HK-E7 cells were diffi-
cult to maintain in culture and grew more slowly than HK-
E6E7 or NHK cells. When HK-E7 cells were isolated in me-
dium containing serum, lines were more easily established,
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FIG. 1. Expression of cell cycle proteins in NHK, HK-E7, and HK-E6E7
cells. Equivalent amounts of whole-cell extracts of NHK, HK-E7, and HK-E6E7
cells were separated by SDS-PAGE and examined by Western blot analysis with
anti-p53, anti-p21, anti-cyclin E, anti-PCNA, and anti-cdk2 antibodies as indi-
cated. Proteins were visualized by chemiluminescence.

grew more rapidly, and less cell death was observed than in
HK-E7 lines in serum-free medium.

We next examined these lines for the expression of proteins
which are known to play roles in regulation of the G,/S check-
point. Keratinocytes infected with HPV-16 or HPV-18 E7 ret-
roviruses were found to contain increased levels of p53 protein
than in NHK cells, while E6E7-infected cells expressed re-
duced levels (Fig. 1). Consistent with the levels of p53, HK-E7
cells also contained elevated levels of p21 while HK-E6E7 cells
had reduced levels. Interestingly, cyclin E levels in HK-E7 cells
were two- to threefold higher than in NHKs. The levels of
PCNA and cdk2 were also increased in HK-E7 cells, but to a
lesser degree than for cyclin E. In contrast, the levels of cyclin
E and PCNA expressed in HK-E6E7 cells were similar to those
seen in NHK cells, although HK-E6E7 cells expressed elevated
levels of cdk2. The increase in expression of p53, p21, and
cyclin E in HK-E7 cells was observed regardless of the culture
medium and in all five pooled lines examined. We conclude
that keratinocytes expressing E7 oncoproteins in the absence
of E6 contain high basal levels of cell cycle regulators, such as
cyclin E, p53, p21, and PCNA. In contrast, p53 and p21 levels
in keratinocytes expressing both E7 and E6 were reduced,
while cyclin E and PCNA levels were similar to those seen in
uninfected cells.

E7 does not alter p21 synthesis or its inhibition of cyclin
E-cdk2 kinase activity. To investigate E7’s ability to modulate
progression through the G,/S checkpoint, we examined the
effect of actinomycin D treatment on cell cycle progression.
Actinomycin D treatment has been previously shown to induce
a p53-dependent arrest in keratinocytes (12). When HK-E7
and HK-E6E7 cell lines grown in either the presence or ab-
sence of serum were treated with actinomycin D, they contin-
ued to cycle as determined by fluorescence-activated cell sorter
analysis. In contrast, NHK cells were found to accumulate in
G, with a decrease in S-phase populations (data not shown).
This is in agreement with previous reports demonstrating that
cells expressing E7 alone are at least partially refractory to
p53-dependent arrest at the G,/S checkpoint (12, 27, 56). One
way that E7 could overcome G,/S checkpoint control is by
interfering directly with the function of p53’s effector, p21. E7
could prevent the activation of p21 expression or prevent the
inhibition of cyclin-cdk complexes by p21. To investigate these
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FIG. 2. E7 does not affect p21 increase in response to actinomycin D treat-
ment. Equivalent amounts of whole-cell extracts of NHK, HK-E7, and HK-E6E7
cells, not treated (—) or treated (+) with actinomycin D (act. D), were separated
by SDS-PAGE and examined by Western blot analysis with anti-p53, anti-p21,
and anti-cyclin E antibodies. Proteins were visualized by chemiluminescence and
quantitated by densitometry. Data for quantitated Western blots are as follows:
for four representative Western blots using the E7 lines, the mean increase in p21
was 47%, with a range of 26 to 84%, and the mean increase in p53 was 68%, with
a range of 53 to 77%. For two representative Western blots using the NHK lines,
the increases in p21 were 29 and 47% and the increases in p53 were 41 and 74%.

possibilities, the levels of p53 and p21 proteins in HK cells
were examined before and after exposure to DNA-damaging
agents. As shown in Fig. 2, the levels of p53 and p21 in NHKs
increased upon treatment with low concentrations of actino-
mycin D, while neither was increased in HK-E6E7 cells. In
cells infected with either HPV-16 or HPV-18 E7-expressing
retroviruses, p53 and p21 also increased by an amount similar
to that seen in NHKs (Fig. 2). It therefore appears that the
presence of E7 does not alter the activation of p21 expression
by p53, despite the high basal expression of this gene.

Another mechanism by which E7 could block p21 function is
through direct binding. We therefore investigated whether E7
could form complexes with p21 proteins isolated from cell
extracts or synthesized in vitro. In a previous study (40), im-
munoprecipitation of E7 from retrovirus-infected cells as well
as incubation of NHK cell extracts with GST-E7 demonstrated
that E7 was associated with cyclin E through pl107 binding.
Using a similar assay, we incubated purified GST-E7 with
U20S cell extracts, isolated E7-associated complexes, and
screened for the presence of p21 by Western blot analysis. No
p21 binding was detected in GST-E7 complexes despite the
presence of significant levels of cyclin E (Fig. 3A). We have
also been unable to coimmunoprecipitate a complex of E7 and
p21 from HK-E7 cell extracts (data not shown). In additional
experiments, in vitro-translated Rb, p21, p27%™", and cyclin E
were incubated with GST and GST-E7 proteins. Complexes
were then isolated and analyzed by SDS-PAGE. In these as-
says, Rb association with E7 was easily detected, while no
association was observed with p21, p27, and cyclin E (Fig. 3B
and C). The lack of cyclin E association is due to a requirement
for pl07 protein in the complex (40). A very low level of p21
binding was detected in this assay upon prolonged exposure
(Fig. 3C), while no binding was detected in control reactions.
Since the level of binding was very low, it is unlikely that this
represents a significant association.

Next, it was important to determine if the increased amount
of p21 present in HK-E7 cells after actinomycin D treatment
was still functional by measuring cyclin E-associated kinase
activity. For these experiments, cyclin E, in association with
cdk2, was immunoprecipitated from E7-expressing cells and
examined for kinase activity with histone H1 as a substrate. As
shown in a representative experiment in Fig. 4, following treat-
ment of NHK cells with actinomycin D, cyclin E-associated
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FIG. 3. E7 does not bind p21 in vitro. (A) GST or GST-E7 protein was mixed
with 1.2 pg of U20S whole-cell extracts (WCE), and the resulting protein com-
plexes were precipitated with glutathione-agarose. Associated proteins were sep-
arated by SDS-PAGE, and Western blot analysis was performed with anti-cyclin
E or anti-p21 antibodies. Proteins were visualized by chemiluminescence. The
p21 Western blot was exposed 6 times longer than the cyclin E Western blot. (B)
In vitro-translated product inputs. One-fourth of the amount of each in vitro-
translated product used in the GST-E7 mixing experiment was separated by
SDS-PAGE. (C) Each in vitro-translated product or unprogrammed lysate
(UPL), as indicated, was mixed with GST (lanes 1, 3, 5, 7, and 9) or GST-E7
(lanes 2, 4, 6, 8, and 10) protein, collected with glutathione-agarose, and sepa-
rated by SDS-PAGE. Lane 11 is a longer exposure of lane 6.

kinase activity was reduced. In three different experiments,
cyclin E kinase activity of actinomycin D-treated NHKs was
43% * 14% of untreated NHKs. In HK-E6E7 cells, a high
level of cyclin E-associated kinase activity was observed, de-
spite the fact that the total amount of cyclin E protein was
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FIG. 4. Cyclin E-associated kinase activity in HK-E7 cells is reduced follow-
ing exposure to actinomycin D. Cells were exposed (+) or not exposed (—) to
actinomycin D (act. D). Equivalent amounts of whole-cell extracts (1.5 mg) were
immunoprecipitated with anti-cyclin E antibodies, and in vitro kinase assays were
performed as described in Materials and Methods with histone H1 as a substrate.
The incorporated radioactivity as measured by a phosphorimager is shown below
each lane.

similar to that seen in NHK cells. This is likely the result of
reduced levels of p21 in HK-E6E7 cells (Fig. 1 and 2). Con-
sistent with the reduced levels of p53 and p21, cyclin E activity
in HK-E6E7 cells was not affected or only slightly inhibited
upon exposure to actinomycin D (Fig. 4). HK-E7 cells also
exhibited a high basal level of cyclin E-associated kinase activ-
ity which, unlike HK-E6E7 cells, was reduced following acti-
nomycin D treatment. These experiments were repeated using
HK-E7 lines from five different infections and consistently
demonstrated that cyclin E activity in HK-E7 cells was inhib-
ited by actinomycin D treatment. The cyclin E kinase activity of
actinomycin D-treated HK-E7 cells from six experiments was
46% =+ 10.2% of untreated HK-E7 cells. While its activity was
still inhibited by p21, the residual level of cyclin E activity was
high and comparable to that seen in untreated NHK cells (Fig.
4). We conclude that the increased p21 protein in HK-E7 cells
remained functional, although the residual levels of cyclin E-
cdk2 activity in treated cells were high.

As a result of binding to the pocket protein p107, E7 has
been shown to associate with cyclin-cdk proteins, and these
complexes exhibit kinase activity (1, 9, 40). We next investi-
gated if the kinase activity associated with E7, as well as p107,
was reduced following actinomycin D treatment. In Fig. 5, the
in vitro kinase activity associated with cyclin E, p107, and 18E7
is shown. A high level of background kinase activity was pre-
cipitated from NHK cells with the E7 antibody. The kinase
activity associated with p107, as well as the activity which is
specifically associated with E7 in HK-E7 cells, when corrected
for background, was relatively low compared to the total cyclin
E kinase activity. While cyclin E activity was inhibited in both
NHKs and HK-E7 cells following actinomycin D treatment,
p107 and E7 kinase activities were not appreciably affected.

Increased cyclin E levels in response to E7 expression is
limited to HK-E7 cells. Since cyclin E activity in HK-E7 cells
remained high after actinomycin D treatment, this could ac-
count for the absence of G, arrest. Alternatively, it was possi-
ble that this increased expression of cyclin E was not essential
for the abrogation of G, arrest by E7. It was also interesting
that keratinocytes expressing E6 together with E7 did not show
any increased expression of cyclin E (Fig. 1 and 2).

To determine if expression of E7 alone always resulted in
increased cyclin E expression, the same 18E7-expressing ret-
rovirus was used to infect two HPV-negative keratinocyte cell
lines, C33A and HaCat, as well as an osteosarcoma line, U20S.
While C33A and HaCat contain mutant p53, U20S cells con-
tain functional p53 protein. Following infection, drug-resistant
colonies were pooled and screened by Western blot analysis for
the levels of cyclin E. Expression of E7 in these cell lines did
not result in increased expression of cyclin E (Fig. 6). The
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FIG. 5. Kinase activities associated with p107 and E7 are relatively unaf-
fected compared to cyclin E-associated kinase activity. Cells were exposed (+) or
not exposed (—) to actinomycin D (act. D). Equivalent amounts of whole-cell
extracts were immunoprecipitated with anti-cyclin E, anti-p107, or anti-E7 anti-
bodies, and in vitro kinase assays were performed as described in Materials and
Methods with histone H1 as a substrate. The radioactivity incorporated (incorp.)
as measured by a phosphorimager is represented on the y axis, and the antibody
used for immunoprecipitation (IP Ab) is listed below each group of bars.

levels of E7 expression in HK-E7, C33A-E7, HaCat-E7, and
U20S-E7 cell lines were similar as determined by Western blot
analysis (data not shown). We conclude that the increased level
of cyclin E is not seen in all cells expressing E7.

E7 is able to overcome p21 arrest in cells which do not
contain increased steady-state levels of cyclin E. Since U20S
cells retain functional pS3 proteins and undergo a p21-mediated
G,/S arrest following treatment with actinomycin D, we used
these cells to examine if increased cyclin E levels were required
for E7’s abrogation of p2l-mediated G,/S arrest (67). Stable
U20S lines were created using the 18E7-expressing retrovi-

2 A
A \$€‘ \6?:‘ w\\\ ,\%Q, '\\\{L :\%Q:\
Q“(‘ @%* Q\* 0'5‘5 0'5'5 %@o Q@o
- L

\)‘lpg \)‘196 \\\"‘(~ \\‘4‘\

T e -

FIG. 6. Cyclin E levels are not increased in all cell lines in response to E7
expression. C33A, HaCat, and U20S cells were infected with a control retrovirus
(1112) or an 18E7-expressing retrovirus (18E7). After selection, whole-cell ex-
tracts were separated by SDS-PAGE and examined by Western blot analysis with
anti-cyclin E antibodies and chemiluminescence. (A) Cyclin E Western blot
analysis of C33A and HaCat infections. Analyses of whole-cell extracts from
NHK, HK-18E7, and HK-16E7 cells are also shown. (B) Cyclin E Western blot
analysis of U20S infections. Whole-cell extracts from NHK and HK-18E7 cells
are also shown.
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FIG. 7. U20S cells do not contain elevated levels of p53 or p21 upon stable
expression of E7. Upon actinomycin D treatment, p53 and p21 are increased in
both lines. Cells from U20S-1112 and U20S-18E7 lines were exposed (+) or not
exposed (—) to actinomycin D (act D), and then whole-cell extracts were pre-
pared, separated by SDS-PAGE, and examined by Western blot analysis. West-
ern blots using anti-p53 and anti-p21 antibodies are shown.

rus (U20S-E7) or a control retrovirus (U20S-1112). U20S-E7 cells
did not exhibit higher levels of p53 or p21 compared with those in
U20S-1112 cells (Fig. 7, lanes 1 and 3). Importantly, U20S-E7
cells also did not contain increased levels of cyclin E compared to
those of control virus-infected U20S-1112 cells (Fig. 6B). To de-
termine if U20S-E7 lines are able to initiate DNA synthesis de-
spite the presence of elevated p21, we again utilized actinomycin
D as a DNA-damaging agent. Following treatment with actino-
mycin D, the levels of p53 and p21 were increased in both U20S-
1112 and U20S-E7 lines (Fig. 7). BrdU was added to both un-
treated and treated cells to identify cells entering S phase. The
cells were incubated for another 18 h before detection of BrdU-
positive nuclei by immunofluorescence staining. Representative
photographs and the mean percentages of BrdU-positive U20S-
1112 and U20S-E7 cells after actinomycin D treatment are shown
in Fig. 8. In the presence of DNA-damaging agents, only 7% of
the control U20S-1112 cells entered S phase, while 30% of
U20S-E7 cells were able to initiate DNA synthesis (Fig. 8B and
C). Since more than 90% of untreated cells were labeled with
BrdU over the 18-h incubation, E7 expression did not completely
rescue the actinomycin D-induced arrest (Fig. 8A). U20S-E6E7
cells were also not completely refractory to DNA damage arrest
in this system, with 49% of cells incorporating BrdU after acti-
nomycin D treatment (data not shown).

We next determined if p21 was functional in these stable cell
lines by examining the kinase activity associated with cyclin E
in U20S-E7 and control U20S-1112 cells treated with actino-
mycin D. As shown in Fig. 8D, cyclin E activity in both U20S-
1112 and U20S-E7 cells was inhibited to similar levels after
actinomycin D treatment. This indicates that p21 after treat-
ment is functional in both these lines. Since cyclin A-cdk2
complexes are also inhibited by p21, we also tested kinase
activity associated with cdk2. The total cdk2 activity in
U20S-E7 cells was dramatically inhibited following actinomy-
cin D treatment, indicating that other cdk2 complexes are not
compensating for the inhibited cyclin E activity (Fig. 8E).
From these experiments, we conclude that U20S-E7 cells are
able to initiate DNA synthesis, as measured by the ability to
incorporate BrdU, despite elevated levels of a functional p21
protein.

Expression of E7 and overexpression of E2F-1 have similar
abilities to overcome p21 arrest. To look at the immediate
effects of E7 on p21-mediated G,/S arrest, we next used tran-
sient-transfection assays. The use of transient-transfection as-
says minimizes the effects of any secondary changes which may
arise during the selection of stable cell lines. Based on an assay
developed by Johnson et al. (31), a CMV-Bgal expression plas-
mid was transfected into U20S cells along with expression
vectors for p21, E7, or both. At 48 h posttransfection, BrdU
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FIG. 8. Stable U20S cells expressing E7 are able to initiate DNA synthesis
despite inhibition of cyclin E kinase activity. Stable U20S-E7 lines and control
U20S-1112 lines were treated with actinomycin D for 24 h, incubated for 18 h
with BrdU, and then stained for BrdU incorporation by using a mouse anti-BrdU
antibody and an FITC-conjugated anti-mouse Ig secondary antibody. In all
untreated cell lines, more than 90% of cells incorporated BrdU during the
labeling time; a representative photo is shown in panel A. In panels B and C, the
number of BrdU-positive cells is expressed as a mean percentage of cells in a
field = the standard deviation after at least 18 independent fields from two
independent experiments were counted. Actinomycin D-treated U20S-1112 (B)
and U20S-E7 (C) cells are shown. (D) Cyclin E kinase activity is similar in
control U208 cells (1112) and E7-expressing U20S cells (18E7) before (—) and
after (+) actinomycin D (act. D) treatment. Cyclin E immunoprecipitation and
in vitro kinase assays were performed as described in Materials and Methods.
Radioactivity units as measured by a phosphorimager are listed below the lanes.
(E) Kinase activity associated with cdk2 is inhibited in U20S-E7 cells following
actinomycin D treatment. cdk2 immunoprecipitation and in vitro kinase assays
were performed as described in Materials and Methods.

was added and incubated for 18 h to identify S-phase cells. The
cells were then analyzed by immunofluorescence to identify
cells which had taken up transfected DNA (Bgal-positive cells)
as well as those which had entered S phase (BrdU-positive
cells). Figure 9A shows the results of a representative assay
identifying two transfected cells, one BrdU positive and one
BrdU negative.

Transfection of the Bgal reporter plasmid along with a sim-
ian virus 40 expression vector control typically resulted in 60 to
90% of Bgal-positive cells also staining positive for BrdU. The
number of BrdU-positive cells in the Bgal control transfection
was set at 100, and the other transfections within each exper-
iment were expressed as a percentage of the control. The
average values from three independent experiments are shown
in Fig. 9B. Transfection of p21 was found to result in a dra-
matic decrease in the number of cells entering S phase to 21%.
Cotransfection of an 18E7 expression plasmid consistently re-
sulted in a rescue of p21 arrest, with an average of 57% of
transfected cells found in S phase (Fig. 9B). We confirmed by
Western blot analysis that transfection of p21 and E7 plasmids
resulted in expression of these proteins and that cotransfection
of E7 or E2F-1 did not inhibit expression of p21 (data not
shown).

In previous studies, DeGregori et al. (10) and Dimri et al.
(14) demonstrated that E2F-1 expression was able to over-
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come p21 arrest with similar assay systems. E2F-1 is a down-
stream target of cyclin-cdk complexes such as cyclin E-cdk2
(49, 55). Since it has been shown that E7 deregulates E2F
activity by binding Rb, as well as p107 and p130, we next tested
the effect of transfecting an E2F-1 expression plasmid on p21
arrest in U20S cells. High-level expression of E2F-1 was also
able to overcome p21 arrest, with 68% of the cells in S phase
(Fig. 9B). Since the percentages of cells induced to enter S
phase were similar in both E7- and E2F-1-expressing plasmid-
transfected cells, we conclude that expression of HPV-18 E7
and overexpression of E2F-1 have similar abilities to overcome
a G, arrest induced by transfection of p21 in U20S cells.

DISCUSSION

Investigation of the mechanism by which E7 expression
overcomes p21-mediated arrest provides insight into how E7
functions to deregulate G,/S control and promote S-phase
progression. This is particularly important in viral infections of
differentiating epithelia where E7 has been implicated in acti-
vation of suprabasal DNA replication which allows for virion
production (8, 23). Using treatment with actinomycin D to
induce DNA damage, we observed that E7-expressing cells
retained the ability to induce p53 and p21 expression. More-
over, the elevated levels of p21 were able to inhibit cyclin E
kinase activity in both keratinocytes and U20S cells expressing
E7, indicating that E7 was not directly interfering with p21
function.

While the results of our experiments demonstrated that
GST-E7 could associate with in vitro-translated p21, the levels
of binding were so low that we do not believe it constituted a
significant physiological association. In addition, we did not
detect p21 from whole-cell extracts in association with GST-
E7, nor have we been able to coimmunoprecipitate p21 and E7
from keratinocytes immortalized by E7 (HK-E7). Recent re-
ports indicate that binding of p107 and p21 by cyclin E-cdk2 is
mutually exclusive, since p107 and p21 associate with cyclin-
cdk complexes through homologous sequences (67). Since we
and others have previously shown that E7 associates with cy-
clin-cdk2 complexes through p107, it is unlikely that p21 binds
these complexes (1, 9, 40). E7 also exhibits associated kinase
activity, and like p107-associated kinase activity, it was found
not to be dramatically reduced following induction of p21.
Since the E7-associated kinase activity is low in comparison to
total cyclin E kinase activity, it is not clear if it plays a signif-
icant role in E7 function or alters the targets of p107-bound
cyclin E-cdk2 complexes. Likewise, the role of p107 cyclin-
associated complexes in cell cycle progression is unclear, and
the cellular targets of the kinase activity are not known.

Using transient-transfection assays in U20S cells, the ability
of E7 to overcome p2l-mediated arrest was observed to be
similar in effect to that seen with E2F-1 overexpression. This is
consistent with previous studies which have shown that over-
expression of E2F-1 alone can overcome p21-induced cell cycle
arrest (10, 14). Dimri et al. (14) also demonstrated that E2F
activity is repressed as a result of inhibition of cyclin-cdk ac-
tivity, which suggests that it may be the ultimate downstream
effector of p21 arrest. The results of our experiments suggest
that E7, like E2F-1 overexpression, acts downstream of cyclin-
cdk complexes to overcome p21 arrest. The similarity between
the effects of E7 and the overexpression of E2F-1 is consistent
with E7’s ability to deregulate E2F activity through the binding
of Rb and possibly other pocket proteins. This is also in agree-
ment with the results of a study by Slebos et al. (56) which
demonstrated that mouse embryonic fibroblasts with germline
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FIG. 9. HPV-18 E7, like E2F-1, expression can overcome p21-mediated G, arrest. (A) Immunofluorescence of transfected U20S cells. U20S cells were transfected
with a Bgal expression plasmid and incubated for 24 to 48 h before the addition of BrdU for an 18-h labeling period. Cells were stained by indirect immunofluorescence
as described in Materials and Methods. The left panel shows the rabbit anti-Bgal staining with a Texas red-conjugated anti-rabbit Ig secondary antibody. The right panel
shows the mouse anti-BrdU staining of the same field with a FITC-conjugated second anti-mouse Ig secondary antibody. The Bgal-positive cells are indicated by arrows;
the upper right-hand cell is negative for BrdU staining, and the lower left-hand cell is positive for BrdU staining. (B) E7 or E2F-1 expression results in the initiation
of DNA synthesis in the presence of p21. A total of 200 to 250 Bgal (Bgal)-positive cells were counted and recorded as BrdU positive or negative. The percent
BrdU-positive cells in the control Bgal transfection was set at 100%. The error bars represent the standard deviations of at least three experiments.

disruptions in both Rb alleles are partially refractory to p53-
dependent G, arrest.

We observed that NHKs expressing E7 exhibited increased
levels of cyclin E. However, neither expression of E7 together
with E6 in NHKSs nor expression of E7 alone in C33A, HaCat,
or U20S cells resulted in an increase in cyclin E. Interestingly,
only the cells which contain increased levels of p53 and p21 in
response to E7 expression, the HK-E7 cells, exhibited in-
creased cyclin E protein. It is possible that increased cyclin E
activity may be selected for in these stable cell lines to over-
come the effects of elevated p21 levels and allow for their
efficient proliferation in culture. Since cyclin E has additional
targets besides E2F-1 which are required for a normal S phase,
HK-E7 cells would likely still require cyclin E activity for mul-
tiple divisions (16). It is also possible that loss of Rb function,
through E7 expression, results in the derepression of the cyclin
E promoter through its E2F sites, although the lack of a similar
increase in cyclin E in HK-E6E7 cells or U20S-E7 cells, which
both contain functional Rb, would argue against this mecha-
nism (47).

Regardless of the mechanism responsible for the increase in
steady-state levels of cyclin E in HK-E7 cells, our data using
the transient-transfection assay and stable U20S-E7 cells indi-
cate that elevated levels are not required for E7’s ability to
overcome a G,/S checkpoint block and initiate DNA synthesis.
Since the cyclin E present in the U20S-E7 cells is inhibited by
the increased p21 to a degree similar to that found in control
cells, E7 is not interfering with the function of p21. To assay for
DNA synthesis in our experiments, we used BrdU incorpora-
tion which measures only S-phase entry, not passage through
or completion of S phase. Despite the fact that 30% of stable
U20S-E7 cells were able to incorporate BrdU after actinomy-
cin D treatment, analysis of DNA content by propidium iodide
staining indicated that there was still an increase of U20S-E7
cells with diploid (2N) DNA content which was similar to
control cells (52a). Therefore, while E7 expression results in
the initiation of S phase, these cells may not proceed normally
through S phase and accumulate greater than 2N DNA con-
tents. It is likely that, while E7-expressing cells initiate S phase
in the presence of p21-inhibited cyclin E, this S phase is not

complete. This would be consistent with an E7-induced S
phase which is mediated by E2F-1 deregulation. Other studies
have demonstrated that, while E2F-1 overexpression is able to
induce S phase in serum-starved or p2l-arrested cells, this S
phase is abortive and results in p53-mediated apoptosis (10, 31,
52, 65). Perhaps not surprisingly, high-risk HPVs encode a
protein, E6, which abrogates p53 functions by promoting its
degradation (54).

In the differentiating suprabasal cells of an HPV-infected
epithelium, E7 expression may result in the initiation of an S
phase like that induced by E2F-1 expression alone. This would
allow cells to remain competent to replicate viral genomes but
would not result in a complete S phase like that seen in unin-
fected cycling cells. Recent experiments with Drosophila mela-
nogaster demonstrate that cyclin E has E2F independent tar-
gets which are required for S phase (16). Our experiments do
not imply that E7 can act to replace the role of cyclin E in S
phase. While we have shown that E7 does not affect p21’s
actions at cyclin-cdk complexes, it is likely that all lines which
stably express E7 retain a requirement for cyclin E activity to
proceed through S phase and reinitiate subsequent divisions in
culture. Previous studies have demonstrated that E7 cells
which contain increased p53 still contain hyperphosphorylated
Rb, indicating that these cells which continue through S phase
do contain some kinase activity (12, 27, 56). Duronio et al. (16)
have proposed that since cyclin E and E2F-1 positively regulate
each other’s activity, the activation of either one alone would
be sufficient to promote S-phase entry but that both activities
are still required for a normal S phase.

The ability of E7 to overcome p21-mediated arrest may also
provide insight into how E7 functions to retain DNA replica-
tion competence in differentiating cells during an HPV infec-
tion. Upon epithelial differentiation, p21 transcripts have been
shown to be increased through a p53-independent pathway
(42, 48). E7 expression, possibly through deregulating E2F-1,
would permit differentiating cells to remain in S phase despite
an increase in p21. This would allow for amplification of viral
DNA in suprabasal cells in the presence of significant levels of
p21. It is also possible, however, that additional targets besides
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pocket proteins are required for overcoming G, arrest in a
differentiating epithelium.

A recent study by Demers et al. (11) examined mutant E7
proteins for their ability to overcome p21-mediated G, arrest,
transforming growth factor B-induced G, arrest, and supra-
basal quiescence in differentiated epithelium. Each E7 con-
struct was found to exhibit similar activities in all three assays,
suggesting a common mechanism of action. E7 proteins with
mutations in the pocket protein binding domain of E7 were
impaired in their ability to overcome G, arrest in all systems, in
agreement with the hypothesis that abrogation of this check-
point requires pocket protein binding and subsequent deregu-
lation of E2F activity. Interestingly, two E7 proteins with mu-
tations in the amino terminus of E7 which retained the ability
to bind Rb were also defective in overcoming G, arrest, and it
is therefore possible that other functions of E7 besides pocket
protein binding are required for the abrogation of G, arrest.
Alternatively, these relatively drastic mutations in E7’s amino
terminus, which include a substitution with proline or a five-
amino-acid deletion, may affect the efficiency with which these
proteins disrupt Rb-E2F interactions. In support of this idea,
some groups have reported that similar mutant E7 proteins
exhibit impaired ability to transactivate an E2F-responsive pro-
moter, although conflicting data exist on this point (4, 50, 60).
Therefore, the impaired ability of these mutant E7 proteins to
overcome p21 arrest may still be consistent with the hypothesis
that E7 is acting through deregulation of E2F-1. Further stud-
ies are still required, however, to address if there are additional
targets of E7 which are important for retention of replication
competence, as well as if there are additional functions of E7
which are required in the vegetative life cycle of HPVs.

ACKNOWLEDGMENTS

We thank Denise Galloway for the 16E7 and 16E6E7 retroviral
constructs as well as for sharing results prior to publication. We thank
T. Hunter, W. Krek, and B. Vogelstein for providing plasmids. We also
thank K. Rundell, F. Stubenrauch, J. Thomas, and D. McCance for
critical review of the manuscript and members of the Laimins lab for
helpful discussions.

M.N.R. was supported by a NIH training grant on the Cellular and
Molecular Basis of Disease (GM08061-123). This work was supported
by a grant to L.A.L. from National Institute of Allergy and Infectious
Diseases (AI31494).

REFERENCES

1. Arroyo, M., S. Bagchi, and P. Raychaudhuri. 1993. Association of the human
papillomavirus type 16 E7 protein with the S-phase-specific E2F-cyclin A
complex. Mol. Cell. Biol. 13:6537-6546.

2. Ausubel, F., R. Brent, R. Kingston, D. Moore, J. Seidman, J. Smith, and K.
Struhl (ed.). 1995. Current protocols in molecular biology, vol. 1. John Wiley
& Sons, New York, N.Y.

3. Blanton, R., M. Coltrera, A. Gown, C. Halbert, and J. McDougall. 1992.
Expression of the HPV16 E7 gene generates proliferation in stratified squa-
mous cell cultures which is independent of endogenous p53 levels. Cell
Growth Differ. 3:791-802.

4. Brokaw, J., C. Yee, and K. Munger. 1994. A mutational analysis of the amino
terminal domain of the human papillomavirus type 16 E7 oncoprotein.
Virology 205:603-607.

5. Chellappan, S., S. Hiebert, M. Mudryj, J. Horowitz, and J. Nevins. 1991. The
E2F transcription factor is a cellular target for the Rb protein. Cell 65:1053—
1061.

6. Chellappan, S., V. Kraus, B. Kroger, K. Munger, P. Howley, W. Phelps, and
J. Nevins. 1992. Adenovirus E1A, simian virus 40 tumor antigen, and human
papillomavirus E7 protein share the capacity to disrupt the interaction be-
tween transcription factor E2F and the retinoblastoma gene product. Proc.
Natl. Acad. Sci. USA 89:4549-4553.

7. Chen, J., P. Jackson, M. Kirschner, and A. Dutta. 1995. Separate domains of
p21 involved in the inhibition of cdk kinase and PCNA. Nature 374:386-388.

8. Cheng, S., D. Schmidt-Grimminger, T. Murant, T. Broker, and L. Chow.
1995. Differentiation-dependent up-regulation of the human papillomavirus
E7 gene reactivates cellular DNA replication in suprabasal differentiated
keratinocytes. Genes Dev. 9:2335-2349.

10.

11.

12.

13.

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

E7 ABROGATION OF p21 ARREST 5577

. Davies, R., R. Hicks, T. Crook, J. Morris, and K. Vousden. 1993. Human

papillomavirus type 16 E7 associates with a histone H1 kinase and with p107
through sequences necessary for transformation. J. Virol. 67:2521-2528.
DeGregori, J., G. Leone, K. Ohtani, A. Miron, and J. Nevins. 1995. E2F-1
accumulation bypasses a G1 arrest resulting from the inhibition of G1 cyclin-
dependent kinase activity. Genes Dev. 9:2873-2887.

Demers, G., E. Espling, J. Harry, B. Etscheid, and D. Galloway. 1996.
Abrogation of growth arrest signals by human papillomavirus type 16E7 is
mediated by sequences required for transformation. J. Virol. 70:6862-6869.
Demers, G., S. Foster, C. Halbert, and D. Galloway. 1994. Growth arrest by
induction of p53 in DNA damaged keratinocytes is bypassed by human
papillomavirus 16 E7 protein. Proc. Natl. Acad. Sci. USA 91:4382-4386.
Deng, C., P. Zhang, J. Harper, S. Elledge, and P. Leder. 1995. Mice lacking
p21<IPVWAFL ypdergo normal development, but are defective in G1 check-
point control. Cell 82:675-684.

Dimri, G., M. Nakanishsi, P. Desprez, J. Smith, and J. Campisi. 1996.
Inhibition of E2F activity by the cyclin-dependent protein kinase inhibitor
p21 in cells expressing or lacking a functional retinoblastoma protein. Mol.
Cell. Biol. 16:2987-2997.

. Dulic, V., W. Kaufmann, S. Wilson, T. Tlsty, E. Lees, J. W. Harper, S.

Elledge, and S. Reed. 1994. p53-dependent inhibition of cyclin-dependent
kinase activities in human fibroblasts during radiation-induced G1 arrest.
Cell 78:1013-1023.

. Duronio, R., A. Brook, N. Dyson, and P. O’Farrell. 1996. E2F-induced S

phase requires cyclin E. Genes Dev. 10:2505-2513.

. Dyson, N., P. Guida, K. Munger, and E. Harlow. 1992. Homologous se-

quences in adenovirus E1A and human papillomavirus E7 proteins mediate
interaction with the same set of cellular proteins. J. Virol. 66:6893-6902.

. Dyson, N., P. Howley, K. Munger, and E. Harlow. 1989. The human papil-

lomavirus-16 E7 oncoprotein is able to bind to the retinoblastoma gene
product. Science 243:934-936.

. El-Deiry, W., T. Tokino, V. Velculescu, D. Levy, R. Parsons, J. Trent, D. Lin,

W. Mercer, K. Kinzler, and B. Vogelstein. 1993. WAF1, a potential mediator
of p53 tumor suppression. Cell 75:817-825.

Ewen, M., B. Faha, E. Harlow, and D. Livingston. 1992. Interaction of p107
with cyclin A independent of complex formation with viral oncoproteins.
Science 255:85-90.

Foster, S., G. Demers, B. Etscheid, and D. Galloway. 1994. The ability of
human papillomavirus E6 proteins to target p53 for degradation in vivo
correlates with their ability to abrogate actinomycin D-induced growth ar-
rest. J. Virol. 68:5698-5705.

Ginsberg, D., G. Vairo, T. Chittenden, A. Xiao, G. Xu, K. Wydner, J. De-
Caprio, J. Lawrence, and D. Livingston. 1994. E2F-4, a new member of the
E2F transcription factor family, interacts with p107. Genes Dev. 8:2665—
2679.

Halbert, C., G. Demers, and D. Galloway. 1992. The E6 and E7 genes of
human papillomavirus type 6 have weak immortalizing activity in human
epithelial cells. J. Virol. 66:2125-2134.

Halbert, C., G. Demers, and D. Galloway. 1991. The E7 gene of human
papillomavirus type 16 is sufficient for immortalization of human epithelial
cells. J. Virol. 65:473-478.

Harper, J., G. Adami, N. Wei, K. Keyomarsi, and S. Elledge. 1993. The p21
cdk-interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent
kinases. Cell 75:805-816.

Heck, D., C. Yee, P. Howley, and K. Munger. 1992. Efficiency of binding the
retinoblastoma protein correlates with the transforming capacity of the E7
oncoproteins of the human papillomaviruses. Proc. Natl. Acad. Sci. USA
89:4442-4446.

Hickman, E., S. Picksley, and K. Vousden. 1994. Cells expressing HPV16 E7
continue cell cycle progression following DNA damage induced p53 activa-
tion. Oncogene 9:2177-2181.

Hiebert, S., S. Chellappan, J. Horowitz, and J. Nevins. 1992. The interaction
of Rb with E2F coincides with an inhibition of the transcriptional activity of
E2F. Genes Dev. 6:177-185.

Howley, P. M. 1991. Papillomavirinae and their replication, vol. 2. Raven
Press, New York, N.Y.

Ikeda, M., L. Jakoi, and J. Nevins. 1996. A unique role for the Rb protein in
controlling E2F accumulation during cell growth and differentiation. Proc.
Natl. Acad. Sci. USA 93:3215-3220.

Johnson, D., J. Schwarz, W. Cress, and J. Nevins. 1993. Expression of
transcription factor E2F1 induces quiescent cells to enter S phase. Nature
365:349-352.

Kessis, T., R. Slebos, W. Nelson, M. Kastan, B. Plunkett, S. Han, A. Lorincz,
L. Hedrick, and K. Cho. 1993. Human papillomavirus 16 E6 disrupts the
p53-mediated cellular response to DNA damage. Proc. Natl. Acad. Sci. USA
90:3988-3992.

Koff, A., F. Cross, A. Fisher, J. Schumacher, K. Leguellec, M. Philippe, and
J. Roberts. 1991. Human cyclin E, a new cyclin that interacts with two
members of the cdc2 gene family. Cell 66:1217-1228.

Laimins, L. 1993. The biology of human papillomaviruses: from warts to
cancer. Infect. Agents Dis. 2:74-86.

LaThangue, N. 1994. DRTF1/E2F: an expanding family of heterodimeric



5578

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

RUESCH AND LAIMINS

transcription factor implicated in cell cycle control. Trends Biochem. Sci.
19:108-114.

Lees, E., B. Faha, V. Dulic, S. Reed, and E. Harlow. 1992. Cyclin E/cdk2 and
cyclin A/cdk2 kinases associate with p107 and E2F in a temporally distinct
manner. Genes Dev. 6:1874-1885.

Li, Y., C. Graham, S. Lacy, A. Duncan, and P. Whyte. 1993. The adenovirus
ElA-associated 130-kD protein is encoded by a member of the retinoblastoma
gene family and physically interacts with cyclins A and E. Genes Dev. 7:2366—
2371.

Lowy, D., R. Kernbauer, and J. Schiller. 1994. Genital human papillomavirus
infection. Proc. Natl. Acad. Sci. USA 91:2436-2440.

Mclntyre, M., M. Frattini, S. Grossman, and L. Laimins. 1993. Human
papillomavirus type 18 E7 protein requires intact Cys-X-X-Cys motifs for
zinc binding, dimerization, and transformation but not for Rb binding. J. Vi-
rol. 67:3142-3150.

Mclntyre, M., M. Ruesch, and L. Laimins. 1996. Human papillomavirus E7
oncoproteins bind a single form of cyclin E in a complex with cdk2 and p107.
Virology 215:73-82.

Meyers, C., M. Frattini, J. Hudson, and L. Laimins. 1992. Biosynthesis of
human papillomavirus from a continuous cell line upon epithelial differen-
tiation. Science 257:971-973.

Missero, C., E. Calautti, R. Eckner, J. Chin, L. Tsai, D. Livingston, and G.
Dotto. 1995. Involvement of the cell-cycle inhibitor Cipl/Wafl and the E1A-
associated p300 protein in terminal differentiation. Proc. Natl. Acad. Sci.
USA 92:5451-5455.

Moberg, K., M. Starz, and J. Lees. 1996. E2F-4 switches from p130 to p107
and pRb in response to cell cycle reentry. Mol. Cell. Biol. 16:1436-1449.
Munger, K., B. Werness, N. Dyson, W. Phelps, E. Harlow, and P. Howley.
1989. Complex formation of human papillomavirus E7 proteins with the
retinoblastoma tumor suppressor gene product. EMBO J. 8:4099-4105.
Munger, K., C. Yee, W. Phelps, J. Peitenpol, H. Moses, and P. Howley. 1991.
Biochemical and biological differences between E7 oncoproteins of the high-
and low-risk human papillomavirus types are determined by amino-terminal
sequences. J. Virol. 65:3943-3948.

Nakanishi, M., R. Robetorye, G. Adami, O. Pereira-Smith, and J. Smith.
1995. Identification of the active region of the DNA synthesis inhibitory gene
p2sAiVCIPYWAFL EMBO J. 14:555-563.

Ohtani, K., J. DeGregori, and J. Nevins. 1995. Regulation of the cyclin E gene
by transcription factor E2F1. Proc. Natl. Acad. Sci. USA 92:12146-12150.
Parker, S., G. Eichele, P. Zhang, A. Rawls, A. Sands, A. Bradley, E. Olson,
J. Harper, and S. Elledge. 1995. p53-independent expression of p21<'*! in
muscle and other terminally differentiating cells. Science 267:1024-1027.
Peeper, D., A. van der Eb, and A. Zantema. 1994. The G1/S cell-cycle
checkpoint in eukaryotic cells. Biochim. Biophys. Acta 1198:215-230.
Phelps, W., K. Munger, C. Yee, J. Barnes, and P. Howley. 1992. Structure-
function analysis of the human papillomavirus type 16 E7 oncoprotein.
J. Virol. 66:2418-2427.

51,

52.

J. VIROL.

Potter, H. 1996. Transfection of DNA into eukaryotic cells, vol. 1.1. John
Wiley and Sons, Inc., New York, N.Y.

Qin, X., D. Livingston, W. Kaelin, and P. Adams. 1994. Deregulated tran-
scription factor E2F-1 expression leads to S-phase entry and p53-mediated
apoptosis. Proc. Natl. Acad. Sci. USA 91:10918-10922.

52a.Ruesch, M. N., and L. A. Laimins. Unpublished data.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sardet, C., M. Vidal, D. Cobrinik, Y. Geng, C. Onufryk, A. Chen, and R.
Weinberg. 1995. E2F-4 and E2F-5, two members of the E2F family, are
expressed in the early phases of the cell cycle. Proc. Natl. Acad. Sci. USA
92:2403-2407.

Scheffner, M., B. Werness, J. Huibregtse, A. Levine, and P. Howley. 1990.
The E6 oncoprotein encoded by human papillomavirus types 16 and 18
promotes the degradation of p53. Cell 63:1129-1136.

Sherr, C. 1994. G1 phase progression: cycling on cue. Cell 79:551-555.
Slebos, R., M. Lee, B. Plunkett, T. Kessis, B. Williams, T. Jacks, L. Hedrick,
M. Kastan, and K. Cho. 1994. p53-dependent G1 arrest involves pRB-
related proteins and is disrupted by the human papillomavirus 16 E7 onco-
protein. Proc. Natl. Acad. Sci. USA 91:5320-5324.

Toyoshima, H., and T. Hunter. 1994. p27, a novel inhibitor of G1 cyclin/cdk
protein kinase activity, is related to p21. Cell 78:67-74.

Vairo, G., D. Livingston, and D. Ginsberg. 1995. Functional interaction
between E2F-4 and pl30: evidence for distinct mechanisms underlying
growth suppression by different retinoblastoma protein family members.
Genes Dev. 9:869-881.

Vousden, K. 1994. Interactions between papillomavirus proteins and tumor
suppressor gene products. Adv. Cancer Res. 64:1-24.

Watanabe, S., T. Kanda, H. Sato, A. Furuno, and K. Yoshike. 1990. Muta-
tional analysis of human papillomavirus type 16 E7 functions. J. Virol.
64:207-214.

Weinberg, R. 1995. The retinoblastoma protein and cell cycle control. Cell
81:323-330.

Weintraub, S., C. Prater, and D. Dean. 1992. Retinoblastoma protein
switches the E2F site from positive to negative element. Nature 358:259-261.
Werness, B., A. Levine, and P. Howley. 1990. Association of human papillo-
mavirus types 16 and 18 E6 proteins with p53. Science 248:76.

Wu, C.-L., L. Zukerberg, C. Ngwu, E. Harlow, and J. Lees. 1995. In vivo
association of E2F and DP family proteins. Mol. Cell. Biol. 15:2536-2546.
Wu, X,, and A. Levine. 1994. p53 and E2F-1 cooperate to mediate apoptosis.
Proc. Natl. Acad. Sci. USA 91:3602-3606.

Zhang, H., G. Hannon, and D. Beach. 1994. p21-containing cyclin kinases
exist in both active and inactive states. Genes Dev. 8:1750-1758.

Zhu, L., E. Harlow, and B. Dynlacht. 1995. p107 uses a p21<'"'-related
domain to bind cyclin/cdk2 and regulate interactions with E2F. Genes Dev.
9:1740-1752.

zur Hausen, A., and E. de Villiers. 1994. Human papillomaviruses. Annu.
Rev. Microbiol. 48:427-447.



