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The E7 oncoproteins encoded by the high-risk type of human papillomaviruses (HPVs) interact with the Rb
family proteins Rb, p107, and p130. The Rb family proteins associate with the factors of the E2F family to form
transcription repressor complexes, which control expression of several genes essential for S-phase entry and
DNA replication. The E7 oncoproteins, by interacting with the Rb family proteins, dissociate the repressor
complexes involving the factors of the E2F and Rb families, leading to a release of the E2F factors in their
activator forms. In this study, we have addressed the mechanism by which the HPV type 16 (HPV16) E7
stimulates the cell cycle. Using a cell line that inducibly expresses the HPV16 E7 protein, we show that an
accumulation of E7 induces quiescent cells to enter S phase and that this function of E7 depends on retention
of the motif involved in binding to the Rb family proteins. To study the effects of E7 on normal human cells,
we generated a recombinant adenovirus that expresses the HPV16 E7 protein. Infection of normal human
fibroblasts, which were arrested in G, phase by serum deprivation, with the E7-expressing virus induced the
cells to enter S phase. The E7-induced S phase entry was accompanied by an increase in the activator form of
E2F, but no increase in the cyclin-dependent kinase (cdk) activity was detected. Infection of serum-stimulated
fibroblasts with a recombinant adenovirus expressing the cdk inhibitor p21 inhibited progression into S phase.
Coinfection with the E7-expressing virus abrogated the p21 inhibition of progression into S phase without
increasing the cdk activity. These results are consistent with the notion that E7 stimulates entry into S phase

through targets downstream of the cdks such as the proteins of the E2F and Rb families.

The products of the human papillomavirus (HPV) onco-
genes E6 and E7 cooperate to immortalize and transform cells
(17, 19, 28, 38, 51), and they inactivate the cellular tumor
suppressor proteins pS3 and Rb. The E6 gene product binds
p53 and induces a proteolytic degradation of p53 through the
ubiquitin pathway (7, 28, 30, 45). The ability to induce p53
degradation has been linked to the oncogenic function of E6.
The E6 proteins encoded by HPV types 6 and 11 (HPV6 and
-11), which are low risk for malignant transformation, are un-
able or much less efficient in inducing degradation of p53
compared to those encoded by the high-risk types of HPV such
as HPV16 and HPV18 (7, 45). Primary human fibroblasts ex-
pressing the HPV16 E6 protein at a high frequency exhibit
genomic instability, chromosomal rearrangements, and aneu-
ploidy (54), which are hallmarks of cancer cells. These char-
acteristics are consistent with an E6-mediated loss of p53 be-
cause p53 is critical for genomic integrity and stability (57).

The E7 oncoprotein exhibits both structural and functional
similarities with other DNA virus oncoproteins such as adeno-
virus E1A and simian virus 40 T antigen (5, 14, 15, 35). These
oncoproteins interact with the Rb family proteins Rb, p107,
and p130. The N-terminal sequences of E7, E1A, and T anti-
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gen contain a motif (LXCXE) that is involved in binding to the
Rb family proteins (5, 14). The growth suppression domains of
the Rb family proteins are targeted by the LXCXE motifs of
these viral oncoproteins (24, 39, 55). It is generally believed
that E7, by binding to the growth suppression domains, elim-
inates the suppression functions of the Rb family proteins (21).
The C-terminal half of E7 does not exhibit homology with E1A
or T antigen; however, this region is also important for the
transformation function (26, 32). The C-terminal region con-
tains Cys-X-X-Cys zinc-binding motifs, which are crucial for
dimerization and transformation (32). A mutation in one of
the cysteine residues within a zinc-binding motif resulted in a
loss of the immortalization function of E7 (26, 32). The bio-
chemical function of the C-terminal region and the significance
of dimerization of E7 are yet to be determined.

One of the consequences of E7’s binding to the Rb family of
proteins is an increase in the activator form of the E2F family
of transcription factors (39). The E2F factors exist in both
activator and repressor forms, and they control expression of
genes that are involved in DNA replication and cell division (3,
9, 10, 39). The repressor forms of the E2F factors involve the
Rb family proteins. For example, Rb binds to E2F-1, E2F-2,
E2F-3, and E2F-4 to generate complexes that are believed to
be repressors of genes containing E2F-binding sites (22, 25, 31,
34, 44, 52, 53). p130 and p107 interact with E2F-4 and E2F-5
to generate similar repressor complexes (16, 34, 43, 49). E2F
molecules that are not bound to the Rb family proteins are
considered to be activators of transcription (13, 56). Highly
purified E2F factors from HeLa nuclear extracts or recombi-
nant E2F-1 could stimulate transcription in vitro (56). More-
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over, expression of E2F-1 has been shown to induce expression
of several genes that are necessary for S-phase entry and DNA
replication (13, 47). E7, by binding to the Rb family of pro-
teins, disrupts their interactions with the E2F factors and re-
leases the E2F factors in their activator forms. In addition, E7
has been shown to induce expression of B-myb (29) and of the
cyclin E (58), cyclin A (58), and proliferating cell nuclear
antigen (6) genes. These findings are also consistent with the
effects of E7 on the activity of the E2F family factors because
these genes have been shown to be regulated by the E2F
factors (9).

It has been shown that differentiated human keratinocytes
constitutively expressing the E7 protein remain replication
competent (6). Moreover, keratinocytes expressing E7 could
overcome growth arrest induced by DNA damage (11, 23).
These findings are consistent with E7’s effects on the activity of
the E2F family of transcription factors as well as on the ex-
pression of the cell cycle genes such as those encoding cyclin A,
cyclin E, and proliferating cell nuclear antigen. It is possible
that E7, by stimulating expression of the cyclin genes, increases
the activities of the cyclin-dependent kinases (cdks) to then
induce cells to progress into S phase. Besides increasing the
expression of cyclin genes, E7 has been shown to associate with
cyclin E, cyclin A, and cdks (1, 8, 33, 48). These results imply
a role of the cdks in the mechanism by which E7 stimulates
DNA synthesis. We used a cell line that inducibly expresses the
HPV16 E7 protein and an E7-expressing recombinant adeno-
virus to study the events that closely follow E7 expression.
Here, we show that an accumulation of E7 in serum-deprived
cells induces entry into S phase. This E7-mediated entry into S
phase is accompanied by an increase in the activator form of
the E2F family of transcription factors, but no significant in-
crease in cdk activity is detectable. Moreover, E7 abrogates the
cell cycle-inhibitory effects of p21 without increasing cdk ac-
tivity.

MATERIALS AND METHODS

Cell culture. 3T3-E7 (wild type) and 3T3-E7 (mutant), NTH 3T3 cells express-
ing wild-type E7 and mutant E7, respectively, from the metallothionien pro-
moter, were described before (36, 37). Normal human fibroblasts were a kind gift
from G. R. Adami (University of Illinois at Chicago College of Dentistry). The
cells were maintained in Dulbecco modified Eagle medium (DMEM) containing
10% fetal bovine serum.

Construction of recombinant adenoviruses. Recombinant adenoviruses were
generated by the overlap recombination method (2, 20). The wild-type E7 cDNA
or a mutant E7 ¢cDNA (harboring a deletion of amino acids DLYC in the
Rb-binding region) was subcloned into the BamHI/HindIII sites of plasmid
pGEM CMV NEW (—) (a kind gift from the lab of J. R. Nevins [Duke Univer-
sity, Durham, N.C.]). This plasmid also contains adenovirus sequences for the
overlap recombination. Purified adenovirus DNA (type 5 in340) was digested
with Xbal and Clal. The large piece of the viral DNA was purified by 1% agarose
gel electrophoresis. Three micrograms of Narl-linearized pPGEM CMV NEW
(—) containing E7 cDNA downstream of the cytomegalovirus promoter and 0.5
wg of the large fragment of adenovirus DNA obtained after Clal/Xbal digestion
were cotransfected into 293 cells grown in six-well cluster plates. Transfection
was carried out by the calcium phosphate coprecipitation method (36). Precip-
itates were removed after 4 h, and cells were glycerol shocked with 1 ml of
phosphate-buffered saline containing 10% glycerol for 1 min followed by two
washes with DMEM containing 10% fetal bovine serum. Five days after trans-
fection, lysates were prepared and potential recombinant viruses were isolated by
plaque purification. The recombinants were confirmed by purification of the viral
DNA, restriction digestion, and Southern blot hybridization. Stocks were pre-
pared by infecting 293 cells. Crude lysates were subjected to a second round of
plaque purification. The plaque-purified viruses were used to infect human
normal fibroblasts.

Virus infection. Cells were infected at an average multiplicity of 30 PFU per
cell. Infection was carried out in DMEM medium (2 ml/10-cm-diameter dish)
containing no serum for 1 h at 37°C. After a 1-h infection, cells were replenished
with DMEM (8 ml/10-cm-diameter dish); when necessary, 10% fetal bovine
serum was added to the culture medium.

Flow cytometric DNA analysis. Nuclei from 5 million cells were isolated by a
detergent-trypsin method followed by staining with propidium iodide (50). The
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flow cytometry analysis was performed in the Research Resources Center at the
University of Illinois at Chicago with the help of K. Hagen. The flow cytometers
used were Coulter EPICS 753 and Coulter EPICS ELITE ESP (Coulter Elec-
tronics Co., Hialeah, Fla.). The calculations of percentage of cells in the different
phases of cell cycle were done by using the Multicycle AV program (Phoenix
Flow Systems, San Diego, Calif.).

Northern blotting for E7 expression. Northern blot assays for E7 expression
were carried out as previously described (36, 37).

Immunoprecipitation and Western blotting. Immunoprecipitation and West-
ern blot assays for E7 expression were described before (36). Western blot assays
for p21, cdc2, cdk2, and cdk4 were carried out as described by Shiyanov et al.
(46). cdc2, cdk2, and cdk4 antibodies were purchased from Santa Cruz Biotech-
nology.

Assays of cdks. Cells were lysed in buffer containing 50 mM Tris-HCI (pH 7.5),
250 mM NaCl, 0.1% Nonidet P-40, and 50 mM sodium fluoride. Cell lysates (250
wg) were incubated with 1 pg of antibodies against cdc2 (Santa Cruz), cdk2
(Pharmingen), cdk4 (Santa Cruz), cyclin A (Pharmingen), cyclin B (Pharmin-
gen), cyclin E (Santa Cruz), or cyclin D1 (Santa Cruz) for 2 h at 4°C. The
immune complexes were collected onto protein A-Sepharose beads. cdc2 and
cdk2 were also purified from these extracts by binding to p13-Sepharose beads
for 1 h on a nutator. The p13-Sepharose beads were prepared as previously
described (42). The beads containing the immune complexes were washed three
times with cell lysis buffer and once with kinase buffer (50 mM Tris-HCI [pH 7.5],
10 mM MgCl,, 1 mM dithiothreitol). The washed beads were used to phosphor-
ylate histone H1 in the presence of [y->?P]JATP and a protein kinase A inhibitor
as described elsewhere (42). For cdk4 and kinases that associate with cyclin D1,
glutathione S-transferase (GST)-Rb (0.3 pg) was used as the substrate.

Gel retardation assays for E2F. Gel retardation assays were performed as
previously described (46).

RESULTS

Expression of the HPV16 E7 oncoprotein in quiescent NIH
3T3 cells induces entry into S phase. We have described the
construction of cell lines that express wild-type or mutant
HPV16 E7 oncoprotein in an inducible manner (36). These
cell lines were constructed by transfecting NIH 3T3 cells with
E7 expression plasmids under the control of a modified human
metallothionein promoter (36). The mutant E7 construct har-
bors changes in the Rb-binding domain (LXCXE motif) and
does not bind the Rb family proteins (41). Expression of E7 in
these cells can be induced about 10-fold by adding 4 uM zinc
chloride to the culture medium (Fig. 1A, lanes 1 and 2). The
zinc chloride treatment was carried out typically for 3 h be-
cause these cells, irrespective of E7 expression, elicited a toxic
response upon a longer incubation with zinc chloride (data not
shown). The effect of E7 expression on cell cycle progression
was studied by exposing these cells to zinc chloride for 3 h. To
investigate the effect of E7 on quiescent cells, the cells were
grown to 80% confluence and serum starved in DMEM con-
taining 0.5% fetal bovine serum for 36 h. Zinc chloride was
added to the serum-starved cells, and after a 3-h incubation,
the medium was replaced by fresh medium. After an additional
incubation for 15 h, cells were harvested, and nuclei were
purified, stained with propidium iodide, and subjected to flow
cytometry analysis. Results of three independent experiments
are summarized in Table 1. Clearly, expression of the wild-type
HPV16 E7 stimulated a significant proportion of the cells to
enter S phase, whereas cells expressing a mutant E7 that is
unable to bind the Rb family proteins behaved very much like
the normal NIH 3T3 cells and remained arrested in the G,/G,
phase. The 3T3-E7 (wild type) and 3T3-E7 (mutant) cells ex-
pressed the wild-type and mutant E7 proteins at comparable
levels (37). Interestingly, the E7-mediated entry into S phase
required about 12 h, which is approximately the time required
during serum-stimulated entry into S phase (not shown).

Expression of E7 in serum-deprived primary human fibro-
blasts causes the cells to enter S phase. The effects of E7 on
normal human fibroblasts and keratinocytes have been studied
by comparing cells expressing no E7 with those constitutively
expressing HPV16 E7 (6, 11, 54). These studies reported al-
tered cell cycle behavior of cells expressing E7. For example, it
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FIG. 1. Expression of E7 in cells infected with the E7 virus. (A) 293 cells
were infected with the E7 virus at increasing multiplicity of infection for the indi-
cated time periods. The 6-h infection was carried out at 100, 300, or 1,200 PFU/
cell, whereas the 12- and 24-h infections were carried out at 30, 100, or 300 PFU/
cell as described in Materials and Methods. The cells were maintained in DMEM
containing 10% fetal bovine serum. A northern blot of 1.5 ug of total cellular
RNA probed for E7 mRNA is shown. The two lanes at the left contained RNA
from the inducible NIH 3T3 cells (37) before and after induction with zinc
chloride. (B) 293 cells or primary human fibroblasts were infected with the wild-
type or E7 (WT-E7) the mutant E7 (Mu-E7) virus at 30 PFU/cell for 20 h. Cell
lysates (2 mg) were immunoprecipitated by a monoclonal antibody against E7.
The immunoprecipitates were subjected to Western blot analysis. The blots were
probed with the E7 antibody and developed with enhanced chemiluminescence.

was shown that keratinocytes expressing the E7 protein do not
exhibit G, arrest upon DNA damage, suggesting that E7 can
bypass a G, block (11, 23). Moreover, differentiated keratino-
cytes expressing E7 remain replication competent (6). To in-
vestigate a more immediate effect of E7 on the cell cycle
control mechanisms of mortal cells, we sought to construct a
recombinant adenovirus that can be used to infect primary
cells. Recombinant adenoviruses encoding wild-type or mutant
E7 were constructed as described in Materials and Methods.
The mutant E7-expressing virus (E7 virus) expressed the mu-

TABLE 1. Expression of HPV16 E7 in quiescent cells
induces entry into S phase

% of cells”

Cells —Zinc chloride +Zinc chloride (4 pM)

G/G;, S GJM GyG, S GyM

NIH 3T3 85 9 6 8 11 6
3T3-E7 (wild type) 81 12 7 49 39 12
3T3-E7 (mutant) 85 7 8 77 15 8

“ Average of three experiments. The variation did not exceed 5%.
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FIG. 2. The E7 virus does not replicate in primary human fibroblasts to any
significant extent. Replication of the wild-type E7 (WT-E7) and mutant E7
(Mu-E7) virus was analyzed by assaying E7 DNA relative to total cellular DNA.
Human fibroblasts were infected at 30 PFU/cell for the indicated time periods.
The infected cells were then lysed in buffer containing 20 mM Tris-HCI (pH 7.5),
0.1% sodium dodecyl sulfate, and 200 mM sodium chloride. The lysates were
digested with proteinase K (0.2 mg/ml) and RNase A (0.1 mg/ml) for 1 h at 37°C.
The DNA was isolated by phenol-chloroform and ethanol precipitation. To
check for recovery, E7 virus was mixed with lysates from uninfected cells and
subjected to a similar DNA isolation procedure (Positive Control). Ten micro-
grams of the isolated DNA was digested with EcoRI and BamHI. The digests
were subjected to a Southern blot analysis using E7-specific antisense RNA as a
probe (upper panel). The lower panel shows an ethidium bromide (EtBr) stain
of the DNA that was used in the Southern blot.

tant protein at a much lower level than the wild-type virus (Fig.
1B); therefore, it was used only as an infection control and is
referred to as control virus. Expression of the wild-type E7 at
different multiplicities of infection is shown in Fig. 1A.

The wild-type E7 virus did not replicate to any significant
extent in normal human fibroblasts during a 36-h infection
period. To detect viral DNA replication, the amount of E7
DNA relative to total cellular DNA was measured at different
time points after infection. For a positive control, viral DNA
was added to an equivalent lysate of uninfected cells. Ten
micrograms of RNase-treated total DNA was digested with
EcoRI and BamHI, which releases E7 DNA from the viral
genome. The E7 DNA was analyzed by a Southern blot assay
using E7-specific RNA probes. As can be seen in Fig. 2, we did
not detect any significant increase of the E7 DNA relative to
total cellular DNA after 12, 24, or 36 h of infection, which
would be consistent with a lack of viral DNA replication. Also,
we did not detect any cytopathic effect within the 36-h time
period, which is routinely seen in 293 cells. In addition, we did
not detect any difference in levels of the adenovirus E4 gene
expression (which is important for the viral DNA replication)
between the wild-type E7 and the control virus (not shown).

The normal human fibroblasts were used to determine the
effects of E7 expression on the cell cycle control of primary
human cells because these cells can be arrested in G, phase by
serum starvation. Fibroblasts were grown to 40% confluence in
DMEM medium containing 10% fetal bovine serum. The cells
were then starved for 48 h in serum-free DMEM medium. The
serum-starved cells were infected with 30 PFU of the wild-type
E7 virus or the control virus. The cells were harvested after
15 h of infection. Nuclei were purified, stained with propidium
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TABLE 2. Accumulation of HPV16 E7 protein in serum-deprived
normal human fibroblasts induces entry into S phase

% of cells in“:
Virus infection

Gy/G, S G,M
None 87.5 6 6.5
Wild-type E7 virus 16 75 10
Control virus 89 3 8

“ Average of three independent experiments. The variation did not exceed
10%.

iodide, and subjected to flow cytometry analysis. The results of
the flow cytometry analysis are summarized in Table 2. After
serum starvation, the majority of cells were in Gy/G, phase of
the cell cycle. The expression of wild-type E7 stimulated entry
into S phase. The control virus-infected cells remained ar-
rested in Gy/G, phase. These results are consistent with the
notion that E7 overrides a G, block induced by serum starva-
tion and stimulates cells to enter S phase.

Recent studies on E2F-1 indicated that the expression of
E2F-1 in quiescent NIH 3T3 cells or in primary rodent cells
stimulates entry into S phase. HPV16 E7 has been shown to be
a regulator of the E2F activity (1, 5, 40). E7 disrupts the
interaction between E2F and the Rb family proteins, leading to
an increase in the level of the activator form of E2F (5, 40).
Moreover, E7 also associates with a cyclin A-containing com-
plex of E2F (1). To investigate whether the cell cycle-stimula-
tory effect of E7 correlates with its effect on the E2F com-
plexes, the extracts from control virus- and E7 virus-infected
cells were compared by E2F-specific gel retardation assays.
Consistent with previous results, the extract of the wild-type E7
virus-infected cells contained significantly more free E2F
(which is considered to be the activator form of E2F) than the
extract of the control virus-infected cells (Fig. 3). Moreover,
one of the complexes in the extract of E7 virus-infected cells
remained bound to E7, which would be consistent with a pre-
vious observation that E7 binds to a complex of E2F containing
cyclin A and p107 (1).

To determine the effects of E7 expression on the activities of
cdks, the extracts from infected cells were compared for cdk
activities. These extracts contained comparable levels of the
cdc2, cdk2, and cdk4 proteins (Fig. 4B). We were unable to
detect cdk6 in these extracts (not shown), which is consistent
with a poor expression of cdké in fibroblasts (33a). Antibodies
against cdc2, cdk2, and cdk4 were used to immunoprecipitate
the kinases from extracts of cells that were infected with the
control virus or E7 virus for 10 or 15 h. The immunoprecipi-
tates were washed and subjected to phosphorylation assays
using either histone H1 (for cdc2 and cdk2) or GST-Rb (for
cdk4) as substrates. Antibodies against cyclin A, cyclin B,
cyclin E, and cyclin D1 were also used to purify the associated
kinases. The activities of these kinases were compared for their
abilities to phosphorylate histone H1 (cyclins, A, B, and E) or
GST-Rb (cyclin D1). The phosphorylation experiments were
performed as described in Materials and Methods. These ex-
periments allowed us to assay specifically the cdks because the
phosphorylating activities could be eliminated by the cdk in-
hibitor p21 and immunoprecipitates obtained with normal im-
munoglobulin G did not exhibit any histone H1 phosphoryla-
tion activity (not shown). As can be seen in Fig. 4A, we did not
detect any significant increase of these kinase activities by the
expression of E7. Moreover, we used p13-Sepharose beads to
collect the cdks from cell extracts. The p13-bound kinases were
assayed for histone H1 phosphorylation activity as described in
Materials and Methods. Again, no significant difference was
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observed between the extracts from E7 virus-infected cells and
control virus-infected cells (Fig. 4C).

Expression of the E7 gene overrides the cell cycle inhibition
by p21. Results presented above suggested that the HPV16 E7
protein could stimulate entry into S phase without requiring an
up-regulation of the activity of the cdks. To further investigate
the role of the cdks in the E7-mediated entry into S phase, we
used the cdk inhibitor p21 (12, 18). A recombinant adenovirus
expressing p21 (p21 virus) was used for this purpose. Construc-
tion of the p21 virus has been described elsewhere (4). Primary
human fibroblasts were grown to 30% confluence and then
starved in serum-free medium for 48 h. The cells were then
infected with viruses. Five hours after virus infection, the cul-
ture medium was replaced by medium containing 10% fetal
bovine serum; the incubation was continued for another 15 h,
and cells were then harvested and subjected to flow cytometry
analysis. Results of three independent experiments are sum-
marized in Table 3.

Infection of cells with the p21 virus resulted in an inhibition
of the serum-induced entry into S phase (Table 3). This inhi-
bition correlated with an inhibition of the cdks in the extracts
(Fig. 5). The cdk activities were measured by collecting the
kinases on p13-Sepharose beads, which were subsequently as-
sayed by the ability to phosphorylate histone H1. These results
are consistent with the notion that p21 inhibits cell cycle pro-
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FIG. 3. Extracts from wild-type E7 virus-infected cells contain high levels of
free E2F. Primary human fibroblasts were grown to 40% confluence and then
maintained in DMEM containing no serum for 48 h. The starved cells were
infected with the wild-type E7 (WT-E7) virus or the control virus for 15 h.
Whole-cell extracts were prepared as described before (46). The extracts (10 ng)
were subjected to the E2F-specific DNA-binding assay in the presence of specific
(Sp.) or nonspecific (Nonsp.) competitor DNA (46). Where indicated, the reac-
tion mixtures were also incubated with E7 antibody (0.1 ng), Rb antibody (0.1
ug), or p130 antibody (1 pg). The p130 antibody at this level of assay recognizes
both p130- and p107-containing complexes.
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FIG. 4. Extracts from wild-type E7 virus- and control virus-infected cells con-
tain similar levels of cdk activities. Human fibroblasts were grown to 30% con-
fluence and then maintained in DMEM for 48 h. The serum-starved cells were
infected with the wild-type or control virus for 10 or 15 h. Cells were lysed in buff-
er containing 50 mM Tris-HCI (pH 7.5), 250 mM sodium chloride, 0.1% Nonidet
P-40, and 50 mM sodium fluoride. The cell lysates were used to perform the
following experiments. (A) The indicated antibodies against the various cdks and
cyclins were used to immunoprecipitate the kinases from the cell lysates (250 pg)
as described in Materials and Methods. After extensive washing, the immunopre-
cipitates were subjected to phosphorylation assays as previously described (42)
(see Materials and Methods). (B) Cell lysates (100 pug) were analyzed in Western
blot assays for the levels of cdc2, cdk2, and cdk4 proteins. Antibodies (Santa
Cruz) were used at 1:200 dilution. The blots were developed by enhanced chemi-
luminescence (Amersham) as instructed by the manufacturer. (C) Infection was
carried out for 20 h. Cell lysates (150 pg) were incubated with 10 wl of p13 beads
(about 2.5 mg of p13 per ml of beads). After an extensive washing, the beads
were used to assay for histone H1 kinase activity as previously described (42).

gression by inhibiting cdks (12, 18). Coinfection of cells with
the wild-type E7 virus, but not the control virus, overcame the
inhibition conferred by the p21 virus. However, the extracts did
not exhibit a return of the cdk activities (Fig. 5). Cells infected
with the E7 virus alone entered S phase with greater efficiency
than cells that were coinfected with p21 virus, most likely
because of a decrease in the level of E7 expression in p21
virus-coinfected cells. In the coinfection experiments, E7 did
not alter the level of p21 expression, but p21 reduced the level
of E7 (Fig. 6). On the basis of these results, we conclude that
E7 stimulates entry into S phase without requiring an increase
of the cdk activities.

DISCUSSION

Previous studies on the effects of E7 on cell cycle progres-
sion were carried out with cells that constitutively express the
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TABLE 3. HPV16 E7 overrides the p21-mediated
inhibition of S-phase entry

b,
Addition of serum and % of cells in”:

virus infection”

Gy/G, S
No addition 87 11
10% FBS 63 35
10% FBS + p21 virus 80 18
10% FBS + p21 virus + WT E7 virus 51 42
10% FBS + p21 virus + control virus 82 15
10% FBS + control virus 52 37
10% FBS + WT E7 virus 39 57

“ FBS, fetal bovine serum; WT, wild-type.
® Average of three independent experiments. The variation did not exceed 5%.

E7 protein (6, 11, 23). While these studies generated valuable
insights into the function of E7, the mechanism by which E7
modifies the cell cycle remains poorly understood. In this
study, we used an inducible system and a recombinant adeno-
virus to express E7 in an on/off manner, which allowed us to
analyze the events that closely follow E7 expression. Using
NIH 3T3 cells that express HPV16 E7 under the control of a
metal-inducible promoter (36), we showed that expression of
E7 stimulates serum-starved NIH 3T3 cells to enter S phase.
Expression of a mutant E7 which does not bind the Rb family
protein had no effect on serum-starved NIH 3T3 cells. These
results suggest that the Rb-binding function of E7 is important
for its cell cycle-stimulatory activity. We also observed that
expression of the wild-type but not mutant E7 generated a
higher level of free E2F factors in the cell extracts (not shown).
Therefore, it is possible that E7 stimulates cell cycle progres-
sion by increasing the levels of free E2F, which would be
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FIG. 5. E7 does not reverse the p21 inhibition of histone H1 kinase activities
in primary human fibroblasts. Primary human fibroblasts were grown to 30%
confluence and then incubated in DMEM without serum for 48 h. The starved
cells were infected with the indicated viruses. Five hours following infection, cells
were stimulated by adding 10% fetal bovine serum to the culture medium. Cell
lysates were prepared 15 h after serum stimulation. Histone H1 kinases activities
were purified by p13-Sepharose beads and subjected to histone H1 kinase assays
as described before (42).
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FIG. 6. Coinfection with the p21 virus reduces expression of E7 in E7 virus-
infected cells. Human fibroblasts were infected with the indicated viruses as
described in the legend to Fig. 5. The cell lysates were analyzed for E7 and p21
expression. For E7 expression, 2 mg of the cell lysates was subjected to immu-
noprecipitation (IP) with an E7 antibody (37). The immunoprecipitates were
analyzed for E7 by a Western blot assay (37). For p21 expression, 200 wg of the
cell lysates was directly analyzed in a Western blot assay using a p21-specific
antibody (46) as a probe.

consistent with the observation of Johnson et al. (27) that
expression of E2F-1 in quiescent NIH 3T3 cells stimulates the
cells to enter S phase.

To determine the effects of E7 on primary human cells, we
constructed recombinant adenoviruses that express wild-type
or mutant (defective in Rb binding) E7. The mutant E7 virus
produced much less protein in 293 cells and in primary human
fibroblasts compared to the wild-type E7 virus (Fig. 1). There-
fore, it was used mainly as an infection control. We did not
detect any significant replication of these viruses in primary
human fibroblasts during a 36-h infection period. The replica-
tion of viral DNA was measured by assaying for an increase in
E7 DNA relative to total cellular DNA. No significant increase
in E7 DNA relative to total DNA was observed (Fig. 2). Also,
we assayed for expression of the E4 gene, which is critical for
adenovirus DNA replication. We did not see any difference in
E4 gene expression in cells infected with the wild-type E7 virus
and the mutant E7 virus (not shown).

The E7 virus was used to infect primary human fibroblasts.
Accumulation of the E7 protein in serum-deprived fibroblasts
stimulated the cells to enter S phase without requiring any
growth factor (Table 2). The E7-induced entry into S phase
coincided with an accumulation of free E2F (Fig. 3), which is
believed to be the activator form of the E2F factors. The
activator form of E2F has been shown to stimulate expression
of several genes involved in DNA replication (9). It is possible
that E7, by generating the activator form of E2F factors, stim-
ulates entry into S phase. E7 was shown to stimulate expression
of cyclin A and cyclin E genes (58). In our experiments, serum-
deprived human fibroblasts contained the cyclins, and the ac-
cumulation of E7 did not show any significant increase in their
levels (not shown). This could be a result of high background
signals. Also, we did not observe any significant increase in the
cdk activity (Fig. 4). In addition, we did not detect any increase
in the phosphorylation of Rb, p107, E2F-4, and DP1 (not
shown). Therefore, these results suggested the possibility that
E7 stimulated S-phase entry by increasing the levels of free
E2F and that an increase in cdk activity or Rb phosphorylation
is not essential. This would be apparently different from the
observations made in cells constitutively expressing E7. It was
shown that keratinocytes constitutively expressing E7 are not
arrested by DNA damage and that the Rb protein remains in
the hyperphosphorylated forms (11, 23). Our results, on the
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other hand, are consistent with the observations made with
E2F-1 overexpression. It was shown that cells overexpressing
E2F-1 bypass G, arrest induced by v-irradiation without an
accompanying increase of G, cdk activities (9). It is, however,
possible that E7 causes hyperphosphorylation of Rb with a
much delayed kinetics which is beyond the time frame of the
experiments presented here. A delayed phosphorylation of Rb
was also observed in the case of E2F-1-induced S-phase entry
(9). Nevertheless, in keeping with an observation made by
Arroyo et al. (1), we detected an interaction of E7 with a
cyclin-containing complex of E2F (Fig. 3). Therefore, an in-
volvement of cyclin-cdk2 cannot be ruled out.

To further investigate the role of the cdks in the E7-medi-
ated entry into S phase, we coinfected cells with recombinant
adenovirus that encodes the cdk inhibitor p21. Infection of
fibroblasts with the p21 virus resulted in an inhibition of the
serum-stimulated entry into S phase, which coincided with an
inhibition of the cdks. Interestingly, coinfection with the E7
virus abrogated the p21 inhibition, and the cells entered S
phase in the presence of a high level of p21. p21 inhibits cell
cycle progression by inhibiting cdks (12, 18). E7 expression did
not reverse the p21 inhibition of cdk activity (Fig. 5). This
observation confirms that an increase in cdk activity is not
essential for the E7-mediated S-phase entry. However, we can-
not completely rule out an involvement of these kinases be-
cause there was always a residual of level of these kinases in
our experiments. Nevertheless, the results are consistent with
the notion that E7 bypasses the need for cdks by acting on
targets downstream of the cdks, which is also in agreement
with the fact that E7 interacts with the Rb family proteins,
which are downstream targets of the cdks. We suggest that an
E7-mediated disruption of the repressor complexes involving
the E2F factors plays a crucial role in stimulating entry into S
phase.
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