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Cells expressing human papillomavirus type 16 (HPV-16) E7, similar to those which express HPV-16 E6, are
resistant to a p53-mediated G1 growth arrest. We examined the p53-mediated DNA damage response pathway
in E7-expressing cells to determine the mechanism by which E7-containing cells continue to cycle. In response
to DNA damage, no dramatic difference was detected in G1- or S-phase cyclin or cyclin-dependent kinase (Cdk)
levels when E7-expressing cells were compared to the parental cell line, RKO. Furthermore, Cdk2 kinase
activity was inhibited in both RKO cells and E7-expressing cells, while Cdk2 remained active in E6-expressing
cells. However, the steady-state levels of pRB and p107 protein were substantially lower in E7-expressing cells
than in the parental RKO cells or E6-expressing cells. There was no reduction in pRB mRNA levels, but the
half-life of pRB in E7-expressing cells was markedly shorter. Infection of primary human foreskin keratino-
cytes with recombinant retroviruses expressing HPV-16 E7 resulted in a decrease in pRB protein levels,
indicating this phenomenon is a consequence of E7 expression, not of immortalization or transformation.
These data strongly suggest E7 interferes with the stability of pRB and p107 protein. We propose that the
removal of these components of the p53-mediated G1 growth arrest pathway in E7-expressing cells contributes
to the ability of E7 to overcome a p53-mediated G1 growth arrest.

Papillomaviruses are small, double-stranded DNA viruses
which induce papillomas, or warts, in many higher vertebrate
species. Most papillomaviruses have a specific tropism for
squamous epithelial cells. A subset of human papillomaviruses
(HPVs) causes a variety of malignancies of the anogenital
mucosa. The low-risk viruses, such as HPV type 6 (HPV-6) and
HPV-11, have been associated with lesions that have a low
probability for malignant progression, such as genital warts
(condyloma acuminata). The high-risk types, including
HPV-16 and HPV-18, cause squamous intraepithelial lesions
that can progress to carcinoma in situ and invasive, cervical
carcinoma (reviewed in reference 57).
In most cases where viral infection is associated with the

development of cancer, the virus has integrated into the host
genome. Integration occurs such that there is disruption of the
E2 and/or E1 genes, encoding the major viral regulatory pro-
teins, resulting in deregulated expression of the E6 and E7
viral oncoproteins. Analysis of HPV-positive cervical carci-
noma tissues or cell lines derived from them revealed that the
E6 and E7 genes are consistently expressed. These data suggest
that continued expression of these proteins is important for the
initiation and maintenance of the transformed state (reviewed
in reference 39). This is consistent with the finding that E6 and
E7 are the only two viral genes necessary and sufficient for the
efficient immortalization of primary human genital epithelial
cells, the normal host cells of these viruses (21, 38).
The mechanisms by which these two viral proteins contrib-

ute to uncontrolled cell growth and differentiation are not yet
fully understood. The high-risk HPV E6 viral oncoprotein has
been shown to interact with and to trigger the degradation of
the tumor suppressor protein p53 (44, 53). This is accom-
plished by the association of high-risk HPV E6 with the cellu-

lar protein E6-AP, which in turn targets the p53 protein for
degradation by ubiquitin-mediated proteolysis (26). As the ab-
sence of p53 function has been correlated with an increased
susceptibility to develop cancers (23), the ability of HPV E6 to
decrease p53 levels is likely a major factor in its transforming
activity. In addition, p53 has been implicated in mediating a G1
arrest in response to ionizing radiation and DNA damage (30).
The absence of this checkpoint control in the presence of HPV
E6 may lead to the replication of damaged DNA and the
accumulation of chromosomal abnormalities (31, 54), a hall-
mark of many cancers (19). E6 can also interact with several
other cellular proteins (28), including E6BP, a putative calcium
binding protein (9).
The oncogenicity of HPV-16 E7 is partially attributed to its

ability to bind the retinoblastoma tumor suppressor protein
(pRB) and related pRB family members, p107 and p130 (re-
viewed in reference 37). HPV-16 E7 preferentially binds to the
G0/G1-specific, hypophosphorylated form of pRB (15). Com-
plexes containing pRB, or other pRB family members, and the
cellular transcription factor E2F act as transcriptional repres-
sors of E2F-responsive genes (52). Phosphorylation of pRB
near the G1/S boundary leads to the release of E2F and sub-
sequent transactivation of E2F-responsive genes, which is re-
quired for entry into S phase (reviewed in reference 1).
Interaction of high-risk HPV E7 proteins with pRB also

inactivates complexes between pRB family members and E2F
(8, 40), thus abrogating the delicate, cell cycle-dependent reg-
ulation of the transcriptional activity of E2F. This is thought to
be an important way in which E7 contributes to deregulation of
the cell cycle. There is increasing evidence, however, that E7 is
likely to contribute to tumorigenesis in ways beyond this well-
characterized interaction with pRB. Although the ability to
interact with pRB and the related proteins p107 and p130 is
important for the transforming potential of HPV-16 E7, sub-
stantial evidence suggests this property is not sufficient for
transformation. Certain E7 mutants which are competent for
pRB binding are unable to efficiently transform (4, 16, 43). The
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amino-terminal E7 sequences that are similar to the conserved
region 1 of adenovirus E1A contribute to cellular transforma-
tion independent of pRB binding (4, 7, 16, 43). The carboxyl-
terminal Cys-X-X-Cys motifs are also important for the trans-
formation of primary rodent cells (33), immortalization of
primary human foreskin keratinocytes (HFKs) (27), and the
disruption of the E2F-1–pRB complex (25, 55). This domain of
E7 functions as a dimerization domain (10, 33, 58) and can
mediate interactions with members of the AP-1 family of tran-
scription factors (3).
The ability of cells expressing HPV-16 E6 or HPV-16 E7 to

override a p53-mediated G1 growth arrest has been well doc-
umented (13, 22, 47, 50). One of the initial cellular responses
to DNA damage is an increase in the levels of p53. Because
p53 is able to transcriptionally activate negative growth regu-
latory genes, including the gene for the cyclin-dependent ki-
nase (Cdk) inhibitor p21WAF1/Cip1 (17), this G1 arrest involves
the inhibition of cyclin-Cdk complexes, including those that
normally phosphorylate and inactivate the G1-specific, growth-
suppressive, hypophosphorylated form of pRB (reviewed in
reference 20). The ability of E6-expressing cells to overcome a
p53-mediated G1 growth arrest is presumably due to the ability
of high-risk HPV E6 proteins to target the p53 protein for
degradation (29). However, the mechanism by which E7-ex-
pressing cells override the p53-mediated G1 growth arrest has
not yet been clearly defined.
Here we have analyzed components of the cell cycle machin-

ery in E6- or E7-expressing clones of the human colon carci-
noma cell line RKO (47) to elucidate the response of E7-
expressing cells to a p53-mediated G1 growth arrest. Previous
reports suggested that the HPV-16 E7 oncoprotein is able to
activate cell cycle progression downstream of the cyclin-Cdk
complexes in a p53-induced G1 block (13, 22, 47). We report
that levels of critical substrates of G1- and S-phase-specific Cdk
complexes, pRB and p107, are decreased as a result of HPV-16
E7 expression. We propose that removal of these negative
growth regulators contributes to the ability of E7-expressing
cells to override a p53-mediated G1 growth arrest.

MATERIALS AND METHODS

Cell lines and culture. The human colon carcinoma cell line RKO expresses
apparent wild-type pRB and p53 proteins. Two clonal cell populations which
express the HPV-16 E7 oncoprotein (RKO 7.6 and RKO 7.14) and two clonal
cell populations which express the HPV-16 E6 oncoprotein (RKO 10.1 and RKO
10.2) were kind gifts from Kathy Cho (Johns Hopkins University, Baltimore,
Md.) (47). RKO cells were grown in RPMI 1640 (Gibco BRL) supplemented
with 10% fetal bovine serum, 50 U of penicillin per ml, and 50 mg of streptomycin
per ml. The RKO clones were grown in McCoy’s 5A medium (Gibco BRL)
supplemented with 5% fetal calf serum, 50 U of penicillin per ml, 50 mg of
streptomycin per ml, and 500 mg of Geneticin (Gibco BRL) per ml.
Primary human keratinocytes were prepared from neonatal foreskins as de-

scribed previously (46) and grown in a serum-free keratinocyte growth medium
(Gibco BRL).
The human myeloid leukemia cell line ML-1 was a kind gift from Ed Harlow

(MGH Cancer Center, Charlestown, Mass.). The cell line was maintained in
Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum,
50 U of penicillin per ml, and 50 mg of streptomycin per ml.
Packaging cell lines (PA317) producing recombinant retroviruses (LXSN,

HPV-16 E7, and HPV-16 E7 mutants H2P and C24G) were gifts from Denise
Galloway (Fred Hutchinson Cancer Center, Seattle, Wash.) (18). The cell lines
were maintained in Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum, 50 U of penicillin per ml, and 50 mg of streptomycin per ml,
and recombinant retroviruses were prepared by using standard methods (36).
HFKs were infected as described previously (18).
Actinomycin D treatment and cell cycle analysis. DNA damage was initiated

by treatment with 2.5 nM actinomycin D (Sigma) for 24 h. The cells were treated
at approximately 70% confluence. Afterwards, the cells were harvested and
lysates were prepared for immunoblot analysis. Cell cycle analysis was performed
after the cells were stained with propidium iodide. Briefly, cells were trypsinized
and washed several times in phosphate-buffered saline. The cells were then fixed
in 100% ethanol for at least 1 h. The cells were washed again in phosphate-
buffered saline and treated with 10 mg of RNase H for 1 h at 378C. The cells were

then stained with 0.05 mg of propidium iodide per ml for a minimum of 30 min
at 258C. Fluorescence-activated cell sorting (FACS) analysis was performed and
data were analyzed with the CELLFIT program (Becton Dickinson). Approxi-
mately 10,000 events were included in each analysis.
Immunological methods. Cell lysates for immunoprecipitation and immuno-

blot analysis were prepared by incubating the cells in 0.1% Nonidet P-40 (NP-40)
lysis buffer (250 mM NaCl, 0.1% NP-40, 50 mM Tris-HCl, 5 mM EDTA, 1 mM
dithiothreitol [DTT], 0.5 mM NaF, 0.01% phenylmethylsulfonyl fluoride, 45 nM
sodium orthovanadate, 1 mg each of aprotinin and leupeptin per ml [pH 7.0]) at
48C for 30 min. Cells were then scraped from the plates with a rubber policeman,
and extracts were cleared by centrifugation at 15,000 3 g for 15 min. Protein
concentrations were determined by the Bradford method (Bio-Rad). For immu-
noprecipitations, cell lysates were incubated with the appropriate antibody for 2
to 4 h at 48C. Immunocomplexes were collected by using protein G-agarose
(Gibco BRL) in cases where the primary antibodies were not already conjugated
to agarose. Samples were then boiled in sodium dodecyl sulfate (SDS)-contain-
ing sample buffer and separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred onto polyvinylidene difluoride mem-
branes (Immobilon P; Millipore). Membranes were blocked in TNET buffer (200
mM Tris HCl, 1 M NaCl, 50 mM EDTA, 0.1% Tween 20 [pH 7.5]) containing
5% nonfat dry milk and probed with the appropriate antibody according to
standard protocols. Enhanced chemiluminescence was used to detect antigen-
antibody complexes (SuperSignal, Pierce; ECL, Amersham). In cases where
evaluation of quantitative differences was necessary, short as well as long expo-
sures were analyzed to ensure that the differences observed were within the
linear range of the X-ray film.
Antibodies. Monoclonal antibodies against p21WAF1/Cip1 (CP36 and CP68)

were gifts from B. Dynlacht (Harvard University, Cambridge, Mass.). Monoclo-
nal antibodies against p107 (SD9, SD4, SD6, and SD2) and pRB (XZ77) were
gifts from N. Dyson (MGH Cancer Center). The monoclonal pRB antibody
G3-245 was purchased from PharMingen. Monoclonal antibodies against p130
were gifts from J. DeCaprio (Dana-Farber Cancer Institute, Boston, Mass.). The
cyclin E antibody (HE12), cyclin A antibody (BF683), cyclin D1 antibody
(HD11), Cdk2 antibody (M2), Cdk4 antibody (C-22), and Cdk6 antibody (C-21)
were purchased from Santa Cruz Biotechnologies. The p53 antibody (DO-1;
Ab6) was purchased from Oncogene Science. Monoclonal antibodies against E7
were produced by J. DeCaprio using standard methods and glutathione S-trans-
ferase (GST)–E7 fusion protein as an antigen. Briefly, antibodies were generated
by immunizing RBF/Dnj mice with GST-E7 protein and fusing splenocytes of
positive animals to NS1 cells. Secondary antibodies used in immunoblot analysis,
horseradish peroxidase-linked sheep anti-mouse and donkey anti-rabbit antibod-
ies, were purchased from Amersham.
Kinase assays. Histone H1 kinase assays were performed according to stan-

dard protocols, using established immunological reagents. Briefly, immunopre-
cipitations were carried out at 48C for 2 to 4 h, using the appropriate antibody.
Immunocomplexes were washed three times in 0.1% NP-40 lysis buffer and twice
in kinase buffer (25 mM Tris HCl, 10 mMMgCl2, 1 mM DTT, 100 mMATP [pH
7.5]). Kinase reactions were initiated by the addition of 1 mg of histone H1
(Boehringer Mannheim) and 10 mCi of [g-32P]ATP (6,000 Ci/mmol; NEN), and
reaction mixtures were incubated at 378C for 30 min. Products were analyzed by
SDS-PAGE and autoradiography. To avoid nonspecific background, extracts
were precleared with normal rabbit serum and protein A-Sepharose.
Cdk4 and Cdk6 kinase assays were performed as described previously (35).

For these assays, cells were lysed in DIP buffer (50 mM HEPES, 150 mM NaCl,
1 mM EDTA, 2.5 mM EGTA, 10% [vol/vol] glycerol, 0.1% Tween 20, 1 mM
DTT, 0.5 mM NaF, 0.01% phenylmethylsulfonyl fluoride, 45 nM sodium or-
thovanadate, 1 mg each of aprotinin and leupeptin per ml [pH 7.2]). Extracts
were prepared and protein concentrations were determined as described above.
After immunoprecipitation with either Cdk4- or Cdk6-specific antibodies, im-
munocomplexes were collected by using protein A-Sepharose (Pharmacia).
Complexes were then washed three times in kinase buffer (50 mM HEPES, 10
mM MgCl2, 5 mM MnCl2, 1 mM DTT, 100 mM ATP [pH 7.4]). Reactions were
initiated by the addition of 10 mCi of [g-32P]ATP (6,000 Ci/mmol; NEN) and a
carboxyl-terminal fragment of pRB fused to GST (obtained from E. Harlow) as
a substrate (35). Kinase assays were performed at 378C for 30 min, and products
were analyzed by SDS-PAGE and autoradiography.
Northern blot analysis. Total RNA was isolated from subconfluent RKO cells

and clonal lines according to standard procedures (11). RNA (30 mg) was size
fractionated on a 1% agarose–morpholino propanesulfonic acid (MOPS)-form-
aldehyde gel and transferred to a nylon membrane (Hybond N, Amersham)
according to the manufacturer’s protocol. Hybridization probes were generated
by random priming.
Protein half-life determination. RKO, RKO 7.6, and RKO 10.1 cells were

plated on 60-mm-diameter dishes (1.4 3 106 cells/dish). The cells were treated
with 20 mg of cycloheximide (Actidione; Fluka) per ml for the times indicated.
After treatment, the cells were harvested and lysed in 0.1% NP-40 lysis buffer.
Samples (100 mg) were analyzed by SDS-PAGE and immunoblotting as de-
scribed above.
Peptide inhibitor treatments. RKO, RKO 7.6, and RKO 10.1 cells were plated

onto 100-mm-diameter dishes and treated for the times indicated with various
inhibitors. MG132 treatment was performed for 6 h at a concentration of 10 mM
(6, 41). MG132 was purchased from Peptides International (Louisville, Ky.).
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YVAD-CHO treatment was performed for 12 h at a concentration of 50 mM.
YVAD-CHO and YVAD-CMK were purchased from Bachem Bioscience.
Treated cells were harvested and lysed in 0.1% NP-40 lysis buffer, and samples
(100 mg) were analyzed by SDS-PAGE and immunoblotting as described above.

RESULTS

Accumulation of p53 and p21WAF1/Cip1 in actinomycin D-
treated RKO cells, E7-expressing cells, and E6-expressing
cells. To confirm that the E7-expressing RKO cells continue to
cycle after being subjected to DNA-damaging agents, RKO
cells, RKO cells expressing E7 (clones 7.6 and 7.14), and RKO
cells expressing E6 (clones 10.1 and 10.2) were treated with 2.5
nM actinomycin D and harvested, and their cell cycle distribu-
tion was analyzed by FACS analysis. The relative decrease in
the S-phase fraction (percent S-phase cells untreated/percent
S-phase cells treated) in the E7-expressing RKO clones (RKO
7.6 and RKO 7.14) was 4.4, substantially less than in parental
cells (9.9). The values for the E6-expressing cell lines RKO
10.1 and 10.2 were 2.6 and 1.4, respectively. These numbers are
averages of four independent experiments and are essentially
identical to a previously published analysis of the same set of
cells, where gamma irradiation was used to inflict DNA dam-
age (47).
The accumulation of p53 and p21WAF1/Cip1 protein in these

cells in response to DNA damage was also determined by
immunoblot analysis. Significant increases of both p53 and
p21WAF1/Cip1 proteins were seen in RKO, RKO 7.6, and RKO
7.14 cells. E6-expressing cells contained decreased initial levels
of p53 and p21WAF1/Cip1; therefore, although actinomycin D
treatment resulted in increases in the levels of these two pro-
teins, the levels remained significantly lower than in parental
RKO cells and E7-expressing cells (Fig. 1A and B). These data

demonstrate that the E7-expressing cells have maintained the
ability to accumulate p53 in response to DNA damage and that
the p53 protein is in turn able to transcriptionally activate
expression of one of its known targets, p21WAF1/Cip1.
Enzymatic activity of cyclin-Cdk complexes in actinomycin

D-treated cells. Because both E6- and E7-expressing RKO
cells continue to cycle after exposure to DNA-damaging
agents, we hypothesized that the enzymatic activity of various
G1- and S-phase Cdks may be less inhibited in these cell pop-
ulations after DNA damage. Cdk2-, cyclin A-, and cyclin E-as-
sociated kinase activities, however, were substantially inhibited
in both E7-expressing RKO clones, 7.6 and 7.14, upon treat-
ment with actinomycin D. In fact, the degree of inhibition was
indistinguishable from that observed in the parental RKO cells
which have growth arrested (Fig. 1C and D). Similar results
were obtained with both histone H1 and a C-terminal fragment
of pRB as substrates. Consistent with decreased p21WAF1/Cip1

levels, the activity of these kinases in E6-expressing cells was
unaffected (Fig. 1C and D). Upon actinomycin D treatment,
association of p21WAF1/Cip1 with Cdk2 was seen in RKO cells
and both E7-expressing clones but was not detected in E6-
expressing clones, verifying that inhibition of kinase activity
was at least in part due to the association of p21WAF1/Cip1 with
these kinases (data not shown). Cdk4 and Cdk6 kinase activi-
ties were also determined in response to actinomycin D treat-
ment in these cells. Activities of these kinases were unaffected
by actinomycin D treatment in all cell lines tested, although
p21WAF1/Cip1 was found to be associated with Cdk6 after DNA
damage in the parental RKO cells and in both E7-expressing
clones (data not shown).
Steady-state levels of cell cycle regulatory proteins in re-

sponse to actinomycin D treatment. Because E7-expressing
cells continue to progress through the cell cycle in the presence
of high levels of p53 and p21WAF1/Cip1 and inhibited Cdk2
kinase activity, we determined whether the levels of cell cycle
regulatory proteins were altered in E7-expressing cells in re-
sponse to DNA damage. We analyzed the levels of cyclins A,
E, and D1 and of Cdk2, Cdk4, and Cdk6 by immunoblotting
(Fig. 2). The initial steady-state levels of these proteins were
similar in RKO, RKO 7.6, and RKO 7.14 cells. Although the
steady-state levels of several of these proteins did change upon
treatment with actinomycin D, no specific difference was ob-
served in the E7-expressing clones compared to the parental
RKO cell line. In brief, levels of cyclin E were induced, cyclin
A and Cdk6 levels were slightly decreased, and cyclin D1,
Cdk2, and Cdk4 levels stayed the same in response to actino-
mycin D treatment (Fig. 2).
Next we determined the steady-state levels of known sub-

strates of G1/S-phase cyclin-Cdk complexes, namely, pRB and
p107. Strikingly, the initial levels of pRB and p107 in E7-
expressing cells were significantly lower than in the wild-type
RKO cells and the E6-expressing clones (Fig. 3A and B). The
decrease in pRB seen in E7-expressing RKO cells is compa-
rable to the decrease in p53 levels in E6-expressing cells (com-
pare Fig. 1A and 3A). Similar results were also observed for
the pRB family member p130 (data not shown). Due to the low
steady-state level of this protein in these cells, the results are
less clear and the experiments will need to be repeated in cells
that express higher levels of the protein. Actinomycin D treat-
ment led to a decrease in pRB and p107 levels in parental
RKO cells as well as in the E7-expressing clones, as has been
described previously (13). The basal levels of pRB in E6-
expressing cells were high and decreased to a lesser extent in
response to actinomycin D treatment. The accumulation of
hypophosphorylated pRB was observed only in the parental
RKO cells in response to actinomycin D treatment. Despite

FIG. 1. Induction of p53 and p21WAF1/Cip1 and activity of Cdk2 in RKO cells,
RKO cells expressing E7 (RKO 7.6 and RKO 7.14), and RKO cells expressing
E6 (RKO 10.1 and RKO 10.2) in response to treatment with actinomycin D.
Cells were treated (1) or not treated (2) with 2.5 nM actinomycin D (Act. D)
for 24 h at approximately 70% confluence. Cells were lysed in 0.1% NP-40 lysis
buffer, and samples (100 mg) were analyzed by SDS-PAGE, immunoblotting, and
enhanced chemiluminescence. Blots were probed with the p53 monoclonal an-
tibody Ab6 (A) or with the p21WAF1/Cip1 monoclonal antibody CP36 (B). Cdk2-
associated kinase activity was determined as described in Materials and Methods,
using histone H1 (C) or a C-terminal fragment of pRB (D) as the substrate.
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similarly low kinase activities, hyperphosphorylated pRB was
detected in the E7-expressing clones, consistent with the FACS
analysis data, verifying that the cells were continuing to cycle.
Decreased pRB levels are a result of decreased protein sta-

bility. Northern blot analysis was performed to determine if
the decrease in pRB protein levels was reflected in a concom-
itant decrease in pRB mRNA levels in E7-expressing cells. No
difference in mRNA levels was seen in the E7-expressing clone
(RKO 7.6) compared to E6-expressing cells or the parental cell
line, RKO (Fig. 3C). This finding demonstrates that the levels
of pRB, and presumably p107, protein are altered by a post-
transcriptional mechanism. Next we determined whether E7
expression has an effect on the stability of pRB protein. pRB
was seen to have a long half-life in RKO and E6-expressing
RKO (RKO 10.1) cells (Fig. 4). Since no marked decreases in
pRB levels were detected over the 12-h time period assayed, it
is estimated that pRB has a half-life of more than 12 h in these
cells. This is in agreement with the pRB half-life in mammary
epithelial cells determined by pulse-chase analysis (6). In con-
trast, the half-life of pRB was clearly decreased to less than
12 h in E7-expressing RKO (RKO 7.6) cells (Fig. 4). This
result is also consistent with the results of Boyer et al., who
report a similar decrease in pRB half-life by pulse-chase anal-
ysis of mammary epithelial cells immortalized by E7 (6). As a

control, the half-life of p53 was also determined. The steady-
state level of p53 was significantly lower in the E6-expressing
cells than in the parental RKOs and E7-expressing RKO cells
(Fig. 1A and 4). In both RKO cells and the E6-expressing
RKO cells, the half-life of p53 was less than 3 h. In contrast,
the half-life of p53 in E7-expressing cells was actually increased
(Fig. 4).
pRB levels in response to treatments with inhibitors of pro-

tein degradation. There is a precedent for HPV oncoproteins
directly affecting the stability of an associated cellular protein,
specifically, the targeting of p53 for ubiquitin-mediated prote-
olysis by high-risk HPV E6 proteins (45). Moreover, pRB can
be efficiently targeted for ubiquitin-mediated proteolysis in
vitro by an E6-E7 chimeric protein containing the pRB binding
domain of E7 (44). A recent publication has provided evidence
for the involvement of the ubiquitin-dependent protease sys-
tem in the accelerated degradation of pRB by E7 in immor-
talized human breast epithelial cells (6). Therefore, we treated
RKO cells, E7-expressing RKO cells, and E6-expressing RKO
cells with MG132, an inhibitor of the 26S proteosome (41).
Although dramatic increases in the levels of p53 were seen in
all cell lines tested, only minimal increases of pRB levels were
observed in both RKO cells and in RKO cells expressing E7
(Fig. 5A).
It has also been reported that pRB is a substrate for an

interleukin-1b-converting enzyme (ICE)-like cysteine protease
in response to apoptotic signals (2). Because HPV-16 E7 has
been shown to induce apoptosis in transgenic animals (24, 42)
and apoptotic-like responses in tissue culture cells (54), we
exposed RKO cells, E7-expressing RKO cells, and E6-express-
ing RKO cells to the inhibitors of the ICE family of cysteine

FIG. 2. Steady-state levels of cell cycle regulatory proteins in response to
actinomycin D treatment. RKO cells, E7-expressing RKO cells (RKO 7.6 and
RKO 7.14), and E6-expressing RKO cells (RKO 10.1 and RKO 10.2) were
treated (1) or not treated (2) with actinomycin D (Act. D), and samples were
analyzed by immunoblot analysis as described in Materials and Methods. Blots
were probed with the Cdk2 antibody M2 (A), cyclin A antibody BF683 (B), cyclin
E antibody HE12 (C), Cdk4 antibody C-22 (D), Cdk6 antibody C-21 (E), and
cyclin D1 antibody HD11 (F).

FIG. 3. Analysis of pRB and p107 levels. (A) Immunoblot analysis of pRB
from actinomycin D-treated (1) and nontreated (2) RKO cells, RKO cells
expressing E7 (RKO 7.6 and RKO 7.14), and RKO cells expressing E6 (RKO
10.1 and RKO 10.2). Actinomycin D (Act. D) treatment was performed and
samples were prepared as described in Materials and Methods. The pRB mono-
clonal antibody G3-245 was used. (B) Immunoblot analysis of p107. The assay
was as described above except that a mix of p107 monoclonal antibodies (SD2,
SD4, SD6, and SD9) was used. (C) pRB Northern blot analysis. Total RNA was
isolated from subconfluent RKO cells, RKO cells expressing E7 (7.6), or RKO
cells expressing E6 (10.1 and 10.2). RNA (30 mg) was size fractionated on a 1%
agarose–MOPS-formaldehyde gel, transferred to a nylon membrane, and hybrid-
ized to a labeled fragment of the pRB gene. Hybridization using a fragment of
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was included as
a loading control.
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proteases, YVAD-CHO and YVAD-CMK. We detected a re-
producible two- to threefold increase in pRB levels in response
to treatment with YVAD-CHO. This effect was observed in
both parental cells and E7-expressing RKO cells (Fig. 5B).
This finding suggests that apoptotic cleavage may contribute to
the decreased levels of pRB in E7-expressing RKO cells but
that this pathway may play a role in the regulated turnover of
pRB in the parental RKO cells as well. These data indicate
that multiple pathways are involved in the regulated turnover
of pRB in the cell, and it is not clear which one, if any, is
targeted by E7 in these cells.
Levels of pRB protein in primary HFKs expressing HPV-16

E7. To determine if decreases in pRB levels are coincident
with E7 expression in cells, we infected primary HFKs with
recombinant retroviruses expressing HPV-16 E7. Infected cells
were selected with G418 and harvested at different times
postinfection. E7 expression was verified by immunoblot anal-
ysis and was first detected at day 8 postinfection. Increasing
steady-state levels were detected thereafter, and pRB levels
decreased in parallel with increasing E7 expression (data not
shown). At day 14 postinfection, the steady-state levels of pRB
were found to be dramatically decreased specifically in cells
expressing E7, suggesting that the decreased pRB levels are a
result of E7 expression (Fig. 6).
In parallel, we also infected primary HFKs with retroviruses

expressing two previously characterized mutants of E7. One of
the mutants, C24G, has the cysteine residue in the core pRB
binding site mutated to a glycine residue and has a severely
impaired capacity to interact with pRB (5, 16). A second mu-

tant, H2P, has a mutation in the amino-terminal domain, which
is homologous to conserved region 1 of adenovirus E1A, and
can efficiently interact with pRB (4). Both of these mutants are
impaired for cellular transformation (4, 16) and negative for
abrogation of p53-mediated G1 growth arrest signals and trans-
forming growth factor b-mediated growth arrest signals (12).
Both mutants of E7 were unable to affect pRB stability to the
same degree as wild-type HPV-16 E7 (Fig. 6). Not only do
these data correlate the ability to abrogate a p53-mediated G1
growth arrest with the ability of E7 to affect pRB stability, but
more surprisingly, they also suggest that sequences of E7 out-
side of the core pRB binding domain contribute to this prop-
erty of E7.

DISCUSSION

Several reports have shown that E7-expressing cells are par-
tially resistant to a p53-mediated G1 growth arrest. This prop-
erty of E7 has been observed in various cell types and in
response to different inducers of DNA damage (13, 22, 47, 50).
Indirectly, these data indicated a role for pRB downstream of
p53 in the DNA damage response pathway (reviewed in ref-
erence 20). It was proposed that due to E7’s ability to bind
pRB and related proteins p107 and p130, E2F was released
and resumption of the cell cycle ensued. This model predicts
that upon inhibition of Cdks, hypophosphorylated pRB will
accumulate in E7-expressing clones and that the cells will con-
tinue to cycle due to association of E7 with hypophosphory-
lated pRB. However, hyperphosphorylated pRB was detected
in DNA-damaged, E7-expressing cells (Fig. 3A). This form of
pRB is not efficiently bound by E7. Therefore, the model that
E7 may allow cell cycle progression simply by binding to the
growth-suppressive form of pRB alone cannot sufficiently ex-
plain the ability of these cells to continue to cycle in response
to DNA damage.
In an effort to determine the mechanism by which E7-ex-

pressing cells continue to cycle in response to a p53-mediated
G1 arrest, we analyzed various components of the cell cycle
machinery in E7-expressing cells and compared them to those
in cells which do not express E7. In response to actinomycin D
treatment, the p53 and p21WAF1/Cip1 levels increased in E7-
expressing cells as was seen in the parental cell line, RKO (Fig.
1A and B). In addition, we found that the protein levels of G1-
and S-phase cyclins and Cdks were the same in the E7-express-
ing cells as in the parental RKO cells (Fig. 2). Due to the fact
that E7-expressing cells continue to cycle in response to DNA
damage, we predicted that there may be less inhibition of Cdk
activity in these cells. However, we found that Cdk2 kinase
activity was inhibited to an extent similar to that of the
growth-arrested parental cells (Fig. 1C and D). Moreover,

FIG. 4. Determination of pRB half-life. RKO cells, E7-expressing RKO cells (RKO 7.6), and E6-expressing RKO cells (RKO 10.1) were treated with cycloheximide
(20 mg/ml) for the times indicated. Cells were harvested and lysed in 0.1% NP-40 lysis buffer, and samples (100 mg) were analyzed by SDS-PAGE and immunoblotting.
pRB and p53 immunoblots for RKO 7.6 and RKO 10.1 samples were taken from the same film for accurate comparison. The pRB blot was probed with monoclonal
pRB antibody XZ77, and the p53 blot was probed with monoclonal p53 antibody Ab6.

FIG. 5. pRB levels in response to inhibitors of protein degradation. (A) RKO
cells, E7-expressing RKO cells (7.6), and E6-expressing cells (10.1) were treated
with the proteosome inhibitor MG132. Cells were treated with 10 mM MG132
for 6 h at approximately 70% confluence. Cells were lysed in 0.1% NP-40 lysis
buffer, and samples (100 mg) were analyzed by SDS-PAGE and immunoblotting.
pRB and p53 immunoblots are shown for each cell line. (B) RKO cells, E7-
expressing RKO cells (7.6), and E6-expressing RKO cells (10.1) were treated
with a specific peptide inhibitor (YVAD-CHO) of the ICE family of cysteine
proteases. Cells were treated with 50 mMYVAD-CHO for 12 h at approximately
70% confluence. Samples were prepared and analyzed as described above. The
pRB blot was probed with monoclonal pRB antibody G3-245, and the p53 blot
was probed with monoclonal p53 antibody Ab6.
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p21WAF1/Cip1 was complexed with Cdk2 in both E7-express-
ing cells and parental RKO cells after treatment with actino-
mycin D (data not shown). Cdk4 and Cdk6 activities were not
substantially inhibited in any of the cell lines tested (data not
shown).
E7 has been reported to associate with cyclin A, cyclin E,

and a cellular protein kinase activity (15, 34, 49). This kinase
has been identified as Cdk2 (49). The nature of this association
has not been conclusively defined, although McIntyre et al.
recently reported the requirement for p107 in the detection of
an association between HPV-18 E7 and cyclin E (34). E7-
containing Cdk complexes may be differentially susceptible to
inhibition by p21WAF1/Cip1 or other kinase inhibitors induced
by DNA damage. It has been demonstrated that another viral
oncoprotein, adenovirus E1A, can alter the susceptibility of
Cdk2 containing complexes to inhibition by the Cdk inhibitor
p27Kip1 in response to transforming growth factor b treatment
of Mv1Lu cells (32). In our analyses of cyclin A-, cyclin E-, and
Cdk2-containing kinase complexes in E7-expressing cells, how-
ever, we were unable to detect the presence of E7 in any of
these kinase complexes (data not shown). Thus, our results are
similar to those reported by McIntyre et al., who, using the
same cyclin E antibody (HE12), also failed to detect E7 by
coimmunoprecipitation. In that study, the cyclin E-E7 complex
was detected only when an E7-specific antibody was used. This
finding suggests that in the current study, either the cyclin or
Cdk antibodies used for these analyses are not able to effi-
ciently precipitate E7-containing complexes or E7 is unable to
associate with these kinase complexes due to the low levels of
p107 protein.
We attempted to directly determine E7-associated kinase

activity in E7-expressing RKO cells by using several E7-spe-
cific, monoclonal antibodies. Although each antibody precipi-
tated considerable amounts of histone H1 kinase activity from
both actinomycin D-treated and nontreated cells, each of these
antibodies also precipitated histone H1 kinase activity from
non-E7-containing RKO cells. Additional experiments are cur-
rently being performed to characterize in detail the molecular
components, enzymatic activities, and susceptibility to Cdk in-
hibitors of this E7-associated kinase activity.
While our analysis did not reveal major differences in steady-

state levels or enzymatic activities of cyclin-Cdk complexes
between the growth-arrested RKO and the cycling E7-express-
ing RKO clones, we detected significant differences in the
steady-state levels of known substrates of these cyclin-Cdk
complexes, namely, pRB and the related proteins p107 and
p130. We have shown that expression of HPV-16 E7 in RKO
colon carcinoma cells results in decreased levels of pRB, p107,
and apparently p130 as well (Fig. 3A and B and data not
shown). The decrease in pRB protein levels is not reflected in
a decrease in mRNA levels but is due to a decreased stability
of the pRB protein, specifically in E7-expressing cells (Fig. 3C

and 4). In addition, infection of HFKs with a recombinant
retrovirus expressing HPV-16 E7 leads to a decrease in pRB
protein levels, substantiating the hypothesis that the decreased
pRB and p107 levels are a consequence of E7 expression (Fig.
6). Decreases in the steady-state levels of pRB in the presence
of HPV-16 E7 have also been noted in E7-immortalized mam-
mary epithelial cells (51), in E7-expressing uroepithelial cells
(56), and in E7-expressing human fibroblasts (54) and kerati-
nocytes (13). However, this is the first instance in which de-
creased levels of p107 have been reported as a consequence of
E7 expression.
Interfering with the stability of proteins may prove to be an

emerging strategy by which viral oncoproteins can functionally
abrogate target proteins. It has been shown that simian virus 40
large T antigen directly affects the phosphorylation state of
p130 and p107 (48). In addition, these authors comment that
there may be a decrease in p130 protein in T-antigen-express-
ing cells and suggest that T antigen might affect the stability of
hyperphosphorylated p130.
A recent study by Boyer et al. showed that the half-life of

pRB was decreased in E7-immortalized mammary epithelial
cells and provided evidence for the involvement of the ubiq-
uitin-mediated proteolysis pathway in pRB degradation in
these cells (6). We performed similar experiments, and block-
ing of the ubiquitin proteolysis pathway by using an inhibitor of
the 26S proteosome, MG132, had no marked effect on pRB
levels in parental or E7-expressing RKO cells. In contrast,
significant increases in p53 levels were observed in all cell lines
tested, indicating that this pathway is indeed active in these
cells and inhibitable by the appropriate compounds. A modest
increase in pRB was observed in both parental and E7-express-
ing RKO cells after treatment with a peptide inhibitor specific
for the ICE family of cysteine proteases. The effect of this
inhibitor was not tested in the system of Boyer et al. (6).
Furthermore, in agreement with Demers et al. (14), we ob-
served a dramatic stabilization of p53 in E7-expressing cells
(Fig. 4), which was not detected in mammary epithelial cells,
indicating another difference between the two systems (6).
Additional studies are required to biochemically define the
nature of the proteolytic system(s) utilized in the degradation
of pRB and the mechanism by which it is targeted by HPV-16
E7.
Infection with recombinant retroviruses expressing HPV-16

E7 showed that pRB degradation is a consequence of E7
expression, not of immortalization or transformation. Interest-
ingly, our data suggest regions of E7 outside the core pRB
binding site are necessary for this effect, indicating the exciting
possibility that E7 mutations which are not directly involved in
pRB binding in vitro may have a critical defect in targeting
pRB in the cell.
The ability of HPV-16 E7 to interfere with accumulation of

pRB may be an important viral strategy to make the targeting
of pRB by E7 more efficient. One of the main functions of E7
in an HPV infection is to allow viral replication by ensuring
continued cellular DNA synthesis in normally growth arrested
keratinocytes. The amounts of E7 that are expressed during
infection of cells with high-risk HPVs are generally quite low
and may not suffice to stoichiometrically bind to and function-
ally abrogate the entire intracellular pool of hypophosphory-
lated pRB. In future experiments, we will attempt to elucidate
the mechanism behind the ability of E7 to decrease the levels
of pRB and p107 in the cell.
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