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The E7 oncoprotein of human papillomavirus type 16 promotes cell proliferation in the presence of anti-
proliferative signals. Mutagenesis of E7 has revealed that this activity requires three regions, conserved regions
1 and 2 and a C-terminal zinc finger. Binding to the retinoblastoma tumor repressor (Rb) through an LxCxE
motif in conserved region 2 is necessary, but not sufficient, for E7 to induce proliferation. We tested the
hypothesis that binding to Rb is not sufficient because conserved region 1 and/or the C terminus are required
for E7 to functionally inactivate Rb and thus induce proliferation. One mechanism proposed for how E7
inactivates Rb is by blocking Rb-E2F binding. Either conserved region 1 or the C terminus was necessary, in
combination with the LxCxE motif, for E7 to block Rb-E2F binding in vitro. While all full-length E7 proteins
with mutations outside of the LxCxE motif inhibited Rb-E2F binding, some failed to abrogate cell cycle arrest,
demonstrating that blocking Rb-E2F binding is not sufficient for abrogating antiproliferative signals. Another
mechanism proposed for how E7 inactivates Rb is by promoting the destabilization of Rb protein. Mutations
in conserved region 1 or the LxCxE motif prevented E7 from reducing the half-life of Rb. Though no specific
C-terminal residues of E7 were essential for destabilizing Rb, a novel class of mutations that uncouple the
destabilization of Rb from the deregulation of keratinocyte proliferation was discovered. Destabilization of Rb
correlated with the abrogation of Rb-induced quiescence but was not sufficient for overriding DNA damage-
induced cell cycle arrest or for increasing keratinocyte life span. Finally, the same regions of E7 required for
destabilizing Rb were required for reducing p107 and p130 levels. Together, these results suggest that

inactivation of all three Rb family members is not sufficient to deregulate keratinocyte cell cycle control.

Human papillomavirus (HPV) infects the basal cells of strat-
ified squamous epithelia and replicates in the suprabasal lay-
ers. HPV lacks its own replication enzymes and must therefore
induce S-phase entry of the normally quiescent suprabasal cells
for access to the host replication machinery (71). The ability of
HPYV to induce S phase in suprabasal layers likely contributes
to the pathogenic manifestations of the virus, which range from
warts to invasive carcinoma (71). Most, if not all, cervical
carcinomas are associated with the so-called high-risk HPVs
such as HPV type 16 (HPV16) (71). The E7 oncoprotein of
HPV16 is sufficient to induce S-phase entry of suprabasal ep-
ithelial cells (5). There are three regions of E7 which are
required for abrogating suprabasal quiescence and DNA dam-
age- or transforming growth factor-p-induced cell cycle arrest
in epithelial cells (14). These regions also function in rodent
cell transformation (3, 19, 55). Two of the regions, termed
conserved regions 1 and 2 (CR1 and CR2), share homology
with tumor virus oncoproteins such as adenovirus E1A (56).
The third region is a C-terminal zinc finger that functions in E7
dimerization (49).

An LxCxE motif within E7 CR2 is required for abrogation of
the antiproliferative signals discussed above (14) and for trans-
formation (19, 55). The LxCxE motif is also required for high-

* Corresponding author. Mailing address: Fred Hutchinson Cancer
Research Center, 1100 Fairview Ave. N., Mailstop C1-015, Seattle,
WA 98109. Phone: (206) 667-4500. Fax: (206) 667-5815. E-mail: dgallowa
@fhcerc.org.

6737

affinity binding to the retinoblastoma tumor suppressor (Rb)
(3, 52) and to the Rb family members p107 and 130 (18). Rb
negatively regulates the transition from G, to S phase by re-
pressing genes responsive to the E2F family of transcription
factors (17). E2F-responsive genes such as those encoding cy-
clin E, cyclin A, proliferating cell nuclear antigen, and E2F1
itself are limiting for S-phase entry and progression (17). Rb
binds E2F and inhibits transcription by blocking the E2F tran-
scriptional activation domain (32) and by recruitment of fac-
tors such as histone deacetylase 1 (HDACI) (7, 45, 46) and
human SWI-SNF (16, 70). In cycling cells, Rb is inactivated in
mid to late G, through phosphorylation by several cyclin—
cyclin-dependent kinase (CDK) complexes (17). Hyperphos-
phorylated Rb no longer binds E2F; consequently, repression
of E2F-dependent promoters is relieved (17). E7 binds and
inactivates the G/G,-specific, hypophosphorylated form of Rb
(24, 38).

There are two mechanisms proposed for the inactivation of
Rb by E7 that are not mutually exclusive. One is that E7
physically interferes with Rb-E2F binding (referred to herein
as E2F competition). Several pieces of evidence support this
mechanism. First, complexes of Rb and E2F are lacking in cells
derived from HPV-positive tumors and in cells engineered to
express E7 (12, 53). Second, E7 blocks the association of E2F
and Rb in vitro (12, 67), though the main E7 and E2F binding
sites on Rb differ (43, 67). Third, the LxCxE motif of E7 is
important for interference with Rb-E2F binding (12), which
correlates with the importance of the LxCxE motif in overrid-
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ing antiproliferative signals. The role of E7 sequences outside
of the LxCxE motif in blocking the association of Rb and E2F
is not well defined. Adenovirus CR1 is important for both
deregulating cell growth (44) and blocking Rb-E2F binding
(21, 37), but a requirement for E7 CR1 in blocking Rb-E2F
binding has not been found (36, 67). Sequences within the C
terminus of E7 have been reported to interfere with Rb-E2F
binding (36, 48, 54), though the specific C-terminal amino acids
involved have not been delineated.

The second mechanism proposed for the inactivation of Rb
by E7 is the targeted destabilization of Rb (referred to herein
as Rb destabilization). Expression of E7 reduces Rb levels in a
number of cell types (4, 6, 15, 40), and this reduction occurs
posttranslationally (4, 6, 40). Furthermore, both the LxCxE
motif and CR1 have been shown to be necessary for efficient
reduction of Rb steady-state levels (4, 40, 41), while the role of
E7 C-terminal residues has not been explored. The correlation
between bypass of cell cycle arrest and destabilization of Rb by
E7 may indicate that the reduction in Rb levels contributes to
the abrogation of antiproliferative signals. Alternatively, the
correlation may indicate that Rb destabilization is a secondary
effect of E7 expression; that is, the alteration of cell cycle
control by E7 may contribute to a reduction in Rb. Bere-
zutskaya et al. have shown that the reduction in Rb occurs
shortly after E7 expression, suggesting that Rb destabilization
may be a primary effect of E7 rather than a by-product of E7
expression (4).

The present study was aimed at examining the role of E7
sequences outside of the Rb binding motif in both E2F com-
petition and Rb destabilization. In turn, the role of E2F com-
petition and Rb destabilization in the abrogation of cell cycle
arrest was evaluated. A mutation in E7 CR1 that destroyed Rb
destabilization and left E2F competition intact demonstrated
that E2F competition by E7 is not sufficient to overcome Rb-
induced quiescence of SAOS2 cells. However, E7 proteins that
could destabilize Rb could overcome Rb-induced quiescence.
No specific C-terminal residues of E7 were essential for E2F
competition or Rb destabilization. However, several mutations
demonstrated that Rb destabilization by E7 was not sufficient
to overcome DNA damage-induced cell cycle arrest of kera-
tinocytes or to extend keratinocyte life span. These same mu-
tations provided evidence that inactivation of p107 and p130 by
E7 may also be insufficient to overcome keratinocyte cell cycle
controls. This represents a novel category of E7 mutations and
is the first report to uncouple Rb destabilization and the ab-
rogation of cell cycle arrest.

MATERIALS AND METHODS

Expression constructs. All constructs were sequenced prior to use. The E7
mutations E46A, H51A, R66A, and R77A were generated using a Clontech
Transformer site-directed mutagenesis kit according to the manufacturer’s in-
structions. The template, pPLXSN(16E7), was described previously (26). The E7
mutations DST62-64AAA, LRL65-67AAA, CVQG68-70AAA, and THV72-
T4AAA were generated by using a Morph site-specific plasmid DNA mutagen-
esis kit (5-Prime 3-Prime, Inc.). pBS(—)16E7 (14) was the template. Oligonu-
cleotides for introducing mutations into E7 were as follows: E46A, 5" TGGAC
AAGCAGCCCCGGACAGAGCC 3'; H51A, 5" CGGACAGAGCCGCTTAC
AATATTGTAA 3’; R66A, 5" GACTCTACGCTTGCGTTGTGCGTAC 3';
R77A 5" CACGTAGACATTGCTACTTTGGAAGAC 3'; DST62-64AAA, 5'G
CAAGTGTGCTGCAGCTCTTCGGTTGTGCGTACAAATGACTCACGTA
GAC 3'; LRL65-67AAA, 5" GACTCTACGGCTGCAGCTTGCGTACAAAG
TACTCACGTAGAC 3'; CVQ68-70AAA, 5' CTTCGGTTGGCTGCTGCAAG
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TACTCACGTAGAC 3'; and THV72-74AAA, 5" GTACAAAGCGCAGCTG
CAGACATTCGAACTTTGGAAG 3'. LRL65-67AAA, CVQ68-70AAA, and
THV72-74AAA contain unique restriction sites introduced by silent mutation.
H2P was from K. Vousden (19); A6-10 and A21-24 were from K. Munger (55);
A65-67, A75-77 and A79-83 were from L. Banks (47). An HDACI1 ¢cDNA was
obtained from S. Schrieber (29). pGST-Rb(379-928) and pET-p27 were from
J. M. Roberts. Rb(379-928) is the large pocket domain of Rb and retains Rb
functions important for regulating the G;-to-S phase transition (20, 33, 57).
pCMV-E2F-1, and pGEX-E2F-2, -3, and -4 were from J. R. Nevins.

For generation of His fusion proteins, forward and reverse primers containing
BamHI sites were used to PCR the insert for cloning into the BamHI site of
pET14B, in frame with an N-terminal tag (Novagen). For in vitro translations,
Rb was cut out of pGST with BamHI and ligated into the BamHI site of pBS(+)
(Stratagene). HDAC1 was cut out of pBJS5 with BamHI and ligated into pBS(+).
For production of GST-E2F1, E2F1 was excised from pCMV with BamHI and
ligated into the BamHI site of pGEX-2T (Pharmacia) in frame with an N-
terminal glutathione S-transferase (GST) tag. pLXSN was provided by A. D.
Miller (50). Cloning of E7 WT, (wild type) H2P, and A21-24 into pLXSN has
been described previously (14). Forward primers containing an EcoRI site and
reverse primers containing a BamHI site were used for PCR amplification of
DST62-64AAA, LRL65-67TAAA, CVQ68-70AAA, THV72-T4AAAA, A75-77, and
A79-83. Following restriction digestion, the PCR products were ligated into
BamHI/EcoRI-cut pLXSN.

Recombinant protein production. His- and GST-tagged proteins were bacte-
rially expressed and purified on Ni-nitrilotriacetic acid resin (Qiagen) or gluta-
thione-Sepharose 4B (Amersham-Pharmacia) according to the manufacturer’s
instructions. Proteins were dialyzed in binding buffer (see “In vitro binding
assays”). Protein concentrations were determined by the Bradford assay (Bio-
Rad) and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by Coomassie blue staining and comparison with bovine serum
albumin standards. *°S-labeled in vitro translated (**S-TVT-Rb) Rb was gener-
ated by in vitro translation using the TNT coupled reticulocyte lysate system
(Promega) according to the manufacturer’s instructions.

In vitro binding assays. To assess the ability of E7 proteins to block Rb-E2F
binding, approximately 1 ng of GST or GST-E2F was immobilized on Glutathi-
one-sepharose beads in 50 mM Tris-Cl (pH 7.8)-70 mM NaCl-10% glycerol-
0.2% NP-40 plus protease inhibitor cocktail (Roche); 2 1 of 3*S-labeled Rb and
approximately 4 pg, 200 ng, 10 ng, 300 pg, or 25 pg of His-tagged E7 or control
proteins was added, and the reactions were mixed for 90 min at room temper-
ature. The beads were washed several times, and the amount Rb remaining
associated was measured via SDS-PAGE and phosphorimaging. Band intensity
was quantified with ImageQuant (Molecular Dynamics).

To assess Rb binding by His-tagged E7 or control proteins, approximately 1 ug
of His-tagged protein was immobilized on Ni-NTA-agarose resin in His pull-
down buffer (50 mM Tris-Cl [pH 7.8], 100 mM NaCl, 10 mM imidazole, 10%
glycerol, 1% NP-40, protease inhibitor cocktail); 3 ul of 3*S-labeled Rb was
added, and the reactions were mixed for 60 min at room temperature. The resin
was washed three times in His pull-down buffer and boiled in sample buffer. Rb
was resolved by SDS-PAGE. Gels were dried and exposed overnight to Kodak
BioMax MR film. The relative amount of Rb bound was estimated by densitom-
etry.

To assess the LxCxE dependence of HDACI binding to Rb, GST or GST-Rb
was immobilized on glutathione-Sepharose beads in His pull-down buffer minus
imidazole. 3*S-labeled in vitro-translated HDACT1 and His-p27, His-E7 WT, or
His-E7 15-35 were added, and the reactions were mixed for 60 min at room
temperature. HDAC1 was resolved by SDS-PAGE. The gel was dried and ex-
posed overnight to Kodak BioMax MR film.

Cells. Primary human keratinocytes were cultured from neonatal foreskins as
previously described (25) and maintained in Keratinocyte-SFM supplemented
with bovine pituitary extract and epidermal growth factor (Gibco BRL). Kera-
tinocytes stably expressing E7 proteins were generated by transduction with
LXSN retroviruses as previously described (25). Populations were selected in
G418 (Sigma) until the mock-transduced cells were dead. SAOS2 human osteo-
sarcoma cells were maintained in Dulbecco modified Eagle medium (Gibco
BRL) supplemented with 10% calf serum.

Immunoprecipitation and Western blotting. For Rb, p107, p130, and actin
Western blots, keratinocytes were trypsinized, washed two times in cold phos-
phate-buffered saline, and lysed in 250 mM NaCl-50 mM Tris-Cl (pH 8)-1%
NP-40-0.5 mM sodium orthovanadate-80 uM B-glycerophosphate—50 mM NaF
plus protease inhibitor cocktail. Lysate concentration was determined by the
Bradford assay (Bio-Rad). For Rb blots, 20 u.g of extract was loaded per lane on
6% acrylamide gels. For p107 and p130 blots, 100 pg of extract was loaded per
lane on 6% acrylamide gels. Following SDS-PAGE, proteins were transferred to
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FIG. 1. Expression of E7 proteins. (A) Locations of E7 mutations. CR1 and 2 and the C-terminal zinc finger are indicated on E7 WT.
Substitution mutations are referred to by the residue changed, the position and the new residue (e.g., His 51 to Ala is H51A). Deletions are
indicated by a “A” followed by the residues deleted. Truncated E7 proteins are named for the sequences remaining. Substitution mutations in the
C terminus and truncations of N- and C-terminal sequences were generated as described in Materials and Methods. The C-terminal deletion
mutations were provided by Massimi et al. (47). Representative CR1 and CR2 mutations were included in the study. (B) Recombinant E7 proteins
for in vitro studies. Expression of bacterially produced His-tagged E7 proteins was confirmed by SDS-PAGE and Coomassie blue staining. (C)
Expression of E7 proteins in keratinocytes. Expression of E7 proteins with small substitution or deletion mutations was confirmed in cells by
immunoprecipitation and Western blotting with anti-E7 antibodies. Postimmunoprecipitation lysates were immunoblotted with an actin antibody

as a control for lysate input.

polyvinylidene difluoride membranes (Millipore) and probed with either mouse
anti-Rb clone G3-245 (PharMingen), rabbit anti-p107 (C-18; Santa Cruz Bio-
technology), or goat anti-p130 (C-20; Santa Cruz). The antibodies used for
loading controls were goat anti-actin (I-19; Santa Cruz), rabbit anti-B-tubulin
(H-235; Santa Cruz), and mouse antinucleolin clone MS-3 (Santa Cruz). The
secondary reagents were goat anti-mouse immunoglobulin G1-horseradish per-
oxidase (HRP) (Jackson ImmunoResearch Labs, Inc.), donkey anti-goat-HRP
(Santa Cruz), and protein A-HRP (Roche). Proteins were visualized by en-
hanced chemiluminescence (Lumilight, Roche) and exposure to Kodak X-Omat
Blue film.

For E7 immunoprecipitation and Western blotting, keratinocyte and SAOS2
extracts were prepared in lysis buffer as described above. Two hundred micro-
grams of extract was subjected to immunoprecipitation with rabbit anti-16E7
(antibody 16E7NP1 [22]). Immunoconjugates were collected on protein A-aga-
rose (Roche), washed with lysis buffer, and resolved on 15% acrylamide gels.
Proteins were transferred to polyvinylidene difluoride and probed with mouse
anti-E7 clone 8C9 (Zymed), which recognizes the extreme N terminus of E7.
Anti-mouse immunoglobulin G1-HRP was used as the secondary reagent. Pro-
teins were visualized by enhanced chemiluminescence followed by exposure of
blots to Kodak X-Omat Blue film.

Pulse-chase analysis. Keratinocytes were metabolically labeled with Express
Label [**S]cysteine-[**S]methionine (DuPont NEN) for 2 h. Cells were chased
for various periods of time with Keratinocyte-SFM, washed two times in cold
PBS, and lysed on ice for 30 min in lysis buffer (see above). Following a brief
sonication, the insoluble material was pelleted and the supernatant was stored at
—80°C until completion of the time course. Lysate concentration was determined
by the Bradford assay, and labeling efficiency was assessed by trichloroacetic acid
precipitation. Lysates were precleared with rabbit anti-L1 (HPV capsid protein)
and protein A-agarose. Rb was immunoprecipitated with rabbit anti-Rb (M153;
Santa Cruz), and the immunoconjugates were collected on protein A-agarose
beads. Beads were washed one time in lysis buffer with 500 mM NaCl, four times
in lysis buffer, and one time in 10 mM Tris-CI-EDTA (pH 7.5). The beads were
boiled in sample buffer and loaded onto a 6% acrylamide gel. Following SDS-

PAGE, the gels were dried and subjected to phosphorimaging (Molecular Dy-
namics). Band intensity was measured using ImageQuant.

Flat cell assay. Flat cell assays were carried out with SAOS2 cells as described
by Hinds et al. (34), with some modifications. Cells were counted, plated in
60-mm-diameter dishes, and transfected using Fugene 6 transfection reagent
(Roche) with pLXSN alone, 4 pg of pLXSN(RbD), or 4 ng of pLXSN(RDb) plus 4
pg of pLXSN encoding wild-type or mutated E7. One microgram of pCMV(B-
gal) was included in all transfections, and the total amount of DNA was equal-
ized with pLXSN. Cells were selected in G418 for 10 to 12 days, and the number
of flat cells per 400 to 500 cells total was determined.

Keratinocyte life span extension. Keratinocytes were mock transduced or
transduced with empty LXSN retroviruses or LXSN retroviruses encoding E7
proteins. Cells were selected in G418 until the mock-transduced cells were dead.
Cells were then passaged at 1:4, in the presence of G418, until reaching senes-
cence.

DNA damage assays. Keratinocytes were treated with 0.1 wM adriamycin
(ADR; Sigma) or with medium alone for 28 h or irradiated with 16 Gy of ionizing
radiation and incubated for 24 h. Cells were pulsed for the last 2 h of incubation
with 20 uM bromodeoxyuridine (BrdU; Sigma) and fixed. Following RNase
treatment, cells were labeled with anti-BrdU-fluorescein isothiocyanate (Becton
Dickinson) to measure DNA synthesis and propidium iodide (Sigma) to deter-
mine cell cycle distribution. Two-parameter fluorescence-activated cell sorting
(FACS) analysis was carried out with Becton Dickinson FACSCalibur instru-
mentation and CellQuest software (Becton Dickinson).

RESULTS

Expression of E7 proteins with C-terminal mutations. The
contribution of the E7 C terminus to Rb inactivation has not
been extensively studied because mutations in this region, par-
ticularly within the zinc-binding motifs C58-X-X-C91 and C91-
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FIG. 2. E7 competes with E2F for binding to Rb. (A) Autoradiographs showing binding of recombinant His-tagged proteins to *S-IVT-Rb.
Rb binding was measured by densitometry and expressed relative to the amount bound by E7 WT. (B) E2F competition assay showing requirement
for E7 LxCxE motif in blocking Rb-E2F binding. A representative experiment is shown at the top. GST (lane 1) or GST-E2F1 (lanes 2 to 13) was
mixed with **S-IVT-Rb in the absence of competitor (n.c.; lane 2), in the presence of His-p27 (lane 3), or in the presence of decreasing amounts
of His-E7 WT (lanes 4 to 8) or His-E7 A21-24 (lanes 9 to 13). The amount of Rb bound was measured, and a summary of three experiments was
graphed (bottom). Error bars represent standard errors of the means. Lanes 5 and 10 represent reactions where the molar ratio of E2F to E7 WT
and A21-24 respectively, was 1:1. E2F competition assays with HDAC1 (C) and E7 CR1 mutations (D) were carried out as described above.

X-X-C94, often destroy protein stability (55, 65, 66). Amino
acid substitution mutations were introduced into the C termi-
nus in an attempt to generate stably expressed, mutated E7
proteins. Several small deletion mutations from Massimi et al.
(47) were also included in the study. Figure 1A illustrates the

locations of the C-terminal mutations and of representative
CR1 and LxCxE mutations. Also shown are E7 truncations
generated for use in vitro binding assays. All of the proteins
were expressed in bacteria (Fig. 1B). Stable expression of the
E7 proteins in human keratinocytes was observed (Fig. 1C),
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TABLE 1. Activities of E7 fragments in inhibiting Rb-E2F binding
% Inhibition”

Protein

“ Determined by comparing the amount of Rb bound to E2F in the presence
of E7 fragments to the amount bound in the presence of E7 WT (taken as 100%).
Reactions where the molar ratio of competitor to E2F was 1:1 were used for
calculations.

though some C-terminal mutations resulted in reduced expres-
sion (Fig. 1C). The CR1 mutation H2P is known to be ex-
pressed comparably to E7 WT (2, 14), though expression ap-
pears lower here because the E7 antibody used has reduced
affinity for H2P (see Materials and Methods).

Small alterations in either CR1 or the C terminus of E7 do
not prevent E7 from blocking Rb-E2F binding. A number of
groups have demonstrated that E7, like adenovirus E1A, in-
terferes with Rb-E2F binding (12, 36, 67). However, the im-
portance of E2F competition in the functional inactivation of
Rb by E7 is not clear. E2F competition assays were carried out
to clarify the role for specific sequences within CR1 and the C
terminus of E7 in blocking Rb-E2F binding. An in vitro assay
using recombinant and in vitro-translated proteins was chosen
for several reasons. First, input was easily controlled and out-
put was based on the intensity of one band, thus simplifying
interpretation. Second, a similar assay was shown to be more
sensitive than gel shifts for detecting the ability of E7 to inter-
fere with Rb-E2F binding (48). We generated E7 WT and
mutants as His fusion proteins, and tested the ability of E7 and
control proteins to bind Rb in vitro (Fig. 2A). All of the
recombinant proteins bound efficiently to Rb except for the
negative controls p27 and E7 A21-24. p27, a CDK inhibitor,
was a control for nonspecific binding. A21-24 lacks much of the
LxCxE motif required for high-affinity binding to Rb.

E2F competition experiments were carried out with His-
tagged E7 or control proteins, GST-E2F-1 and **S-IVT-Rb.
The amount of Rb bound to E2F was measured by phosphor-
imaging and plotted in bar graphs (Fig. 2B to D). The activity
of His-tagged competitors in blocking Rb-E2F binding was
determined relative to that of E7 WT as described for Fig. 2.
E7 WT blocked Rb-E2F binding even at concentrations 20-
fold lower than the E2F input (Fig. 2B to D, lanes 6). In
contrast p27 did not interfere with Rb-E2F binding, even at
concentrations 20-fold greater than E2F (Fig. 2B-D, lanes 3).
Similar results were obtained when *S-labeled E2F-1 and
GST-Rb were used and with **S-labeled Rb and GST-tagged
E2F-2, E2F-3, or E2F-4 (data not shown). As previously shown
(48, 67), E7 A21-24, which did not bind Rb, did not block
Rb-E2F binding at any concentration (Fig. 2B, lanes 9 to 13).
Not all proteins that bind Rb through LxCxE-like motifs block
the association of E2F. HDACI was used as a control that
binds Rb but can exist in complex with Rb and E2F (7, 45, 46).
HDACI contains an IxCxE motif and interacts with Rb in
manner that is blocked by LxCxE-containing proteins (refer-
ences 7 and 46 and data not shown). HDACTI failed to signif-
icantly inhibit Rb-E2F binding (Fig. 2C, lanes 9 to 13), with
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about 7% of the activity of E7 WT. The activity in blocking
Rb-E2F binding was determined by comparing the amount of
Rb bound in the presence of HDACI to the amount bound in
the presence of E7 WT in reactions where the molar ratio of
competitor to E2F was 1:1 (Fig. 2C, lanes 5 and 10).

The E7 proteins H2P and A6-10, which do not induce epi-
thelial cell proliferation (14), blocked Rb-E2F binding (Fig.
2D, lanes 9 to 13 and 14 to 18) with 100 and 95% of the activity
of E7 WT. The E7 proteins E46A, H51A, DST62-64AAA,
R66A, LRL65-67TAAA, CVQO68-T0AAA, THVT2-TAAAA,
R77A, A75-77, and A79-83 all had wild-type activity in block-
ing Rb-E2F binding (data not shown).

Both E7 CR1 and the C-terminus function in E2F competi-
tion. That small CR1 and C-terminal mutations did not affect
the ability of E7 to block Rb-E2F binding suggested that mul-
tiple regions of E7 in addition to the LxCxE motif may partic-
ipate in this activity. This possibility was addressed using trun-
cated E7 proteins generated such that the LxCxE motif was left
intact (Fig. 1A). Experiments similar to those described in Fig.
2B to D were carried out with the truncated proteins and are
summarized in Table 1. E7 1-40, which retains all of CR1 and
CR?2 and some sequence C terminal to CR2 (Fig. 1A), blocked
Rb-E2F binding at 42% of E7 WT activity (Table 1). Untagged
recombinant E7 1-40 was generated to verify that the tag was
not contributing to the activity of this protein. His-tagged and
untagged E7 1-40 had the same activity in blocking Rb-E2F
binding (data not shown). To test whether an even smaller
N-terminal portion of E7 would compete with E2F, E7 1-28
was generated. E7 1-28 terminates two residues C terminal to
the LxCxE motif (Fig. 1A). Surprisingly, E7 1-28 blocked Rb-
E2F binding, with 38% of E7 WT activity (Table 1), which is in
contrast to results using comparable fragments of E7 in gel
shift assays (36, 67). E7 19-98, which lacks all of CR1 but
retains all of the C terminus and most of CR2 (Fig. 1A), was
indistinguishable from E7 WT in blocking Rb-E2F (Table 1).
Since E7 proteins retaining either the N- or C-terminal se-
quences blocked Rb-E2F association, E7 proteins lacking both
N- and C-terminal sequences were generated to determine the
minimal portion of E7 required for competition with E2F. E7
19-57 lacks all of CR1 and terminates immediately N terminal
to the zinc finger, and E7 15-35 encompasses mainly CR2 (Fig.
1A). E719-57 and E7 15-35 were the least efficient of all of the
truncations in blocking Rb-E2F (Table 1); their activities were
was 15 and 4%, respectively, when at an approximate 1:1 molar
ratio with E2F.

C-terminal mutations do not affect the ability of E7 to de-
stabilize Rb. CR1 and the LxCxE motif of E7 have been shown
to be important for the reduction of cellular Rb protein levels
(4, 40, 41). However, the role of the E7 C terminus was not
examined in these studies. Western blotting was used to assess
Rb steady-state levels in keratinocytes stably expressing E7
proteins with C-terminal mutations. As previously reported,
expression of E7 WT reduced Rb steady-state levels (4, 6, 15,
40), while mutations within the LxCxE motif or CR1 resulted
in failure to reduce Rb levels (4, 40, 41) (Fig. 3A). Expression
of E46A, H51A, DST62-64AAA, R66A, CVQO6S-70AAA,
THV72-TAAAA, R77A, or A79-83 reduced Rb levels equiva-
lently (Fig. 3B), despite some differences in expression level of
the E7 proteins (Fig. 1C).

Measurements of Rb half-life were also carried out (Fig. 3C
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FIG. 3. Rb destabilization by E7. (A and B) Western blots showing
RbD (top) and actin (bottom) steady-state levels in E7-expressing ker-
atinocytes. Rb-pp, phosphorylated Rb. (C) Pulse-chase analysis of Rb
turnover. Cells were metabolically labeled followed by a 0-, 3-, 6-, or
12-h chase. Rb was immunoprecipitated and visualized by SDS-PAGE
and phosphorimaging as described in Materials and Methods. A rep-
resentative experiment is shown. (D) Rb half-life. Band intensity was
used to determine Rb half-life. Three experiments were averaged.
Error bars represent standard deviations.

and D). Several E7 C-terminal mutations and representative
CR1 and LxCxE mutations were tested. Keratinocytes stably
expressing vector alone, E7 WT, or mutated E7 proteins were
counted, plated, and metabolically pulse-labeled the follow-
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FIG. 4. Abrogation of Rb-induced quiescence by E7. Flat cell as-
says were carried out as described in Materials and Methods. The
number of quiescent (flat) cells was determined relative to the number
of total cells counted. A summary of three experiments is shown. Lane
1 represents cells transfected with empty vector. Lanes 2 to 7 represent
cells transfected with Rb alone (lane 2) or Rb plus various E7 con-
structs (lanes 3 to 7). The number of flat cells was expressed relative to
the number of flat cells following transfection with Rb (lane 2). Error
bars represent standard deviations.

ing day with [**S]cysteine-[**S]methionine. Following various
lengths of chase with unlabeled media, cells were lysed and Rb
levels were assessed by immunoprecipitation (Fig. 3C). A sum-
mary of three experiments is shown (Fig. 3D). Rb half-life has
been reported to be greater than 12 h in other cell types (6, 40).
Rb turnover in keratinocytes appeared to be somewhat faster,
with a half-life of approximately 11 h. Rb half-life was approx-
imately 10 h in cells expressing E7 with the CR1 mutation H2P
or the LxCxE mutation A21-24. In keratinocytes expressing E7
WT, E46A, CVQ68-70AAA, or A79-83, Rb half-life was con-
sistently reduced to 4 to 5 h. The faster turnover of hypophos-
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FIG. 5. Extension of keratinocyte life span. Keratinocytes express-
ing empty vector, E7 WT, or mutated E7 (four populations of each)
were passaged until reaching senescence (detailed in Materials and
Methods). PDL 0 refers to the point at which drug selection was
complete. The PDL at which cells ceased to proliferate is marked by
the horizontal lines.
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TABLE 2. Keratinocyte cell cycle of distribution before and after ADR treatment®
Distribution (%)
Cells transfected with: G, S G,/M
—ADR +ADR —ADR +ADR —ADR +ADR

Vector 61.4*53 42.0 = 6.7 17533 3512 22.0 3.7 51.6 =79
E7 WT 58.1 4.1 229 *+34 155+23 102+ 14 235*39 63279
H2P 64.8 = 6.0 46.0 = 1.8 192 5.8 2.7x01 209 =43 50.8 = 1.5
A21-24 61.2 9.7 454 =38 18.6 £5.5 22x03 23.6 =82 50.0 =24
E46A 63.7 =31 242 +57 155+ 1.1 10.6 = 1.3 235*1.1 68.4 £ 4.6
CVQ68-7T0AAA 63.4 +3.0 42.6 =53 16.6 = 1.3 4307 198 1.3 50.7 5.6
A79-83 64.0 = 4.6 483 =42 154 = 3.8 3511 20.0 £3.2 443 +52

¢ Keratinocytes were DNA damaged with ADR and analyzed by two-parameter FACS as described in Materials and Methods. Averages of four experiments =+

standard deviation are shown.

phorylated Rb than of the hyperphosphorylated form (Fig. 3C)
is consistent with previous reports (4, 6, 40).

The ability to overcome Rb-induced quiescence of SAOS2
cells correlates with Rb destabilization rather than E2F com-
petition. SAOS2 osteosarcoma cells lack functional Rb, and
transfection with either full-length Rb or the large pocket
domain of Rb results in the formation of large, flat, quiescent
cells. The flat cell assay of Hinds et al. (34) was used to
determine whether functional inactivation of Rb correlated
with E2F competition or with Rb destabilization. Upon trans-
fection of SAOS2 cells with pLXSN(Rb) and selection in
G418, quiescent cells were readily apparent, based on their
characteristic morphology (data not shown). Cotransfection
experiments indicated that E7 WT, E46A, CVQ68-70AAA,
and A79-83, all of which reduce Rb half-life, were equally
efficient in overcoming flat cell formation by Rb (summarized
in Fig. 4). H2P, which did not significantly reduce Rb half-life,
failed to efficiently overcome Rb-induced quiescence despite
the ability to block Rb-E2F binding. Expression of the E7
proteins was confirmed by immunoprecipitation and Western
blotting, and expression levels did not correlate with the ability
to overcome Rb-induced quiescence (data not shown).

Mutations in the C terminus of E7 uncouple Rb destabili-
zation from the extension of keratinocyte life span and from
the abrogation of DNA damage-induced cell cycle arrest. The
Rb-p16™*#** pathway is important in senescence of human ker-
atinocytes, and inactivation of this pathway is required for
keratinocyte immortalization (42). Expression of E7 alone in
primary human cells increases their life span (31, 51) and can
lead to immortalization at low frequency (26). It was therefore
of interest to determine whether Rb destabilization by E7 was
sufficient for extending the life span of keratinocytes. Keratin-
ocyte populations derived from the same foreskin and stably
transduced with empty vector or with E7-expressing constructs
were passaged until reaching senescence. Cells expressing vec-
tor, CVQ68-70AAA, or A79-83 ceased proliferating between
population doubling levels (PDL) 10 and 14 (Fig. 5). In con-
trast, populations of cells expressing either E7 WT or E46A
have continued to proliferate beyond PDL 26 (Fig. 5). H2P
and A21-24 were no more efficient than empty vector in ex-
tending keratinocyte life span (data not shown).

Rb has a role in negatively regulating the G;-S transition in
response to DNA damage (10, 15, 28, 63). Thus, it was of
interest to determine whether the C-terminal mutations would

affect the abrogation of DNA damage-induced cell cycle arrest
by E7. Keratinocytes were treated with adriamycin (ADR) to
induce DNA damage. Cell cycle distribution assessed by FACS
analysis of DNA content and BrdU incorporation is shown in
Table 2. Cells expressing vector, H2P, A21-24, CVQG68-
70AAA, or A79-83 accumulated in G, and G, following ADR
treatment; in contrast, ADR-treated cells expressing E7 WT or
E46A retained had a significantly smaller G, population (Ta-
ble 2). Cells expressing E7 WT or E46A retained 65 to 70% of
their S-phase population relative to untreated controls (Fig. 6).
As previously shown (14, 64), mutations in CR1 or the LxCxE
motif resulted in failure of E7 to induce S phase following
DNA damage (Fig. 6). Interestingly, CVQ68-70AAA and
A79-83 were severely deficient in inducing S phase following
ADR treatment (Fig. 6), despite reduction of Rb levels and
inactivation of Rb in the flat cell assay. H51A, R66A, DST62-
64AAA, THV72-74AAAA, and R77A had wild-type activity
(data not shown). Results with an alternate form of DNA
damage, induced by ionizing radiation, were similar to the
ADR data (data not shown).

Mutations in the C terminus of E7 uncouple reduction in
p107 and p130 levels from the extension of keratinocyte life

0.75¢

S-phase ADR/S-phase untreated

<<
<
<
S
~
)
©
€
>
(&

FIG. 6. Induction of S phase following DNA damage. The S-phase
population of ADR-treated keratinocytes expressing vector or E7 pro-
teins was normalized to that in untreated controls. Shown is a summary
of four experiments (raw data are shown in Table 2). Error bars
represent standard deviations.
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antinucleolin (Santa Cruz) or anti-B-tubulin to verify even loading.

span and from the abrogation of DNA damage-induced cell
cycle arrest. p107 and p130 have recently been shown to func-
tion in murine cells in both pl6-mediated cell cycle arrest (9)
and the DNA damage-induced G, checkpoint (59). E7 was

J. VIROL.

reported to reduce cellular levels of pl07 and p130 in the
human colon carcinoma cell line RKO (40), though the im-
portance of different E7 regions in this reduction was not
addressed. The possibility that E7 CVQ68-70AAA and A79-83
do not overcome keratinocyte cell cycle controls because they
do not destabilize p107 and/or p130 was addressed. Steady-
state levels of pl07 and p130 were assessed in keratinocytes
stably expressing wild-type or mutated E7. Both p107 and p130
were reduced in E7-expressing keratinocytes, and the integrity
of CR1 and the LxCxE motif was necessary for this reduction
(Fig. 7A and C). E7 CVQ68-70AAA and A79-83 reduced p107
and p130 levels to a similar extent as E7 WT (Fig. 7B and D).
All data obtained with the mutated E7 proteins, including
those not shown, are summarized in Table 3.

DISCUSSION

There are two mechanisms proposed for how E7 inactivates
Rb: E2F competition and Rb destabilization. One objective of
this study was to clarify the role of E7 CR1 and C-terminal
sequences in each of these mechanisms. E7 CR1 participates in
both E2F competition (this study) and Rb destabilization (4,
40, 41; this study). The E7 C terminus is involved in E2F
competition (36, 48, 67; this study), though we did not identify
any specific C-terminal amino acids essential for this activity.
None of the E7 C-terminal mutations had an effect on Rb
destabilization (summarized in Table 3), suggesting that the
amino acids mutated do not have an essential role in destabi-
lization. Results with a CR1 mutation, H2P, demonstrate that
the functional inactivation of Rb correlates with Rb destabili-
zation rather than with E2F competition (Table 3). E7 must
bind Rb to destabilize it (4, 40, 41; this study); however, the
results with H2P indicate that inactivation of Rb is not medi-
ated solely by E7 binding. The second objective of this study
was to determine whether the destabilization of Rb by E7 is
sufficient to override keratinocyte cell cycle arrest. E7 proteins
with CR1 or LxCxE mutations, such as H2P or A21-24, re-
spectively, do not destabilize Rb in keratinocytes (40, 41; this

TABLE 3. Summary of results with mutated E7 proteins®

Destabilization of:

Bypasses Extends

. Expression in E2F Overrides DNA : -
Protein keratinocytes competition damage checkpoints Rb—mduced keratmocyte
Rb pl107 p130 quiescence” life span

E7 WT ++ ++ ++ ++ ++ ++ ++ ++
H2P ++ ++ - - - - - -
A6-10 ++ ++ - NT NT —d NT NT
A21-24 ++ - - - - - NT -
E46A ++ ++ ++ ++ ++ ++ ++ ++
H51A ++ ++ ++ NT NT ++ NT NT
DST62-64AAA ++ ++ ++ NT NT ++ NT NT
LRL65-67AAA + ++ NT NT NT NT NT NT
R66A ++ ++ ++ NT NT ++ NT NT
CVQ68-70AAA + ++ ++ ++ ++ - ++ -
THV72-T4AA ++ ++ ++ NT NT ++ NT NT
A75-77 ++ ++ ++ NT NT NT NT NT
R77A + ++ ++ NT NT ++ NT NT
A79-83 + ++ ++ ++ ++ - ++ -

“ ++, wild-type level of activity; —, low or no activity; NT, not tested.
b ectopic expression of Rb in SAOS2 cells.

¢ From references 4 and 41.

@ From reference 14.
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study) and do not abrogate cell cycle arrest (14; this study). We
report here that several C-terminal mutations uncouple Rb
destabilization from the bypass of cell cycle arrest in keratin-
ocytes. Using the E7 mutations CVQ68-70AAA and A79-83,
we demonstrate that the destabilization of Rb is not sufficient
for bypassing DNA damage-induced cell cycle arrest or for
increasing the life span of normal human keratinocytes.

RbD functions in the G, checkpoint following DNA damage
(10, 15, 28, 63); however, it is not clear whether inactivation of
Rb alone can result in loss of the checkpoint in human kera-
tinocytes. E7 CVQ68-70AAA and A79-83 were severely defi-
cient in inducing S phase in keratinocytes following DNA dam-
age, despite the destabilization of Rb. This suggests that E7 has
activities in addition to Rb inactivation that are necessary for
complete loss of G, control. E7 binds to and inactivates the
Rb-related proteins p107 and 130 (13, 18). While Harrington
et al. showed that Rb, but not p107 and p130, was essential for
G, control in DNA-damaged mouse embryo fibroblasts (28),
others have provided evidence that p107 and/or p130 function
in murine cell cycle control following DNA damage (59, 63).
The mechanism by which E7 inactivates p107 and p130 is not
clear and may differ according to cell type (1, 4, 40, 68). In
agreement with Jones et al. (40), we find that E7 reduces p107
and p130 levels, and we extended these findings to show that
the same regions of E7 are required for reducing Rb, p107, and
p130 levels. The ability of E7 CVQ68-70AAA and A79-83 to
reduce p107 and p130 levels suggests that destabilization of all
three pocket proteins is not sufficient for E7 to overcome
keratinocyte cell cycle control.

Several hypotheses could explain why E7 CVQ68-70AAA
and A79-83 do not overcome antiproliferative signals in kera-
tinocytes. Perhaps CVQ68-70AAA and/or A79-83 do not in-
activate p21, a CDK inhibitor important for cell cycle arrest
following DNA damage (62). E7 was shown to inactivate p21
(23, 39) through direct binding of the E7 C terminus to a
region in the p21 C terminus (23). The possibility that E7
CVQ68-70AAA and A79-83 do not inactivate p21 is currently
being addressed. However, preliminary results showed that
both CVQ68-70AAA and A79-83 bound p21 as well as E7 WT
(A. Helt, unpublished results). Alternatively, the failure of E7
CVQ68-7T0AAA or A79-83 to override cell cycle control in
keratinocytes may be related to other factors. A79-83 does not
transform rodent cells (47), and the region encompassed by
this mutation has been implicated in binding to TATA-binding
protein (47), Mi-2p (8), M2 pyruvate kinase (73), and acid
a-glucosidase (72). The interaction of E7 with one or several of
these factors, or as yet unidentified factors, may be important
for deregulating keratinocyte cell cycle control.

Although results with CR1 mutations suggest that E2F com-
petition is not sufficient for efficiently inactivating Rb or for
overcoming cell cycle arrest in keratinocytes, there is evidence
that competition may be sufficient for induction of some E2F-
dependent genes. For instance, E7 H2P was reported to acti-
vate cyclin E and, to a lesser extent, cyclin A expression in
rodent cell lines (60, 69). E7 is rapidly turned over (58, 61), and
perhaps there is not enough E7 to completely inactivate the
more stable Rb protein by a stoichiometric mechanism like
E2F competition (40, 48). It is interesting that relatively small
LxCxE-containing proteins like E7 and adenovirus E1A inter-
fere with Rb-E2F binding, while larger cellular proteins con-
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FIG. 8. Model for induction of S phase by E7. (A) CR1, the LxCxE
motif in CR2, and the C terminus of E7 block the interaction of Rb
(and, possibly, p107 and p130) and E2F. (B) CR1 and LxCxE motif of
E7 then target Rb, p107, and p130 for degradation. Possibly CR1
recruits factors (represented by “X”) necessary for targeting the
pocket proteins. (C) The C terminus of E7 is involved in an additional
activity (represented by the question mark) required for abrogating
keratinocyte G,/S control.

taining LxCxE or LxCxE-related motifs, like HDACI, do not
block the interaction. The reason for this is unclear, though it
is possible that CR1 and/or the C terminus of E7, and CR1 of
E1A, make contact at or near the E2F binding site on Rb.
Interestingly, phosphorylation of Rb by cyclin E-CDK2 was
reported to alter the structure of Rb such that E2F no longer
binds (27). Perhaps E7 binding induces a similar structural
shift in Rb that disrupts E2F binding.

We suggest in Fig. 8 a model where E2F competition acts in
concert with Rb destabilization. Perhaps Rb is stabilized by
E2F, and E7 may first block Rb-E2F binding to target Rb for
proteolysis. There is precedence for this in the observation that
E2F is stabilized by binding to Rb (11, 30, 35). At this stage, the
binding of other factors, such as HDAC, to Rb may be blocked
as well (7, 45, 46). Following isolation of Rb, CR1 may recruit
factors necessary to target Rb for destruction, though there are
few data on CRI1 binding partners. We suggest that p107 and
p130 may be inactivated by a similar mechanism. Finally, E7
must activate (or inactivate) an additional pathway(s) to de-
regulate the G,/S transition.
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