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The steady-state level and metabolic half-life of retinoblastoma tumor suppressor protein pRB are decreased
in cells that express high-risk human papillomavirus (HPV) E7 proteins. Here we show that pRB degradation
is a direct activity of E7 and does not reflect a property of cell lines acquired during the selection process for
E7 expression. An amino-terminal domain of E7 that does not directly contribute to pRB binding but is
required for transformation is also necessary for E7-mediated pRB degradation. Treatment with inhibitors of
the 26S proteasome not only blocks E7-mediated pRB degradation but also causes the stabilization of E7.
Mutagenic analyses, however, reveal that the processes of proteasomal degradation of E7 and pRB are not
linked processes. HPV type 16 E7 also targets the pRB-related proteins p107 and p130 for destabilization by
a proteasome-dependent mechanism. Using the SAOS2 flat-cell assay as a biological indicator for pRB
function, we demonstrate that pRB degradation, not solely binding, is important for the E7-induced inactiva-
tion of pRB.

Human papillomaviruses (HPVs) are DNA viruses with
small circular genomes that cause epithelial hyperplasias rang-
ing from benign papillomas (warts) to premalignant lesions
that can progress to squamous cell carcinomas (reviewed in
reference 25). There are over 100 different HPV types, approx-
imately 30 of which specifically infect anogenital tract mucosa.
These HPVs are classified as low risk or high risk, depending
on the clinical prognosis of the lesions they cause. Low-risk
HPVs, such as HPV type 6 (HPV-6) and HPV-11, cause con-
dylomata acuminata (genital warts), while high-risk HPVs, in-
cluding HPV-16 and HPV-18, are associated with squamous
intraepithelial lesions that can progress to cervical carcinomas.
Integration of the HPV genome into a host cell chromosome is
a frequent event during malignant progression and results in
the consistent but dysregulated expression of the HPV E6 and
E7 proteins (reviewed in reference 55).

High-risk HPV E6 proteins target tumor suppressor protein
p53 for ubiquitin-mediated proteasomal degradation by inter-
acting with and reprogramming the E6-AP ubiquitin ligase (38,
39, 51). E6-mediated degradation of p53 compromises the
ability of the host cell to engage cell cycle checkpoints and
apoptotic responses (33). High-risk HPV E7 oncoproteins tar-
get retinoblastoma tumor suppressor protein pRB (19). High-
risk HPV E7 proteins interact with pRB at a higher efficiency
than do low-risk HPV E7 proteins (22, 34). Interaction of
E7 with hypophosphorylated pRB causes the disruption of

growth-suppressive pRB-E2F complexes (10), promoting the
G1-S cell cycle transition. E7-mediated cellular transformation
correlates with pRB binding (22); however, there are muta-
tions in E7 that impair cellular transformation and immortal-
ization without affecting pRB binding (4, 8, 20, 28, 35). Fur-
thermore, the E7 protein of HPV-1a, a low-risk cutaneous
HPV, can interact with pRB and transactivate E2F-dependent
promoters with the same efficiency as can high-risk HPV-16
E7, yet it scores negative in standard transformation assays (13,
40). These reports strongly suggest that high-risk HPV E7
proteins also target as-yet-unidentified cellular processes that
contribute to transformation.

The steady-state level and metabolic half-life of pRB are
decreased in HPV-16 E7-expressing cells, suggesting that E7
can induce the degradation of pRB (6, 7, 30). The ubiquitin-
proteasome system has been implicated as inhibitors of the 26S
proteasome increase pRB levels in E7-expressing cells (6, 7).
Moreover, HPV-16 E7 is unable to induce pRB destabilization
in a cell line expressing a temperature-sensitive E1 enzyme of
the ubiquitin system (7). HPV-16 E7 can interact with the S4
subunit of the 26S proteasome. The S4 subunit has been pro-
posed to function as a bridge between pRB and the 26S pro-
teasome, allowing E7 to direct the proteasomal degradation of
pRB without the need for ubiquitination (5). The HPV-16 E7
oncoprotein is itself a target of ubiquitination at the amino-
terminal residue, followed by degradation through the 26S
proteasome (37). However, it is not known whether the deg-
radation of E7 is linked to its ability to target pRB for degra-
dation.

We have established a rapid cell-based degradation assay
using the pRB-deficient osteosarcoma cell line SAOS2. We
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show that this system accurately recapitulates the pRB-desta-
bilizing activity of E7 that has been previously described for
stable cell lines (31). Our experiments also demonstrate that
pRB degradation is a direct activity of E7 and does not reflect
a property that E7-expressing cell lines acquire during the
selection process. HPV-16 E7 also targets the pRB-related
proteins p107 and p130 for proteasome-dependent degrada-
tion. Inhibition of the 26S proteasome not only blocks E7-
mediated pRB degradation but also causes a dramatic stabili-
zation of E7, supporting recently published results showing
that E7 is normally turned over by the proteasome (37). Mu-
tational analyses of HPV-16 E7 indicate that degradation of E7
and E7-mediated pRB degradation are not directly connected.
Using a biological indicator for pRB function in SAOS2 cells,
we demonstrate that pRB degradation is important for E7-
induced inactivation of pRB.

MATERIALS AND METHODS

Plasmids. Wild-type HPV-16 E7 and the 16E7 DD21-C24, 16E7 DP6-E10, and
16E7 C91S mutants (35) were subcloned into the BamHI site of the CMV-
BamHI-Neo plasmid (3). HPV-16 E7, 16E7 DD21-C24, 16E7 C24G, 16E7 E26G,
16E7 DP6-E10, and HPV-1a E7 with a hemagglutinin (HA) epitope tag at their
carboxyl termini were generated by PCR. PCR products were then subcloned
into the BamHI site of the CMV-BamHI-Neo plasmid. Both amino- and car-
boxyl-terminal FLAG-epitope-tagged 16E7 constructs were generated by PCR.
The FLAG-16E7 PCR product was subcloned into the NotI site of the pcDNA3
expression plasmid. The 16E7-FLAG PCR product was subcloned into the
HindIII and NotI sites of the pcDNA3 expression plasmid (Invitrogen). The
16E7 K60,97R mutant was generated using a PCR-based QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, Calif.). Plasmids were sequenced
to confirm the presence of corresponding mutations. All primer sequences used
in subcloning and site-directed mutagenesis are available upon request.

CMV-pRB, CMV-HA-p107, and pcDNA3-HA-p53 expression plasmids were
kind gifts from P. Hinds (Harvard Medical School, Boston, Mass.). Expression
plasmids for pRB truncation mutants were kindly provided by W. Sellers (Dana-
Farber Cancer Institute, Boston, Mass.) (41), and the pRB double point mutant
pRB Y756F/N757A (16) was provided by F. Dick and N. Dyson (MGH Cancer
Center, Charlestown, Mass.). The CMV-p130 expression plasmid was obtained
from D. Cobrinik (Columbia University, New York, N.Y.), and the pcDNA3-
HPV-16 E6 expression plasmid was a generous gift from P. Howley (Harvard
Medical School). A pBABE-HPV-1a E7 expression plasmid, from which pCMV
HPV-1a-HA-E7 was constructed, was obtained from M. Tommasino (Deutsches
Krebsforschungszentrum, Heidelberg, Germany). The green fluorescent protein
(GFP) expression plasmid, EGFP-C1, was purchased from Clontech. LXSN-
based vectors were kindly provided by D. A. Galloway (Fred Hutchinson Cancer
Research Center, Seattle, Wash.).

Cell lines and cell culturing. The SAOS2 human osteosarcoma cell line was
maintained in Dulbecco’s modified Eagle’s medium supplemented with 15%
fetal bovine serum, 50 U of penicillin/ml, and 50 mg of streptomycin/ml. Human
foreskin keratinocytes (HFKs) from neonatal human foreskins were prepared as
described previously (29) and maintained in keratinocyte serum-free medium
(Gibco BRL).

Transfections, retrovirus infections, and immunological methods. SAOS2
cells were seeded at 3.3 3 105 cells per 60-mm plate and transfected using the
calcium phosphate method (11). For protein half-life determinations, SAOS2
cells were transfected as described above. At 24 h posttransfection, the cells were
treated with cycloheximide (30 mg/ml; Sigma) for various times. Stable HPV-16
E7-expressing pools of HFKs were prepared after retrovirus transfer with an
LXSN-based vector followed by G418 selection (29).

SAOS2 cells and HFKs were lysed in 150 mM NaCl–1% Nonidet P-40–50 mM
Tris-HCl (pH 8.0) buffer supplemented with leupeptin (1 mg/ml), aprotinin (1
mg/ml), sodium orthovanadate (45 nM), and phenylmethylsulfonyl fluoride
(0.01%). Protein concentrations were determined using the Bradford method
(Bio-Rad). Samples (100 mg) of total protein lysate were subjected to sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and then
transferred to polyvinylidene difluoride membranes (Immobilon P; Millipore).

The following commercial antibodies were used: for pRB, Ab-5 (Oncogene
Science); for p53, Ab6 (Oncogene Science); for HPV-16 E7, sc6981 (Santa Cruz
Biotechnology, Inc.) and 8C9 (Zymed Laboratories); for GFP, catalog no. 8367-1

(Clontech); for glutathione S-transferase, catalog no. 3818-1 (Clontech); for HA,
HA.11 clone 16B12 (Covance); and for p130, RB2 (Transduction Laboratories).
Complexes of primary and horseradish peroxidase-linked secondary antibodies
(Amersham) were detected using enhanced chemiluminescence (NEN Life Sci-
ences). Blots were acquired using a Bio-Rad Fluor-S Max Multi-imager and
quantified using the manufacturer’s software. Cotransfected GFP was used as an
internal control to normalize for differences in transfection efficiency between
individual plates.

Proteasome inhibitor treatments. SAOS2 cells were transfected as described
above. At 40 h posttransfection, cells were treated with either 10 or 40 mM
MG132 or Lactacystin (BIOMOL, Plymouth Meeting, Pa.) for 4 h. Cells were
then harvested by scraping into boiling lysis buffer containing 100 mM Tris-HCl
(pH 6.8), 200 mM dithiothreitol (DTT), 4% SDS, 20% glycerol, 0.2% bromo-
phenol blue, and 10% b-mercaptoethanol. Lysates were boiled for an additional
5 min. Equal volumes of lysates were subjected to SDS-PAGE and immunoblot-
ting.

SAOS2 flat-cell assay. SAOS2 cells were transfected in duplicate as described
above. At 24 h posttransfection, cells were split 1:2 into 100-mm plates, selected
for 10 to 14 days in 500-mg/ml puromycin (Sigma), and stained for senescence-
associated b-galactosidase activity as described previously (49). Numbers of flat,
blue cells were determined by counting 20 random 3200 fields per plate. The
reported results represent averages and standard deviations from two indepen-
dent experiments.

RESULTS

HPV-16 E7-mediated destabilization of pRB upon transient
cotransfection in SAOS2 cells. To study HPV-16 E7-mediated
destabilization of pRB, we developed a rapid cell-based assay
using the human osteosarcoma cell line SAOS2, which con-
tains no full-length nuclear pRB (44). Initially, we ascertained
that E7 destabilizes pRB in SAOS2 cells upon transient co-
transfection to a similar extent as was previously observed for
E7-expressing normal human fibroblasts and keratinocytes. A
pRB expression plasmid was transfected into the SAOS2 cell
line, alone or in combination with HPV-16 E7. An expression
plasmid for GFP was routinely cotransfected to normalize for
equal transfection efficiency in each reaction. Cotransfection of
increasing amounts of HPV-16 E7 caused a dose-dependent
reduction of the steady-state levels of pRB (Fig. 1A).

To confirm that the decrease in pRB levels upon E7 expres-
sion reflects altered protein stability, SAOS2 cells were trans-
fected with the pRB expression plasmid alone or in combina-
tion with HPV-16 E7 and treated with cycloheximide to inhibit
protein synthesis. In the absence of HPV-16 E7, the pRB
half-life was greater than 9 h; however, when HPV-16 E7 was
coexpressed, the pRB half-life was decreased to approximately
3 h (Fig. 1B). This reduction in pRB stability was specific for
HPV-16 E7, as the pRB-binding oncoproteins adenovirus E1A
(52) and simian virus 40 (SV40) T antigen (15) did not induce
a decrease in the pRB half-life (Fig. 1B).

Because the E6 and E7 oncogenes are consistently coex-
pressed in HPV-associated cervical carcinomas, we wanted to
determine whether the coexpression of p53 and E6 affects pRB
destabilization by E7. However, the coexpression of HPV-16
E6 and p53, alone or in combination, had no effect on the
E7-induced degradation of pRB in this assay (data not shown).

E7-mediated pRB destabilization and E7 degradation are
not linked processes. Inhibitors of the 26S proteasome can
block E7-mediated pRB destabilization (6, 7). Furthermore,
HPV-16 E7 is a target for ubiquitination and subsequent deg-
radation by the 26S proteasome (37). To ensure that the pro-
teasome is involved in E7-mediated pRB destabilization as
well as E7 degradation in our transient assay system, we
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treated transfected SAOS2 cells with the proteasome inhibi-
tors MG132 and lactacystin. As shown in Fig. 1C, treatment
with MG132 and lactacystin interfered with E7-mediated pRB
destabilization and also caused an increase in E7 levels.

To determine whether the degradation of E7 and pRB may
be linked, we tested several E7 mutants that differ in their
ability to bind and degrade pRB. The steady-state level of each
of these E7 mutants increased four- to fivefold upon MG132
treatment (Fig. 1D). In particular, HPV-1a E7 and the 16E7
DP6-E10 mutant, which efficiently bind (13, 34) but do not
degrade (1, 30) pRB, and the 26S proteasomal S4 subunit-
binding-deficient 16E7 C91S mutant were stabilized upon pro-
teasome inhibition (Fig. 1D). Interestingly, the S4 subunit-
binding-deficient 16E7 C91S mutant (5) decreased pRB
steady-state levels to levels similar to those seen with wild-type
16E7. Moreover, the pRB-binding-deficient 16E7 DD21-C24
mutant (35) was also stabilized by proteasome inhibitor treat-
ment (Fig. 1D).

To more clearly separate proteasomal degradation of E7 and
E7-mediated pRB destabilization, we generated a lysineless E7
mutant, 16E7 K60,97R, and both amino-and carboxyl-terminal
FLAG-tagged versions of 16E7, FLAG-16E7 and 16E7-
FLAG, respectively. Consistent with a recent report (37), the
removal of both lysines, as in 16E7 K60,97R, and carboxyl-
terminal epitope tagging, as in16E7-FLAG, did not alter the
sensitivity of E7 to proteasome inhibition. Both 16E7 K60,97R
and 16E7-FLAG were stabilized to levels similar to those of
wild-type HPV-16 E7 upon MG132 treatment (Fig. 1E). How-
ever, levels of the amino-terminal FLAG-tagged version of

HPV-16 E7, FLAG-16E7, were unaffected by treatment with
MG132 (Fig. 1E). This resistance of FLAG-16E7 to protea-
some inhibition suggests amino-terminal conjugation of ubiq-
uitin, as has been reported (37). However, as shown in Fig. 1E,
16E7 K60,97R, FLAG-16E7, and 16E7-FLAG induced pRB
degradation to levels similar to those seen with wild-type 16E7.
Hence, although E7 degradation and E7-mediated pRB deg-
radation are both proteasome-dependent processes, they occur
independently of each other.

To determine whether degradation-resistant FLAG-16E7
was more effective in destabilizing pRB than 16E7-FLAG, we
performed a quantitative comparison. Different amounts of
FLAG-16E7 and 16E7-FLAG were cotransfected with a con-
stant amount of the pRB expression plasmid in SAOS2 cells,
and the steady-state levels of pRB and E7 were determined by
immunoblotting. At comparable steady-state levels of the
FLAG-tagged E7 proteins, pRB levels were twofold lower
when degradation-resistant FLAG-16E7 was coexpressed than
when degradation-sensitive 16E7-FLAG was coexpressed, in-
dicating that FLAG-16E7 is more efficient in targeting pRB for
degradation (Fig. 1F).

The “small pocket” of pRB is sufficient for E7-mediated
pRB destabilization. To map the structural domains of pRB
that are necessary for degradation, we tested truncation mu-
tants of pRB (Fig. 2). Deletion of the amino-terminal and/or
the carboxyl-terminal domains of pRB did not interfere with
the ability of E7 to target pRB for degradation. Hence, as
previously reported (6), the E7-binding domain of pRB, the
small pocket (50), is sufficient for degradation by E7. The

FIG. 2. The small pocket of pRB is sufficient for E7-mediated degradation. SAOS2 cells were transiently transfected with the indicated
combinations of plasmids encoding HA-tagged wild-type or mutant forms of pRB, the E7-binding-defective pRB double point mutant (pRB
Y756F/N757A), wild-type HPV-16 E7 (16E7), and a pRB-binding-deficient HPV-16 E7 mutant (16E7 DD21-C24) or control vector (CMV).
Samples (100 mg) were subjected to SDS-PAGE and immunoblot analysis for the pRB mutants using an HA antibody or a pRB antibody (upper
panels) and cotransfected GFP control (lower panels). Untransfected cells were used as controls (C). Background bands are denoted by asterisks.
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binding of E7 to pRB is required for degradation, as a pRB
mutant lacking amino acid residues 728 to 775, which encom-
pass the core E7-binding site, and an E7-binding-defective
pRB double point mutant (pRB Y756F/N757A) are not effi-
ciently degraded by E7 (Fig. 2) (16, 41).

HPV-16 E7 destabilizes pRB family members p107 and
p130. E7 has also been shown to bind the pRB family members
p107 and p130 through its LXCXE domain (18). Previous
experiments showed that p107 levels were decreased in E7-
expressing cell lines (30). However, other reports have sug-
gested that neither p107 nor p130 levels are affected by E7 (6).
Therefore, the effects of HPV-16 E7 on p107 and p130 steady-
state levels and half-lives were determined with the SAOS2 cell
transient assay.

A p107 expression plasmid was transfected alone or in com-
bination with wild-type HPV-16 E7 or the 16E7 DD21-C24
mutant. While the 16E7 DD21-C24 mutant had no effect on
p107 levels, titration of wild-type HPV-16 E7 caused a dra-
matic dose-dependent decrease in p107 steady-state levels
(Fig. 3A). Moreover, the p107 half-life was reduced from over
11 h to 2.5 h when HPV-16 E7 was coexpressed (Fig. 3B). As
with pRB, binding of E7 to p107 was necessary but not suffi-
cient for destabilization (Fig. 3C). Furthermore, E7-mediated
degradation of p107 could be overcome by treatment with the
26S proteasome inhibitor MG132, suggesting that the protea-
some is involved in E7-mediated p107 destabilization (Fig.
3C). To further substantiate that E7 binding to p107 is neces-
sary for p107 degradation, we analyzed two E7 point mutants,
16E7 C24G and 16E7 E26G (14). It has been reported that
these mutants are pRB binding deficient but retain binding to
p107. Degradation assays showed that, consistent with their
binding characteristics, these mutants did not destabilize pRB
but retained their ability to target p107 for degradation (Fig.
3D).

Next, we investigated the effect of HPV-16 E7 on p130
steady-state levels as well as half-life. The steady-state levels of
p130 were clearly reduced in HPV-16 E7-expressing popula-
tions of HFKs (Fig. 4A). Similar E7-mediated decreases in
p130 levels were also detected in the SAOS2 cell transient
assay (Fig. 4B). These alterations were due to decreased pro-
tein stability, as the half-life of p130 was consistently decreased
from over 11 h to approximately 6 h upon coexpression of E7
(Fig. 4C).

E7-mediated pRB degradation is important for functional
inactivation of pRB in an SAOS2 flat-cell assay. The flat-cell
assay with SAOS2 cells represents a unique activity assay for
pRB (24, 26). The assay is carried out by transfecting SAOS2
cells with a pRB expression plasmid and a selectable marker.
Upon reexpression of pRB, SAOS2 cells arrest in G1. The G1

cell cycle arrest and continuous drug selection allow the pRB
expression plasmid to be maintained episomally for over 2
weeks (24). During this time of pRB expression, SAOS2 cells
undergo morphological changes that are collectively termed
the flat-cell phenotype. These pRB-induced morphological
changes in the SAOS2 cell line correlate with the expression of
senescence-associated b-galactosidase (53) as well as osteo-
genic differentiation markers (41). Remarkably, induction of
the flat-cell phenotype does not depend on the ability of pRB
to interact with E2F-1, and it is unique to pRB, as the expres-
sion of p107 and p130 induces growth arrest but not the flat-

cell phenotype (41). Cotransfection of pRB with inactivators of
the tumor suppressor, such as adenovirus E1A or cyclin D,
prevents the induction of the flat-cell phenotype (24).

We carried out the SAOS2 flat-cell assay by transfecting
pRB alone or in combination with wild-type HPV-16 E7 or E7
proteins that do not bind pRB (16E7 DD21-C24, 16E7 C24G,
and 16E7 E26G) or that bind but do not degrade pRB (16E7
DP6-E10 and HPV-1a E7). Drug-resistant cells were evaluated
for flat-cell formation and stained for senescence-associated
b-galactosidase activity. Coexpression of HPV-16 E7 with pRB
caused a 92% reduction in the average number of senescence-
associated b-galactosidase-positive cells relative to the findings
obtained with the pRB control (Fig. 5), while the pRB-binding-
deficient 16E7 C24G, 16E7 E26G, and 16E7 DD21-C24 mu-
tants had no effect on flat-cell induction (Fig. 5). Versions of
HPV-16 E7 that bind but do not degrade pRB, such as the
16E7 DP6-E10 mutant and HPV-1a E7, caused a 50% reduc-
tion in b-galactosidase-positive cells (Fig. 5). This result sug-
gests that the binding of E7 to pRB is only partially effective in
inactivating pRB function in this assay.

DISCUSSION

Retinoblastoma tumor suppressor protein pRB and the re-
lated “pocket proteins” p107 and p130 play important roles in
regulating G1-S cell cycle checkpoint control. To establish and
maintain a replication-competent host cellular milieu, the
large tumor antigens of polyomaviruses, the adenovirus E1A
proteins, and the E7 proteins of many HPVs each target pRB.
Each of these viral oncoproteins contains a conserved se-
quence motif, LXCXE, that represents the core pRB-binding
site. Despite this striking sequence conservation, the strategies
that these viral oncoproteins have developed for pRB inacti-
vation are surprisingly diverse. The adenovirus E1A proteins
contain an additional low-affinity pRB-binding site in amino-
terminal conserved region 1 (17). In polyomavirus tumor an-
tigens, an amino-terminal J domain, the signature sequence of
the DnaJ or Hsp40 chaperone proteins (32) that is dispensable
for interaction with pRB, is required for functional pRB inac-
tivation (43, 54). SV40 T-antigen-mediated disruption of pRB-
E2F complexes is an ATP-dependent process, suggesting that
SV40 T-antigen-mediated disruption of pRB function has
characteristics of an enzymatic reaction (reviewed in reference
36).

Similarly, the notion that the high-risk HPV E7 proteins may
target pRB by a stoichiometric protein-protein interaction has
been challenged by reports that HPV-16 E7 can destabilize
pRB (6, 7, 30). While there are pRB-binding-competent E7
mutants that are transformation or immortalization defective
(4, 8, 20, 28, 35), the ability of E7 to target pRB for degrada-
tion correlates more closely with viral replication (48) and
cellular transformation (31).

We have used a rapid SAOS2 cell-based assay to analyze the
biochemical parameters of E7-mediated pRB degradation. In
a previously reported assay using transient transfection with
the SAOS2 cell line, HPV-16 E7 was able to induce pRB
degradation; however, unlike the results for stable E7-express-
ing cells, p107 and p130 were not destabilized (6). In contrast,
our assay with SAOS2 cells accurately parallels the activity of
E7 in stable fibroblast and keratinocyte populations (31) (Fig.

VOL. 75, 2001 DEGRADATION OF THE RETINOBLASTOMA TUMOR SUPPRESSOR 7587



1). E7-induced pRB degradation is a rapid and direct effect of
E7 expression that is unaffected by the presence of p53 and/or
the HPV-16 E6 oncoprotein (data not shown). In addition, E7
expression decreases the steady-state levels and half-lives of
p107 (Fig. 3) and p130 (Fig. 4).

Proteasome inhibitor treatment caused not only an increase
in pRB levels but also a dramatic augmentation of E7 levels.
The HPV-16 E7 protein has a short half-life (45) and, as has
been recently reported, is normally turned over through pro-
teasomal degradation (37). Our results show that although E7

FIG. 3. HPV-16 E7 destabilizes p107 by a proteasome-dependent mechanism. (A) HPV-16 E7 decreases steady-state levels of p107. SAOS2
cells were transiently transfected with the indicated combinations of plasmids encoding HA-tagged p107, wild-type HPV-16 E7 (16E7), or the
pRB-binding-deficient mutant 16E7 DD21-C24. Samples (100 mg) were subjected to SDS-PAGE and immunoblot analysis for p107 using an HA
antibody (upper panel) and cotransfected GFP control (lower panel). Quantitation of p107 levels, normalized for GFP expression, is shown
underneath these panels. (B) HPV-16 E7 decreases the half-life of p107. SAOS2 cells were transiently transfected with the indicated combinations
of plasmids encoding HA-tagged p107 and HPV-16 E7 (16E7) or control plasmid (CMV). At 24 h posttransfection, protein synthesis was blocked
by treatment with cycloheximide (Chx). At the indicated times, samples (100 mg) were harvested and then processed for immunoblot analysis for
p107 using an HA antibody (upper panel) or cotransfected GFP control (lower panel). Quantitation of p107 levels, normalized for GFP expression,
is shown underneath these panels. (C) Inhibition of the 26S proteasome blocks HPV-16 E7-mediated p107 degradation. SAOS2 cells were
transfected with the indicated combinations of plasmids encoding HA-tagged p107, HPV-16 E7 (16E7), and HPV-16 E7 mutants 16E7 DD21-C24
(pRB binding and degradation deficient), 16E7 DP6-E10 (pRB binding competent and pRB degradation deficient), and 16E7 C91S (pRB binding
and degradation competent) or control vector (CMV). Cells were treated with 40 mM MG132 (1) or mock treated with DMSO (2) for 4 h.
Samples (100 mg) were subjected to SDS-PAGE and immunoblot analysis for p107 using an HA antibody (upper panel), HPV-16 E7 (middle
panel), and cotransfected GFP control (lower panel). Quantitation of p107 and HPV-16 E7 levels, normalized for GFP expression, is shown
underneath these panels. (D) Differential destabilization of pRB and p107 by pRB-binding-site E7 point mutants. SAOS2 cells were transfected
with the indicated combinations of plasmids encoding pRB or HA-tagged p107, HPV-16 E7 (16E7), and HPV-16 E7 mutants 16E7 C24G and 16E7
E26G (pRB binding and degradation deficient, partially p107 binding competent) or control vector (CMV). C, untransfected controls. Samples
(100 mg) were subjected to SDS-PAGE and immunoblot analysis for pRB (left upper panel), p107 using an HA antibody (right upper panel),
HPV-16 E7 (middle panels), and cotransfected GFP control (lower panels). Quantitation of pRB and p107 levels, normalized for GFP expression,
is shown underneath these panels.
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degradation and E7-mediated pRB degradation are both pro-
teasome dependent, they are separable. The amino-terminal
tagged version of E7 which is resistant to proteasomal degra-
dation, presumably because it is not ubiquitinated (37), effi-
ciently degrades pRB in the SAOS2 cell assay (Fig. 1E). More-
over, transformation-incompetent 16E7 DP6-E10 and HPV-1a
E7, versions of E7 that bind pRB with an efficiency similar to
that of HPV-16 E7 and are equally susceptible to proteasomal
degradation, are unable to induce the degradation of pRB
(Fig. 1D). Similarly, the pRB-binding-deficient HPV-16 E7
mutant 16E7 DD21-C24 is also stabilized under these condi-
tions. Moreover, the proteasomal S4 subunit-binding-deficient
mutant 16E7 C91S (5) is also stabilized, strongly suggesting
that an interaction with the S4 subunit does not fully account
for the rapid turnover of HPV-16 E7 (Fig. 1D). Taken to-
gether, our results suggest that E7-mediated pRB degradation
is not directly related to E7 turnover.

The biological activities of pRB are primarily regulated by
phosphorylation and by phosphorylation-dependent binding to
regulatory proteins. However, pRB is also regulated at the
level of protein turnover. pRB is cleaved by caspases during
apoptosis (2, 12, 27, 47). However, a general inhibitor of
caspases does not markedly interfere with E7-induced pRB
degradation (30) (data not shown), and versions of pRB lack-
ing the major caspase cleavage sites in the carboxyl terminus
are all efficiently degraded by E7 (Fig. 2). Most strikingly,
pRB is targeted for proteasomal degradation by gankyrin, an

ankyrin repeat protein (23). Overexpression of gankyrin and
decreased pRB levels have been observed for hepatomas, cor-
relating pRB degradation with transformation (23).

What is the mechanism of E7-induced pRB degradation? At
this point we have not yet identified the factor(s) that is in-
volved, but our studies have started to illuminate this process.
One possible model is that E7 induces pRB degradation
through an additional cellular factor, similar to p53 degrada-
tion through a complex of high-risk HPV E6 proteins with the
E6-AP ubiquitin ligase (38). This model is supported by the
finding that coexpression of the pRB-binding-deficient
HPV-16 E7 mutant 16E7 DD21-C24 causes a consistent in-
crease in pRB-induced flat-cell formation in SAOS2 cells (Fig.
5). Based on the inability of the 16E7 DP6-E10 mutant to
degrade pRB, we propose that the amino terminus of HPV-16
E7 may be one of the determinants for E7-mediated pRB
degradation. Alternatively, the binding of HPV-16 E7 may
displace a stabilizing cellular factor bound to pRB. Our results
do not conclusively rule out this model, but we consider it less
likely, given that HPV-1a E7, adenovirus E1A, and SV40 T
antigen do not interfere with pRB stability (Fig. 1).

In these and other experiments, we have been unable to
unambiguously demonstrate that E7 induces multiubiquitina-
tion of pRB. Interestingly, pRB ubiquitination has not been
observed in gankyrin-mediated proteasomal degradation of
pRB (23). Hence, it is possible that E7-mediated pRB degra-
dation by the proteasome may not require ubiquitination, add-

FIG. 4. HPV-16 E7 destabilizes p130. (A) Decreased p130 steady-state levels in HPV-16 E7-expressing pools of HFKs. Two independent,
matched populations of HFKs infected with control LXSN (LX) and HPV-16 E7-expressing LXSN (LX-16E7) vectors are shown. Pools of cells
were obtained after G418 selection. Extracts (100 mg) were prepared and subjected to SDS-PAGE and p130 immunoblot analysis. Quantitation
of p130 levels is shown underneath the blot. (B) HPV-16 E7 decreases p130 steady-state levels in the SAOS2 cell transient assay. SAOS2 cells were
transiently transfected with the indicated combinations of plasmids encoding p130 and HPV-16 E7 (16E7). Samples (100 mg) were subjected to
SDS-PAGE and immunoblot analysis for p130 (upper panel) and cotransfected GFP control (lower panel). Quantitation of p130 levels, normalized
for GFP expression, is shown underneath these panels. Untransfected cells are shown as controls. (C) HPV-16 E7 decreases the half-life of p130.
SAOS2 cells were transiently transfected with the indicated combinations of plasmids encoding p130 and HPV-16 E7 (16E7) or control plasmid
(CMV). At 24 h posttransfection, protein synthesis was blocked by treatment with cycloheximide (Chx). At the indicated times, samples (100 mg)
were harvested and then processed for immunoblot analysis for p130 (upper panel) or cotransfected GFP control (lower panel). Quantitation of
p130 levels, normalized for GFP expression, is shown underneath these panels.
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ing pRB to a growing list of proteins that are turned over by
the proteasome independent of multiubiquitination (42).

Our studies also demonstrate that HPV-16 E7 can target the
pRB family members p107 and p130 for destabilization. By use of
point mutations within the pRB-binding site of E7 that abrogate

pRB binding but not p107 binding (14), resulting in mutants 16E7
C24G and 16E7 E26G, p107 can be specifically targeted for deg-
radation by E7 (Fig. 3D). Interestingly, although 16E7 C24G and
16E7 E26G are impaired for transformation, both mutants retain
activities in human cell immortalization assays comparable to that
of HPV-16 E7 (14); this result suggests that E7-mediated p107
destabilization may contribute to such activity. The pRB-related
pocket proteins p107 and p130 function as efficient growth sup-
pressors and target E2F transcription factor complexes, but they
have not been conclusively connected with tumor suppressor ac-
tivity. However, recent studies have shown that inactivation of
pRB as well as p107 and p130 is necessary for SV40 T-antigen-
mediated transformation (46). Furthermore, p16INK4a-induced
cell cycle arrest requires p107 and/or p130, even in the presence
of functional pRB (9). Some reports have also implicated p130 in
regulating cellular differentiation (reviewed in reference 21).
HPV-16 E7 has also been linked to inhibition of differentiation,
and it is possible that E7-induced p130 degradation contributes to
the ability of E7 to delay keratinocyte differentiation (29).

Most importantly, our studies demonstrate that E7-medi-
ated pRB degradation is necessary for efficient inactivation of
pRB function (Fig. 5). The SAOS2 flat-cell assay that we used
to address this issue probes several independent biological
activities of pRB. In addition to E2F-mediated G1 growth
arrest, this assay also detects a second function that maps to a
carboxyl-terminal domain of pRB (41). Although the mole-
cules that functionally interface with this region of pRB are
unknown, they regulate cellular senescence and/or differenti-
ation (41, 53) and comprise an important facet of the function
of pRB as a tumor suppressor (41). Hence, the ability of E7 to
target pRB for proteolytic degradation provides an effective
mechanism to simultaneously subvert the multiple biological
activities of this tumor suppressor protein.
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30. Jones, D. L., and K. Münger. 1997. Analysis of the p53-mediated G1 growth
arrest pathway in cells expressing the human papillomavirus type 16 E7
oncoprotein. J. Virol. 71:2905–2912.

31. Jones, D. L., D. A. Thompson, and K. Münger. 1997. Destabilization of the
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