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ABSTRACT The cell cycle regulatory tumor suppressor
proteins p53 and pRB are targeted for inactivation by several
tumor viruses, including the high-risk types of human papil-
lomaviruses (HPVs) via interactions of the HPV E6 and E7
oncoproteins with p53 and pRB, respectively. p53 plays a
central role in a signal transduction pathway that mediates G,
arrest after DNA damage, though the mechanism by which G,
arrest occurs has not been elucidated. The cyclin-associated
protein p2lwan/dPl has recently been shown to be induced by
p53 and to inhibit cyclin complex-mediated phosphorylation of
pRB in vitro. Thus, we investigated a possible role for pRB in
the p53-mediated DNA damage response. After rirradiation,
cells expressing wild-type p53 arrested in G1, contained in-
creased levels of WAFi/CIP1 mRNA, and demonstrated ac-
cumulation of hypophosphorylated pRB. In contrast, cell lines
with abnormal p53 genes or with p53 functionally inactivated
by the E6 oncoprotein of HPV16 (a high-risk HPV) failed to
arrest in G1, did not elevate WAFI/CIPI mRNA, and did not
accumulate hypophosphorylated pRB. Despite apparently nor-
mal elevation of p53 protein and WAFi/CIP) mRNA after
irradiation, cells expressing HPV16 E7 also failed to arrest in
G, and did not accumulate hypophosphorylated pRB. Disrup-
tion ofRB genes alone did not totally abrogate this G, arrest.
Our results suggest that p53 indirectly regulates phosphoryla-
tion of pRB and that pRB and/or other pRB-like molecules
that bind to HPV16 E7 participate in the DNA damage-
mediated G, arrest signal. In the process ofHPV infection, the
HPV E6 and E7 oncoproteins may undermine this cell cycle
checkpoint, contributing to the accumulation of genetic alter-
ations during tumorigenesis.

The tumor suppressor genes p53 and pRB are inactivated
during the development of a wide variety of human cancers.
Inactivation of both p53 and pRB can occur via genetic
mechanisms or through interaction of their gene products
with cellular or viral proteins. High-risk human papilloma-
viruses (HPVs) presumably contribute to the development of
HPV-associated cancers through the interaction of the HPV
E6 oncoprotein with p53 and the HPV E7 oncoprotein with
pRB and related proteins such as p107 (for review, see ref. 1).
The functional consequences of these protein-protein inter-
actions remain poorly understood.
We have previously shown that arrest in the G1 phase ofthe

cell cycle after sublethal DNA damage is mediated by wild-
type p53 (wtp53) (2-4) and that expression of the E6 onco-
protein encoded by high-risk HPVs (such as HPV16) abro-
gates the G1 arrest (5). Loss ofp53 function is associated with
certain types ofgenetic instability, such as gene amplification
and aneuploidy (6-8). A role for pRB in this cell cycle

checkpoint pathway has not been established. Recently, a
relationship between p53 and pRB in cell cycle regulation was
suggested by the cloning and characterization of the WAF)!
CIPJ gene on chromosome 6p [also referred to as SDI] for
senescent cell-derived inhibitor (9) and PIC] for p53-
regulated inhibitor of cdks (10)]. The CIPJ gene was identi-
fied on the basis of the interaction between cipl and cdk2
(11). The identical gene, WAFI, was independently cloned on
the basis of its inducibility by p53 (12). The product of this
gene, p21wai/ciPl, had been reported previously on the basis
ofits interaction with several cyclin-cdk complexes (13). The
p21wan/ciPl protein is a potent growth suppressor (12) and
may be one of the major effector molecules of p53. It is also
a potent inhibitor of cell cycle-regulated kinases that target
pRB and pRB-related molecules (11), at least in vitro. These
discoveries suggested a potential link between p53 and pRB
in tumor suppression and cell cycle regulation and raised
suspicion that pRB could be a functional participant in the
p53-dependent DNA damage response pathway.
The wafl/cipl protein may participate in cell cycle regu-

lation through the inhibition of cyclin-cdk complex-mediated
phosphorylation ofpRB (11). The E2F family oftranscription
factors interact with pRB and related molecules such as p130
and p107 (for review, see ref. 14). During most ofthe G, phase
of the cell cycle, E2F is found in complexes with the
hypophosphorylated form ofpRB. In late G1, the majority of
pRB becomes hyperphosphorylated, thereby releasing tran-
scriptionally active E2F. Unbound E2F transcription factors
stimulate transcription of cellular genes involved in growth
control and DNA synthesis. Through this cell cycle-
dependent phosphorylation, pRB can either inhibit or en-
hance E2F-dependent transcription, an effect that correlates
with the growth suppressor function of pRB (15, 16). The
interaction of the HPV E7 oncoprotein with pRB has essen-
tially the same effect as pRB phosphorylation [i.e., increased
E2F transcriptional activity (17)].

In this study, we investigated the relationship between
pRB and p53 in the p53-mediated cell cycle checkpoint
pathway. We demonstrate that the G, cell cycle arrest occurs
prior to pRB phosphorylation and that accumulation of
hypophosphorylated pRB in response to DNA damage re-
quires elevation ofwtp53 protein. Furthermore, we show that
the G1 cell cycle arrest can be abrogated not only by HPV16
E6 through its interaction with p53 but also by HPV16 E7
through its interaction with pRB and perhaps through pRB-
related molecules. Finally, pRB and/or pRB-related proteins
appear to be checkpoint participants downstream of p53 and
p21wa/ciPl in the p53-mediated response to DNA damage.
Thus, high-risk HPVs encode proteins capable of disrupting
this important cellular response at two distinct points.
Through this mechanism, HPV E6 and E7 oncoprotein ex-
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pression may contribute to the accumulation of genetic
alterations responsible for cervical and other HPV-
associated cancers.

MATERIALS AND METHODS
Cell Lines and Plasmids. The source and culture conditions

for primary keratinocytes (5), mouse embryo fibroblasts (4,
6, 18), and cell lines RKO (wtp53), ML-1 (wtp53), HL-60 (p53
null), and SW480 (mutant p53) (2, 3) have been reported. The
HPV16 E7 expression plasmid was obtained by cloning the
full-length E7 open reading frame (map positions 544-875),
from pJ6fl-16E7 (provided by Attila Lorincz, Digene Diag-
nostics, Silver Spring, MD), into the unique BamHI cloning
site of the pCMVneo expression vector (19) downstream of
the cytomegalovirus promoter. The DNA insert was se-
quence verified in its entirety. Logarithmically growing RKO
cells were transfected with either pCMVneo-16E7 or pCM-
Vneo vector without insert by using Lipofectin as described
by the manufacturer (GIBCO/BRL). Transfected cells were
initially selected in G418 (GIBCO/BRL) at 1.0 mg/ml, and
after 10 days single colonies were cloned by limiting dilution
in G418 at 0.5 mg/ml. Two independent E7-expressing cell
lines (RC07-6 and RC07-14), as determined by Southern blot
analysis, were chosen for further analysis. Both lines were
shown to express E7 protein by immunoprecipitation (data
not shown). RKO clonal cell lines expressing HPV16 E6
(RC10-1, RC10-2, and RC10-3) have been described (5).
p53 and pRB Protein Detection by Immunoblotting. Levels

of p53 protein were measured 4 hr after cells were exposed
to 0 or 4 grays (Gy) of -,irradiation in a 137Cs irradiator at 1
Gy/min as described (5). The cells were lysed directly in
SDS/PAGE loading buffer, and total protein was quantified
using an amido blue black assay. Total cellular protein (100
pg) was separated on an SDS/8% PAGE gel and transferred
to nitrocellulose (Hybond-ECL; Amersham) using a semidry
electroblotter (Millipore). p53 protein was detected after
incubation with 1 pg of monoclonal antibody DO-1 (Onco-
gene Science), and the bound antibody was visualized with
enhanced chemiluminescence (ECL; Amersham).
pRB was evaluated by immunoblot at 1, 3, and 24 hr

postirradiation with 4 Gy and compared to pRB in untreated
cells. For this analysis, the samples were separated by
SDS/6% PAGE, and pRB was detected with 1 pg of mono-
clonal antibody PMG3-245 (PharMingen) as described above
for p53.
WAFI/CIPI Expression in RKO Cell Lines. For the detec-

tion of WAFI/CIPI expression, cells were grown to 80o
confluency, and total cellular RNA was isolated as described
(20). Irradiated cells were harvested 4-6 hr after irradiation.
Twenty micrograms of total RNA was size fractionated on
1.5% agarose-Mops/formaldehyde gels, transferred to nylon
membranes, and hybridized to a full-length WAFI/CIPI
cDNA probe (12) (provided by B. Vogelstein, The Johns
Hopkins Oncology Center) in rapid hybridization buffer
(Amersham). The blots were washed at 650C in 0.3x SSC/
0.1% SDS and then autoradiographed. The same blots were
hybridized to a glyceraldehyde-3-phosphate dehydrogenase
cDNA probe to control for potential differences in loading
from sample to sample.

Cell Cycle Analysis. To analyze perturbations of cell cycle
progression after DNA damage, cells were grown to 80%o
confluency and treated with 0 or 4 Gy of -,irradiation. Cell
cycle status was determined by dual-parameter flow cyto-
metric analysis of cells labeled with 10 ,uM BrdUrd for 4 hr
at 17 hr postirradiation. The 17-hr time point has been
previously shown to accurately reflect p53-dependent cell
cycle arrest in several cell lines (2-4). Murine fibroblasts
were assayed at either 17 or 24 hr postirradiation. BrdUrd-
labeled cells were subsequently stained with a fluorescein

isothiocyanate-conjugated anti-BrdUrd antibody (Becton
Dickinson) and, for total DNA content, with propidium
iodide, as described (2).

RESULTS
Phosphorylation of pRB Is Associated with Functional Ac-

tivity of p53. Immunodetection of pRB in whole cell lysates
shows a complex pattern of protein species, including the
more rapidly migrating hypophosphorylated form (pRB110)
and a number ofmore slowly migrating hyperphosphorylated
forms (ppRbll2-120) (21), which can be distinguished by
SDS/PAGE. To investigate the phosphorylation status of
pRB in relation to functional p53 activity, we initially chose
three cell lines, ML-1 (wtp53), HL60 (p53 null), and SW480
(mutant p53). After t-irradiation, ML-1 cells show elevated
wtp53 protein levels and arrest in G,, whereas HL60 and
SW480 cells do not (2-4). The p53-independent G2 arrest in
response to -irradiation remains intact in each of these cell
lines (2, 3). pRB phosphorylation in all three cell lines was
determined by immunoblot analysis at 1, 3, and 24 hr after
irradiation with 4 Gy and compared to unirradiated cells (Fig.
1). In ML-1, increased hypophosphorylated pRB was seen at
3 hr after virradiation and was still present 24 hr postirra-
diation. The levels of hypophosphorylated pRB remained
constant in HL60, and this form of pRB was undetectable in
SW480 before or after irradiation. These results suggest a
relationship between the functional activity of p53 and pRB
phosphorylation in DNA damage-induced G, arrest and
indicate that the arrest occurs prior to pRB phosphorylation.
However, these findings do not address whether accumula-
tion of hypophosphorylated pRB is a cause or a consequence
of G, arrest; this distinction would require evaluation of the
DNA damage-induced G, arrest after abrogation of pRB
function.
pRB Phosphorylation in HPV E6- and E7-Transfected RKO

Lines. The association between p53 accumulation afterDNA
damage and the appearance ofhypophosphorylated pRB was
also tested in RKO cells (Fig. 2). After v-irradiation, these
cells also show elevated wtp53 protein and arrest in GI (3, 5).
In untransfected RKO cells (Fig. 2A) or RKO transfected
with vector alone (data not shown), increased hypophospho-
rylated pRB was detectable 3 hr after treatment. In two RKO
cell lines in which p53 is functionally inactivated by HPV16
E6 and that fail to arrest in G, following DNA damage (5), no
significant change in hypophosphorylated pRB was identified
following DNA damage .(results obtained with one represen-
tative line, RC1O-2, are shown in Fig. 2A). These results
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FIG. 1. Phosphorylation status of pRB by immunoblot in cell
lines ML-1, HL60, and SW480 afterDNA damage. pRB was detected
in cellular lysates from unirradiated cells (0 hr) and in cells 1, 3, and
24 hr after irradiation with 4 Gy. Lanes 1-4, cell line ML-1 (wtp53
and pRB); lanes 5-8, cell line HL60 (p53 null and wild-type RB);
lanes 9-12, cell line SW480 (mutant p53 and wild-type RB).
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FIG. 2. Phosphorylation status of pRB by immunoblot in RKO-
derived cell lines. pRB was detected in cellular lysates from unirra-
diated cells (O hr) and in cells 1, 3, and 24 hr after irradiation with 4
Gy. (A) pRB in untransfected RKO cells (lanes 1-4) and in RC10-2,
which expresses HPV16 E6 (lanes 5-8). (B) pRB in two independent
HPV16 E7-transfected RKO lines, RC7-6 and RC7-14.

provide further evidence that accumulation ofwtp53 plays an
important role in the regulation of pRB phosphorylation
during the DNA damage response. RC07-6 and RC07-14
express both HPV16 E7 mRNA and protein (data not shown).
We also analyzed the phosphorylation status of pRB in
RC07-6 and RC07-14 (Fig. 2B). In the two HPV16 E7-
expressing RKO cell lines there is no accumulation of the
hypophosphorylated form of pRB after DNA damage.
p53 Accumulation After DNA Damage in HPV16 E6- and

E7-Transfected RKO Cells. To investigate whether RKO cells
expressing HPV16 E7 retain the ability to elevate p53 protein
levels in response to DNA damage, we treated the lines with
0 or 4 Gy of -y-irradiation and assayed the levels ofp53 protein
4 hr after treatment. As shown in a previous study (5),
untransfected RKO cells show increased p53 protein levels
after irradiation, whereas p53 is essentially undetectable in
RC10-1, the HPV16 E6-transfected RKO line (Fig. 3). The E7
transfectants, however, show elevation of p53 after irradia-
tion comparable to untransfected RKO cells, indicating that
HPV16 E7 expression does not interfere with events that
trigger the accumulation of p53 in response to DNA damage
in these cells.

Expression ofWAFi/CIP1 in RKO Cells. The expression of
WAFI/CIPI, a recently identified gene, is induced by p53
(12). We hypothesized that WAFJ/CIPJ induction may be
part of the p53-mediated DNA damage response. RNA blot
analysis was used to determine the expression of WAF)!
CIPI in normal cervical keratinocytes (PCx22), RKO cells
transfected with vector alone (RCneo-1), and in HPV16 E6
(RC10-1)- and E7 (RC07-6 and RC07-14)-transfected RKO
cells in response to DNA damage. The level of WAFJ/CIP)
mRNA before irradiation is approximately equivalent in all
tested cells. Four to 6 hr after treatment with 4 Gy of
irradiation, untransfected RKO cells and HPV16 E7-
expressing cells demonstrate a severalfold increase in
WAFJ/CIP) mRNA levels. In contrast, the level of WAFI/
CIPI mRNA in HPV16 E6-expressing RKO cells is un-

HKO FC IC)1I F C0 to(6 )O7 I 4

FIG. 3. Detection of steady-state p53 protein levels by imnuno-
blot. Each pair of lanes represents unirradiated cells (0) or cells
irradiated with 4 Gy (y). Lanes 1 and 2, untransfected RKO cells;
lanes 3 and 4, RC10-1 (HPV16 E6); lanes 5 and 6, RC07-6 (HPV16
E7); lanes 7 and 8, RC07-14 (HPV16 E7).

changed after irradiation (Fig. 4). Thus, WAFJ/CIPI induc-
tion after DNA damage correlates with p53 accumulation in
all of the tested RKO transfectants.

Cell Cycle Progression of HPV16 E6- and E7-Transfected
RKO Cells After Irradiation. Our results suggest that the
hypophosphorylated form ofpRB is potentially an important
effector "downstream" of p53 in DNA damage-induced G1
arrest. Because E7 proteins of high-risk HPVs disrupt the
function of pRB and possibly other proteins that are impor-
tant to the regulation of cell cycle progression, we analyzed
RC07-6 and RC07-14 for cell cycle arrest after sublethal doses
of yirradiation. The relative decrease in the S-phase fraction
after irradiation in RKO cells expressing E7 was significantly
less than in control cells (Fig. 5). Elimination of p53 function
by HPV16 E6 similarly eliminated this arrest.

Cell Cycle Changes After Irradiation in Embryonic Fibro-
blasts Lacking RB Genes. Since HPV16 E7 is known to
interact not only with pRB but also with pRB-like proteins
such as p107 and p130, a role for pRB alone in this pathway
was evaluated in cells with homozygously deleted RB genes
(in which the function of pRB-like proteins remains intact).
Embryonic fibroblasts with wild-type RB and p53 genes
consistently arrested in G1 after 4 Gy of rirradiation, while
embryonic fibroblasts with homozygously deleted p53 genes
consistently failed to arrest (Fig. 5). Disruption of both RB
genes in the embryonic fibroblasts did not totally eliminate
the G1 arrest. Since cells expressing HPV16 E7 totally lost the
arrest, these findings suggest that pRB-like proteins that
interact with E7 (e.g., p107 and/or p130) may, in addition to
pRB, act as downstream effectors ofthe G1 arrest in response
to DNA damage.

DISCUSSION
Cells with an intact DNA damage response accumulate p53
and arrest in G1 after damage by ionizing radiation or other
damaging agents that, like ionizing radiation, cause DNA
strand breaks (2, 22, 23). In some situations, this p53-
dependent signal appears to lead to apoptotic cell death
rather than to G1 arrest (24-26). Cells that are defective in this
pathway fail to arrest in G1 or fail to undergo apoptosis after
DNA damage. Possibly, failure to reach either of these
endpoints could lead to the fixation of mutations in daughter
cells and thereby contribute to the accumulation of genetic
alterations found in human tumors. Previous studies indicate
that p53 has a central role in this pathway. However, it seems
likely that other molecules are also involved.
wtp53 has recently been found to induce expression of

p21wa/ciPl (12), which inhibits the activity of cyclin-
associated kinases that normally phosphorylate pRB (11), at
least in vitro. However, the possible roles of p2iwafI/ciPl and
pRB in the DNA damage response have not been previously
investigated. We hypothesized that cells with mutant or
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FIG. 4. Expression of WAFJ/CIP) and glyceraldehyde-3-
phosphate dehydrogenase mRNA in RKO cell lines 4-6 hr after
irradiation. Each pair of lanes represents unirradiated cells (0) or
cells irradiated with 4 Gy (y). Lanes 1 and 2, normal cervical
keratinocytes (PCx22); lanes 3 and 4, RKO cells transfected with
vector alone (RCneo-1); lanes 5 and 6, RKO cells transfected with
HPV16 E6 (RC1O-1); lanes 5-8, RKO cells transfected with HPV16
E7 (RC07-6 and RC07-14).

A

B

5322 Cell Biology: Slebos et al.



Proc. Natl. Acad. Sci. USA 91 (1994) 5323

3-

RKO RCneo-l RC1O-1 RC10-2 RC10-3 R(i07-6 RC07-14 VAT ;RB -: p

FIG. 5. Cell cycle changes in cells with altered pRB or p53 function after exposure to v-irradiation. Cell cycle analysis of unirradiated cells
or cells after irradiation was performed as described in Materials and Methods. The data is plotted as the ratio of the percentage of cells in S
phase prior to irradiation to the percentage of cells in S phase after irradiation; mean values of multiple determinations and standard errors are
shown. Ratios for control RKO cells [RKO (n = 2), RCneo-1 (n = 5)], RKO cells transfected with HPV16 E6 [RC1O-1 (n = 4), RC10-2 (n =
2), RC10-3 (n = 3)], and RKO cells transfected with HPV16 E7 [RC07-6 (n = 3), RC07-14 (n = 3)] are shown. Embryonic fibroblasts from normal
mice [WT (n = 3)], mice with disrupted RB genes [RB(-) (n = 3)], and mice with disrupted p53 genes [p53(-) (n = 2)] were similarly evaluated.

absent p53 should fail to activate WAFJ/CIP1 in response to
DNA damage. In the absence of p21a/ciPl inhibition of
cyclin-dependent kinase activity, substrates such as pRB
should be disproportionately phosphorylated. In this sce-
nario, phosphorylated pRB-like proteins would release E2F
transcriptional activity, which in turn would activate genes
required for entry into the S phase of the cell cycle. A
proposed pathway is summarized in Fig. 6.

Regulation ofE2F levels during G1 might also be dependent
on p107 and/or p130, pRB-related proteins that also interact
with E2F in a cell cycle-dependent manner (18, 28, 29). Like
pRB, p107 can inhibit cell proliferation and E2F-mediated
transcription (30, 31), although the timing of some p1O7-E2F
interactions may be different from that of pRB (32). While
most pRB-E2F complexes are found in G1, p107 and E2F can
be demonstrated in two complexes: one with cyclin A/cdk2,
present predominantly in S phase, and another with cyclin
E/cdk2 found in G1 (33).
HPVs are among several DNA tumor viruses that encode

oncoproteins that interact with p53 and pRB. The E6 proteins
encoded by high-risk HPVs not only bind but also degrade
p53 via a ubiquitin-mediated mechanism (34, 35). HPV16 E7
is capable of binding pRB (36) and dissociating pRB-E2F
complexes (17, 37, 38). The E7 oncoprotein of high-risk
HPVs has also been shown to disrupt the DNA-binding
properties of pRB (39). Furthermore, HPV16 E7 has been
shown to bind p107 (40) and p130 (41).

In this study we investigated the possible relationship
between p53 and pRB in the DNA damage response pathway.
RKO and ML-1 cells, which express wtp53, induced WAF1)
CIP1 expression, accumulated hypophosphorylated pRB,
and arrested in G1 after low-dose irradiation. Cell lines with
mutant (SW480), absent (HL60), or functionally inactivated
(RC1O-1 and RC1O-2) p53 genes did not induce WAFJ/CIP),
did not accumulate hypophosphorylated pRB, and did not
arrest in G1 after DNA damage. Thus, we demonstrated that
there is a relationship between the functional status of p53
and pRB phosphorylation after DNA damage and that both
p53 and pRB have an effect on the regulation of entry into S
phase in response to DNA damage.

RKO cells expressing HPV16 E7, which retained induction
of p53 and WAFJ/CIP) following irradiation, failed to accu-
mulate hypophosphorylated pRB or arrest in G1. These
observations suggest that pRB (modulated by phosphoryla-

DNA Damage (DNA Strand Breaks)

A-T Gene(s)

HPV E6

tp53 - - apoptosis

tGADD45 t WAFI/Cipi ? other gene products

HPV E7 Cyclinlcdk complexes
pRB*-E2F pRB*-P + Free E2F

G. Cell cycle arrest DNA synthesis

FIG. 6. A proposed representation of the DNA damage-induced
cell cycle checkpoint pathway in mammalian cells. DNA damage
results in accumulation of p53 protein. Optimal induction of p53
appears to require normal function of the gene products defective in
the disease ataxia-telangiectasia after certain types ofDNA damage,
such as virradiation (4, 27). Accumulation of wtp53 increases levels
of WAFI/CIP), which in turn inhibits activation of cyclin-cdk com-
plexes, preventing phosphorylation of pRB-like molecules (PRB*,
which includes pRB, p107 and p130). E2F and E2F-like transcription
factors therefore remain associated with hypophosphorylated pRB
and pRB-like proteins. Bound E2F transcription factors are unable to
activate transcription of genes required for progression from G1 into
S phase and, consequently, cells arrest in G1. High-risk HPVs can
disrupt the pathway at two separate points: through interaction of E6
with p53 and, further downstream, through interactions of E7 with
pRB or pRB-like proteins. Apoptotic cell death is another response to
DNA damage. However, the signals contributing to apoptosis vs. G1
arrest have yet to be determined. The role of GADD45 or other gene
products in the DNA damage response is not yet clear.
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tion) functions downstream of p53 and WAFI/CIP] in the
control of cell cycle progression. Further evidence that pRB
is downstream of p53 is provided by recent studies of
immortalized rat embryo fibroblasts transfected with a tem-
perature-sensitive mutant p53 (42). In this system, E7 can
overcome growth arrest induced by shifting the cells to the
permissive (wtp53 conformation) temperature, with no
change in p53 protein levels. In other studies, organotypic
culture of HPV16 E7 expressing keratinocytes showed E7-
induced proliferation of suprabasal cells that was indepen-
dent of steady-state p53 levels (43).
The ultimate result of alterations in the p53-mediated

growth arrest pathway is loss of cell cycle control. Although
our results suggest that pRB may play an important role in
this response, pRB is almost certainly not the only down-
stream participant. Cells with homozygously deleted RB
genes were, at most, partially defective in this DNA damage
response, while the response was consistently abrogated in
cells expressing HPV16 E7. In C33A cervical carcinoma cells
[which contain both mutant p53 and RB genes (44)], intro-
duction of a pRB expression construct failed to restore arrest
in G1, whereas introduction of p107 did cause such an arrest
(30). Furthermore, overexpression of wtp53 in Saos-2 cells
(p53 null and RB null) results in G1 arrest (45), suggesting that
other proteins besides pRB can act downstream of p53 to
effect G1 arrest. Although the status of p130 in Saos-2 is
unknown, p107 is intact in these cells (M. Ewen, personal
communication). Taken together, these findings suggest that
inactivation of pRB-related proteins is critical for G1 cell
cycle arrest after DNA damage. The study of pRB and other
downstream targets in the p53 pathway may eventually
improve our understanding of how loss of cell cycle control
contributes to neoplastic development and genetic instabil-
ity.
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