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In the present study, we investigated the role of p53 in G, checkpoint function by determining the mechanism
by which p53 prevents premature exit from G, arrest after genotoxic stress. Using three cell model systems,
each isogenic, we showed that either ectopic or endogenous p53 sustained a G, arrest activated by ionizing
radiation or adriamycin. The mechanism was p21 and retinoblastoma protein (pRB) dependent and involved
an initial inhibition of cyclin B1-Cdc2 activity and a secondary decrease in cyclin B1 and Cdc2 levels.
Abrogation of p21 or pRB function in cells containing wild-type p53 blocked the down-regulation of cyclin B1
and Cdc2 expression and led to an accelerated exit from G, after genotoxic stress. Thus, similar to what occurs
in p21 and p53 deficiency, pRB loss can uncouple S phase and mitosis after genotoxic stress in tumor cells.
These results indicate that similar molecular mechanisms are required for p53 regulation of G, and G,

checkpoints.

Most human tumors arise from multiple genetic changes
which gradually transform growth-limited cells into highly in-
vasive cells that are unresponsive to normal growth controls.
The genetic evolution of normal cells into cancer cells is largely
determined by the fidelity of DNA replication, repair, and
division (40). Cell cycle arrest in response to DNA damage is
an important mechanism for maintaining genomic integrity.
The control mechanisms that restrain cell cycle transition after
DNA damage are comprised of multiple signaling pathways
and are known as cell cycle checkpoints (17). In normal tissue
homeostasis, cells arrest after dissipation of essential growth
factors, hormones, or nutrients or if differentiation is induced.
After stress, cells arrest at checkpoints either to stall the initi-
ation of DNA synthesis and cell division until cellular damage
can be repaired or to activate pathways that lead to apoptosis.

It has become increasingly evident that loss of G,/S check-
point function is a hallmark of human cancers. If one considers
the frequency of alterations in p53, retinoblastoma protein
(pRB), and their upstream regulatory pathways in cancer cells,
the majority of human carcinomas have defective G,/S check-
point function. Of all the genetic alterations identified in hu-
man tumors that lead to deregulation of G,/S checkpoint func-
tion, p53 gene mutation is the most common (24). p53 is a
short-lived protein present at very low levels in the nuclei of
normal cells; however, a variety of cellular insults, including
DNA damage (27), hypoxia (15), aberrant oncogenic signaling
(32), and inhibition of microtubule dynamics (51), result in
elevated levels of the protein. p53 is a sequence-specific tran-
scription factor (12, 29, 41) that induces expression of several
target genes, including p21, Bax, and MDM2 (reviewed in
reference 2). Through transactivation of p21, p53 is one of the
major regulators of the G,/S checkpoint in response to cellular
stress. p21 binds to G, cyclin—cyclin-dependent kinase (Cdk)
complexes and inhibits their ability to phosphorylate pRB (16).
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PRB acts as a transcriptional repressor in its hypophosphory-
lated state when it is bound to the E2F family of transcription
factors (48). The E2F family mediates transcription of genes
required for DNA synthesis, including cyclin E, cyclin A, di-
hydrofolate reductase, and thymidine kinase (reviewed in ref-
erence 57). The binding of hypophosphorylated pRB to E2F
has been shown to inhibit E2F-dependent transcription of S-
phase genes and arrest cells at the G,/S transition (22, 47).

Relative to p53’s role in G, checkpoint responses, a role for
p53 in G, cell cycle arrest is less well defined. Cells that do not
contain wild-type p53 are deficient for G,/S checkpoint re-
sponse (33, 49), although the ability of these cells to undergo a
G, arrest remains intact (31, 33). However, ectopic expression
of pS3 in the absence of damage is sufficient to induce cell cycle
arrest at both the G,/S and G,/M transitions (1, 50) and is
accompanied by reduced levels and/or differential subcellular
localization of cyclin B1 protein (25, 60). Recent studies sug-
gest that p53, p21, and 14-3-30 are necessary to maintain a G,
arrest following DNA damage, since tumor cells lacking these
proteins enter mitosis with accelerated kinetics (5, 7). Taken
together, these results suggest that p53 is not required for the
activation of a G, arrest in response to genotoxic stress but that
it may dictate the duration of G, arrest through p21 transac-
tivation.

The goal of this study was to further investigate the role of
pS3 in G, checkpoint function by determining the mechanism
by which p53 sustains G, arrest after genotoxic stress. Three
cell culture model systems, each isogenic, were used to show
that p53 sustains the duration of G, arrest after treatment of
cells with ionizing radiation (IR) or adriamycin (ADR). The
p53-mediated maintenance of G, arrest appears to be depen-
dent on an initial inhibition of the cyclin B1-Cdc2 activity by
p21 and a secondary decrease in cyclin B1 and Cdc2 transcrip-
tion that is p21 and pRB dependent.

MATERIALS AND METHODS

p53-inducible system. The ecdysone-inducible expression system (Invitrogen,
Carlsbad, Calif.) was used to generate cell lines that conditionally express p53. A
human hemagglutinin-tagged p53 cDNA was ligated into the pIND vector. The
resulting vector, pIND-p53, was cotransfected with the pVgRXR vector into the
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human large cell lung carcinoma cell line H1299, which is null for p53 expression.
Stable clones were selected by limiting dilution in F-12 medium containing 10%
fetal calf serum (FCS) (Gemini Bio-Products, Inc., Calabasas, Calif.), 1% pen-
icillin-streptomycin (Sigma, St. Louis, Mo.), 600 png of G418 (Mediatech, Hern-
don, Va.) per ml, and 400 pg of Zeocin (Cayla, Toulouse, France) per ml, and
resulting cell lines were named H1299-inducible p53 (HIp53). Optimal p53
expression was observed after treatment of cells with the ecdysone analog pon-
asterone A (PonA) (Invitrogen) at a 10 wuM concentration. In all of the exper-
iments shown, PonA was readministered in fresh medium every 24 h to ensure
that gene expression was maintained for the duration of the experiment.

Cell culture and treatment. The RKO-E7 and RKO-NEO cell lines, kindly
provided by K. Cho (University of Michigan, Ann Arbor), were cultured in
McCoy’s 5A medium (Gibco BRL, Gaithersburg, Md.) supplemented with 10%
FCS 1% penicillin-streptomycin, and 500 wg of G418 per ml. The human colo-
rectal carcinoma cell line HCT116 and the isogenic derivative lines HCT116
p53~/~ and HCT116 p21~/~ were kindly provided by B. Vogelstein (Johns
Hopkins Oncology Center, Baltimore, Md.) and cultured in McCoy’s SA medium
supplemented with 10% FCS and 1% penicillin-streptomycin. Cells were treated
with ADR or IR as indicated in the figures. IR was delivered at room temper-
ature with a '3’Cs irradiator (J. L. Shepherd and Associates). All cells were
cultured at 37°C with 5% CO,.

Fluorescence-activated cell sorter analysis. Approximately 10° cells were in-
cubated with 20 pg of propidium iodide (Sigma) per ml, and DNA content was
determined using a FACS Caliber (Becton Dickinson). Data were plotted using
CellQuest software, and axis scales were optimized using the control sample and
were maintained at that value throughout each experiment. Fifteen thousand
events were analyzed for each sample. Bromodeoxyuridine (BrdU) incorporation
was performed and analyzed as previously described (13).

Western blot analysis and immunoprecipitations. Cells were trypsinized,
washed twice with ice-cold phosphate-buffered saline, and harvested in kinase
lysis buffer (KLB) (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.1% Triton X-100,
0.1% Nonidet P-40, 4 mM EDTA, 50 mM NaF, 0.2 mM Na vanadate) containing
the protease inhibitors antipain (10 pg/ml), leupeptin (10 pg/ml), pepstatin A (10
pg/ml), chymostatin (10 wg/ml) (Sigma), and 4-(2-aminoethyl)-benzenesulfo-
nylfluoride (200 pg/ml) (Calbiochem-Novabiochem Corp., La Jolla, Calif.). Cells
were lysed by passage through a 23-gauge needle, and the protein supernatant
was clarified by centrifugation at 13,000 X g for 10 min at 4°C. Protein concen-
tration was determined by the Bradford protein assay (Bio-Rad Laboratories,
Inc., Hercules, Calif.). Western blot analysis was performed as previously de-
scribed (13) using the following primary antibodies: anti-p53 polyclonal antibody
1801 (Oncogene Research Products, Calbiochem, Cambridge, Mass.), anti-p21
antibody Waf1/Cipl EA10 (Oncogene Research Products), anti-MDM?2 anti-
body SMP14 (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.), anti-Cdc2
antibody 17 (Santa Cruz Biotechnology Inc.), anti-cyclin B1 antibody GNS1
(Santa Cruz Biotechnology Inc.), anti-pRb antibody LM95.1 (Oncogene Re-
search Products), and anti-Bax antibody N-20 and anti-Actin antibody I-19 (San-
ta Cruz Biotechnology). In all Western blot analyses, uniform protein loading
was confirmed by fast green staining. For immunoprecipitation-based experi-
ments, anti-cyclin B1 GNS1, anti-Cdc2 17, and anti-p21 EA10 antibodies were
cross-linked to protein G-Sepharose (Pharmacia Biotech Products, Piscataway,
N.J.) as previously described (52). HIp53 cells were treated as indicated in the
figure legends and harvested in KLB as described above. Cell lysates (500 pg)
were immunoprecipitated with cross-linked antibody for 2 h at 4°C with rocking.
Immunoprecipitated proteins were washed three times in KLB, resuspended in
1X Laemmli sample loading buffer, heated at 85°C for 10 min, and analyzed by
Western blotting.

Kinase assays. Kinase assays were performed as previously described (13).
Cell lysates (250 wg) were immunoprecipitated with anti-Cdk2 antibody M2
(Santa Cruz Biotechnology Inc.) or anti-cyclin B1 antibody GNS1 (Santa Cruz
Biotechnology Inc.). The kinase assay was initiated by adding 2 wCi of
[y-**P]ATP (3,000 Ci/mmol) (New England Nuclear Laboratories) and incu-
bated at 30°C for 10 min using 7 wg of histone H1 (Boehringer Mannheim,
Indianapolis, Ind.) as a substrate. The reaction was terminated by the addition of
25 pl of 2X Laemmli sample loading buffer. Reaction mixtures were heated at
85°C for 10 min and subjected to sodium dodecyl sulfate (SDS)-12% polyacryl-
amide gel electrophoresis. 3?P-labeled histone H1 was quantified on an Instant
Imager (Packard, Meriden, Conn.).

Northern blot analysis. Cells were harvested in RNA lysis buffer (10 mM Tris
[pH 7.5], 100 mM NaCl, 2 mM EDTA, 1% SDS) and lysed by passage through
a 23-gauge needle eight times. Proteinase K was added to the lysate to a final
concentration of 100 pg/ml, and the lysate was incubated at 37°C for 1 h.
Following proteinase K digestion, the NaCl concentration was adjusted to 400
mM. The samples were heated at 65°C for 5 min with constant agitation, followed
by immediate cooling in ice water for 30 s. mRNA was isolated by incubation
with oligo(dT) cellulose (Ambion Inc., Austin, Tex.) with rocking at room tem-
perature for 2 h. The RNA-oligo(dT) cellulose mixture was washed twice with
high-salt buffer (10 mM Tris [pH 7.5], 400 mM NaCl, 1 mM EDTA, 0.2% SDS)
and packed with high-salt buffer on a poly prep chromatography column (Bio-
Rad Laboratories, Inc.). The column was washed once with high-salt buffer and
once with low-salt buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA,
0.2% SDS). The mRNA was eluted from the column with 55°C elution buffer (5
mM Tris [pH 7.5], 1 mM EDTA, 0.2% SDS). mRNA was precipitated at —20°C
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overnight with the addition of sodium acetate (pH 5.2) to a final concentration
of 220 mM and two volumes of 95% ethyl alcohol. After precipitation, mnRNA
was recovered by centrifugation at 12,000 X g for 30 min and the pellet was
rinsed once with 70% ethyl alcohol. The pellet was dried by inversion at room
temperature and resuspended in sterile H,O. RNA (5 pg) was lyophilized,
resuspended in sample buffer {1X morpholinepropanesulfonic acid (MOPS; 0.1
M MOPS [pH 7.0], 40 mM sodium acetate, 5 mM EDTA [pH 8.0]), 50%
formamide, 6.5% formaldehyde} and heated at 55°C for 15 min. A 10X loading
buffer (50% glycerol, 1 mM EDTA, 0.25% bromophenol blue, 0.25% xylene
cyanol, 0.3 mg of ethidium bromide per ml) was added to the sample at a 1x
concentration, and mRNA was resolved by gel electrophoresis on a 1% agarose
gel containing 2% formaldehyde and 1X MOPS. The gel was washed twice in
10X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer, and
mRNA was transferred to a supported nitrocellulose membrane (Gibco BRL).
Cyclin B1 and Cdc2 cDNAs were labeled with [a->?P]dCTP using Rediprime 11
(Amersham). Cyclin B1 ¢cDNA was kindly provided by E. Nishida (Kyoto Uni-
versity, Kyoto, Japan), and Cdc2 ¢cDNA was kindly provided by H. Piwnica-
Worms (Washington University, St. Louis, Mo.). After a 2-h prehybridization in
Express Hyb (Clontech Laboratories, Inc., Palo Alto, Calif.), membranes were
incubated with 2 X 10° cpm of labeled cDNA per ml in Express Hyb at 42°C
overnight. Membranes were washed twice at room temperature in 2X SSC-0.1%
SDS, followed by two washed in 0.2X SSC-0.1% SDS at 42°C.

Electrophoretic mobility shift assays (EMSA). After treatment as indicated
above, either HIp53, HCT116, HCT116 p53’/’, or HCT116 p21 /= cells were
harvested in microextraction buffer (20 mM HEPES [pH 7.8], 450 mM NaCl, 0.2
mM EDTA, 0.5 mM dithiothreitol, 25% glycerol) and sonicated. Protein super-
natants were clarified by centrifugation, frozen in a methanol-dry-ice bath, and
stored at —80°C until processed. An oligonucleotide duplex containing a con-
sensus E2F binding site from the human c-myc promoter (23) was labeled with
the Klenow fragment using [a->?P]dATP for 30 min at 37°C. Labeled oligonu-
cleotide was purified by phenol-chloroform extraction and ethanol precipitation
and resuspended in H,O. Gel shift reactions were performed by incubating 15 pg
of protein lysate in 1X binding buffer (100 mM HEPES [pH 7.9], 5 mM MgCl,,
0.4 mM EGTA, 2 mM dithiothreitol, 200 mM KCl), 5% Ficoll, 200 ng of salmon
sperm DNA, and 100,000 cpm of labeled oligonucleotide for 20 min at room
temperature. For supershift assays, 1 pg of anti-Rb antibody IF8 (Santa Cruz
Biotechnology, Inc.) was added per reaction mixture 5 min after the start of the
20-min incubation. For competition reactions, either a 25-, 50-, or 100-fold excess
of unlabeled oligonucleotide was added to the reaction mixtures prior to the
addition of protein lysate. Binding was resolved on a 4% acrylamide gel in 0.25X
Tris-borate-EDTA.

CAT assays. HIp53 cells were transiently transfected with pCAT-cyclin B1 or
a pCAT vector control (25) using Lipofectamine (Gibco BRL) and treated with
ADR 24 h after transfection. The chloramphenicol acetyltransferase (CAT)
vectors were kindly provided by J. Lee (Hamilton Regional Cancer Center,
Hamilton, Ontario, Canada). After 17 h of ADR treatment, the ADR was
removed and the cells were washed twice with phosphate-buffered saline and
cultured in the presence or absence of 10 wM PonA for 24 and 48 h. Cells were
harvested in 0.25 M Tris, pH 7.8, and lysed by three cycles of freezing and
thawing. Supernatants were clarified by centrifugation at 12,000 X g and stored
at —80°C until assayed. Protein concentration was determined by the Bradford
assay, and 75 pg of protein was used to determine CAT activity using acetyl
coenzyme A as a substrate for chloramphenicol-p-threo-[dichloroacetyl-1,2-14C]
(['*C]CAP) incorporation. Protein lysate was incubated with 5 pl of ['*C]JCAP
(0.05 p.Ci/ml) and 450 pM acetyl coenzyme A for 40 min at 37°C. The reaction
was terminated by the addition of 4°C ethyl acetate. Reaction mixtures were
centrifuged at 12,000 X g for 2 min, and the upper layer was removed and dried
under vacuum. Samples were resuspended in ethyl acetate, spotted onto thin-
layer chromatography plates (J. T. Baker, Inc., Phillipsburg, N.J.), and resolved
by ascending thin-layer chromatography in chloroform-methanol (95:5) until the
solvent front was 1 cm from the top of the plate.

RESULTS

pS3 expression sustains genotoxic stress-induced G, growth
arrest. To determine the mechanism by which p53 regulates
the G, checkpoint response, we used three cell culture model
systems: (i) a cell line that conditionally expresses ectopic p53;
(ii) an isogenic set of HCT116 colorectal carcinoma cell lines
that consists of the parental line, which endogenously ex-
presses wild-type p53, and two derivative lines, HCT116
p537/~ (5) and HCT116 p21~/~ (54), which are null for p53
and p21, respectively; and (iii) a pair of RKO colorectal car-
cinoma cell lines, the parental line, and an E7-expressing line,
RKO-E7 (49).

For the first line of experimentation, we developed a cell line
that would conditionally express p5S3. A human lung carcinoma
cell line (H1299) that is null for the endogenous expression of
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FIG. 1. Ectopic expression of p53 leads to reversible G, and G, growth
arrest. HIp53 cells were treated with PonA for 48 h, the analog was removed, and
cells were grown for an additional 72 h. (A) HIp53 cells were harvested at 8, 24,
and 48 h following PonA addition and after PonA removal. Protein lysates were
analyzed by Western blotting for the indicated proteins. (B) Simultaneous flow
cytometric analyses for DNA synthesis (BrdU incorporation) and DNA content
(propidium iodide staining) were performed at the indicated times. Results are
representative of three independent experiments. Con, control.

pS3 was stably transfected with an ecdysone-inducible p53 ex-
pression vector. The resulting cell line, HIp53, was derived.
After treatment of HIp53 cells with the ecdysone analog PonA,
p53 protein levels increased in a dose-dependent manner. Op-
timal induction of p53 was achieved with a PonA dose of 10
M (data not shown), and this concentration was used in the
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experiments whose results are shown. By 8 h after PonA treat-
ment, p53, MDM2, and p21 proteins were detectable. Both
MDM2 and p21 protein levels remained elevated through 48 h,
while a decrease in p53 protein levels occurred by 48 h (Fig.
1A). MDM2 has been shown to mediate the degradation of
p53 (18, 30), and thus the decline in p53 levels by 48 h of PonA
treatment may be due in part to the continual induction of
MDM?2 (Fig. 1A). Treatment of a vector control cell line (H10)
with PonA did not result in an increase in p21 or MDM2
protein in the absence of p53 (Fig. 1A).

To determine the cell cycle distribution and proliferative
capacity of HIp53 cells in the absence of damage, simultaneous
flow cytometric analyses for DNA synthesis (BrdU incorpora-
tion) and DNA content (propidium iodide staining) were per-
formed (Fig. 1B). For these experiments, HIpS3 cells were
treated with PonA for 48 h, the analog was removed, and cells
were grown for an additional 48 h. During each 24-h interval
after PonA treatment and removal, cells were incubated with
BrdU for 2 h prior to harvest (Fig. 1B). As evidenced by the
flow cytometric histogram profile and the 28-fold decrease in
BrdU incorporation, the HIp53 cells underwent cell cycle ar-
rest at both G, and G, after 48 h of PonA treatment (Fig. 1B)
while treatment of HIO with PonA did not induce a cell cycle
arrest or a decrease in BrdU incorporation (data not shown).
After PonA removal, HIp53 cells reentered the cell cycle, as
was confirmed by a 56-fold increase in BrdU incorporation at
24 h (Fig. 1B). Reentry of HIp53 cells into the cycle after
removal of PonA was followed by a rapid decrease in p53 levels
(Fig. 1A). Parallel decreases in MDM2 and p21 protein levels
were also observed (Fig. 1A). Thus, in the absence of cellular
stress, ectopic expression of p53 arrested HIpS3 cells in the G,
and G, phases of the cell cycle.

To determine if p53 expression affected the duration of G,
arrest after stress, HIp53 cells were treated with either IR or
ADR prior to the induction of p53 with PonA. Treatment of
HIp53 cells with IR (8, 12, 20, or 30 Gy) resulted in an accu-
mulation of cells with a 4 N DNA content by 15 h (Fig. 2A and

TABLE 1. Cell cycle distribution of HIp53 cells after IR

% of cells after IR* at:

DNA content or Time after IR

cell cycle phase treatment (h) 8 Gy 12 Gy 20 Gy 30 Gy
- + - + - + - +
<2 N DNA 15 13 0 2 1
G, 15 25 29 10 17
S 15 8 20 13 46
G,/M 15 54 51 75 36
<2 N DNA 24 20 13 0 0 4 5 5 7
G, 24 43 59 50 51 15 23 5 9
S 24 17 8 7 5 13 12 10 8
G,M 24 20 20 43 44 68 60 80 76
<2 N DNA 48 21 13 11 4 31 9 16 10
G, 48 41 60 34 50 10 18 6 9
S 48 17 8 15 6 18 10 20 9
G,/M 48 21 20 40 40 41> 63 580 72
<2 N DNA 72 22 14 5 42 11 57 11
G, 72 44 57 54 53 10 16 5 6
S 72 15 10 12 7 12 10 15 7
G,/M 72 19 19 29 40 36° 63 230 76

“ Results are representative of two independent experiments. Values for a control, untreated culture were as follows: <2 N, 0%; G, 66%; S, 15%; G,/M, 19%. —

and +, absence and presence of PonA (plus p53), respectively.

 More than 75% of the cells underwent cell death and detached from the plate; the number is representative of the remaining cells (see Fig. 2A).
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FIG. 2. p53 prolongs G, cell cycle arrest after exposure to IR or ADR. Cells were harvested at the indicated times and analyzed by flow cytometric analysis. (A)
Cells were treated with IR (8, 12, 20, and 30 Gy) and incubated for 15 h, after which time cells were cultured for an additional 24, 48, or 72 h in the presence or absence
of PonA. (B) Cells were treated with ADR (90, 175, 350, or 525 nM) for 17 h, the drug was washed out, and the cells were cultured for an additional 24, 48, or 72 h
in the presence or absence of PonA. Fifteen thousand events were analyzed for each condition, and all histograms were plotted by using the same scale for both axes.
Results are representative of two independent experiments.
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TABLE 2. Cell cycle distribution of HIp53 cells after ADR treatment

% of cells after treatment with ADR at:

DNA content or Time after ADR

cell cycle phase treatment (h) 90 nM 175 aM 330 nM 525 nM

- + - + - + - +
<2 N 17 0 0 0 0
G, 17 50 29 28 19
S 17 19 20 19 39
G,/M 17 31 51 53 42
<2N 24 0 0 0 0 0 0 0 1
G, 24 70 71 50 51 13 23 7 10
S 24 11 8 7 5 8 5 6 4
G,/M 24 19 21 43 44 79 72 87 85
<2 N 48 0 0 11 4 13 3 5 2
G, 48 44 73 34 50 18 15 4 11
S 48 17 6 15 6 16 7 7 4
G,/M 48 39 21 40 40 53k 75 847 83
<2N 72 0 0 5 27 2 9 4
G, 72 65 71 54 53 28 17 9 11
S 72 11 7 12 7 18 6 8 4
G,/M 72 24 22 29 40 27° 75 74° 81

“ Results are representative of two independent experiments. Values for a control, untreated culture were as follows: <2 N, 0%; G,, 71%; S, 12%; G,/M, 17%. —

and +, absence and presence of PonA (plus p53), respectively.

® More than 75% of the cells underwent cell death and detached from the plate; the number is representative of the remaining cells (see Fig. 2B).

Table 1). After the IR-induced G, arrest at 15 h, the HIp53
cells were cultured in the presence or absence of PonA for an
additional 24, 48, or 72 h. The G, arrest induced after exposure
to 8 or 12 Gy of IR was transient, and p53 expression had only
a minimal effect on the duration of the arrest. However, expo-
sure of the cells to higher doses of IR (20 or 30 Gy) increased
the length of G, arrest and expression of p53 sustained the G,
arrest through the time course examined (Fig. 2A and Table
1). In the absence of p53 expression, cells did not maintain the
cell cycle arrest; rather, a majority lost viability and detached
from the plate by 48 and 72 h after exposure to IR, thus
accounting for the diminished peaks in the histograms seen in
Fig. 2A at those times.

HIp53 cells were also treated with ADR (dose range, 90 to
525 nM) for 17 h, the drug was washed out, and the cells were
cultured in the presence or absence of PonA for an additional
24, 48, or 72 h. ADR treatment induced a dose-dependent G,
arrest in HIp53 cells, with the highest percentage of cells ar-
resting with a 4 N DNA content after treatment with 350 and
525 nM ADR (Fig. 2B and Table 2). At all of the ADR doses
tested, the expression of p53 increased the duration of time
that cells remained arrested in both the G, and G, phases of
the cell cycle compared to arrest times for cells lacking p53
(Fig. 2B and Table 2). The most pronounced p53-mediated
maintenance of G, arrest occurred 48 and 72 h after treatment
with 350 and 525 nM ADR (Fig. 2B and Table 2). In contrast,
the majority of the cells lacking p53 expression did not main-
tain the cell cycle arrest, lost viability, and detached from the
plate by 48 and 72 h after exposure to ADR, thus accounting
for the diminished frequencies in the histograms seen in Fig.
2B at those times. Thus, after exposure of HIp53 cells to IR or
ADR, p53 significantly extended the period of G, arrest com-
pared with that of cells deficient for p53.

To verify and extend the observations described above, we
also analyzed the role of p53 in G, checkpoint response in an
isogenic set of HCT116 colorectal carcinoma cell lines.
HCT116, HCT116 p53~/~, and HCT116 p21~/~ cells were

treated with IR or ADR and analyzed for DNA content by flow
cytometry at 24, 48, 72, and 96 h (in the case of ADR) after
treatment. Twenty-four hours after treatment with IR or ADR,
all of the HCT116-derived cell lines had an accumulation of
cells with, predominantly, a 4 N DNA content (Fig. 3A). How-
ever, by 72 h after treatment with either genotoxic agent, the
HCT116 p53~/~ and the HCT116 p21~/ cells had reductions
in the numbers of cells with a 4 N DNA content compared with
the numbers for the parental HCT116 cells (Fig. 3B).

In order to compare the findings above and subsequent
molecular results obtained with the two different cell model
systems, we determined the relative levels of p53 in each cell
line before and after ADR treatment. HIp53 and HCT116 cells
were treated with ADR (350 nM) for 17 h, the drug was
removed, and the cells were grown in fresh growth medium.
With the HIp53 cells, PonA was added after 17 h to induce
p53. For each line, the same number of cells (500,000) was
harvested from control and treated cultures and protein lysates
were prepared and analyzed on the same Western blot for p53
protein levels (Fig. 4). Relative to levels in the HIp53 cells, the
HCT116 cells had higher levels of p53 protein at each time
analyzed after ADR treatment. The slower migration of the
p53 protein in the HIp53 cells was due to the inclusion of a
hemagglutinin tag at the 5’ end of the p53 protein. The com-
parison of p53 levels in the two cell lines assured us that results
obtained with the HIp53 cells were not due merely to the
higher levels of overexpressed p53 protein, as is the concern
with many ectopic expression systems.

p53 expression results in loss of cyclin B1-Cdc2 activity. To
elucidate the mechanism underlying the prolonged stress-in-
duced G, arrest observed in the cells containing an intact p53
signaling pathway, we examined proteins known to play a role
in the regulation of G, transition. Progression of cells from G,
to mitosis requires the activity of the cyclin B1-Cdc2 complex
(34). When cells undergo genotoxic stress, the activity of this
complex is reduced through inhibitory phosphorylations of
Cdc2 and cells arrest in G, (36, 38). p2l is increased in a
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FIG. 3. p21 is required for regulation of G, checkpoint arrest. HCT116, HCT116 p53~/~, and HCT116 p21~/~ cells were treated with IR (8 Gy) or ADR (350 nM)
and analyzed 24, 48, and 72 h after treatment. (A and B) Cells were analyzed by flow cytometric analysis. (A) Propidium iodide fluorescence profile for control (Con)
and 24-h time points; (B) quantifications from the flow histograms presented as percentages of cells with a 4 N DNA content after treatment with IR or ADR. Fifteen
thousand events were analyzed for each condition, and all histograms were plotted by using the same scale for both axes. Results are representative of two independent

experiments.

p53-dependent manner and can bind and inhibit the activities
of several Cdks, including cyclin B1 and Cdc2 (16). We hy-
pothesized that the observed p53 regulation of the G, check-
point was mediated through inhibition of cyclin B1-Cdc2 ac-
tivity. To test this hypothesis, protein lysates were prepared

Time after Time after
ADR ADR removal ADR ADR removal
Con 17 24 48 72 Con 17 24 48 72 h
+ + + PonA (+ p53)
- —— e — *HA-pS53
S = g e pe——— L
e S s o et s A
HCT116

Hips3

FIG. 4. Relative levels of p53 protein in HCT116 and HIp53 cells. HIpS3 and
HCT116 cells were treated with ADR (350 nM) for 17 h, the drug was removed,
and the cells were grown in fresh growth medium. With the HIp53 cells, PonA
was added after 17 h to induce p53. For each line, the same number of cells
(500,000) was harvested from control (Con) and treated cultures and protein
lysates were prepared and analyzed on the same Western blot for p53 protein
levels. Actin analysis was included to assess protein loading and transfer. Results
are representative of three independent experiments.

from the cells described in the legends to Fig. 2 and 3 and
processed using Western blot- and immunoprecipitation-based
assays.

In the HIp53 cells, an increase in p21 protein occurred in
cells that expressed p53 while only low-level p21 protein was
detectable in IR- or ADR-treated cells lacking p53 (Fig. SA
and B). At all doses of IR or ADR tested, significant reduc-
tions in cyclin B1 and Cdc2 protein levels were observed by 48
and 72 h after induction of p53 (Fig. 5A and B). The cell cycle
arrest pattern of the cells varied with the dose of the genotoxic
agent (Fig. 2); however, the observed reduction of cyclin Bl
and Cdc2 protein at 72 h was independent of cell cycle posi-
tion. Of note, the kinetics of cyclin Bl protein loss were more
rapid at lower doses and correlated with a greater number of
cells arrested in G,. In contrast, cells treated with IR or ADR
that lack p53 expression had an increase in cyclin B1 and Cdc2
protein levels at all doses examined.

Accompanying the reduction in cyclin B1 and Cdc2 protein
levels in the HIp53 cells, we observed a 60% decrease in cyclin
B1-Cdc2 activity by 24 h after p53 induction and a further
decline to 10% of control levels by 72 h (Fig. 5C). Conversely,
in the absence of p53 expression there was an increase in cyclin
B1-Cdc2 activity through 48 h, with levels elevated 6.5-fold
higher than that of the control (Fig. 5C). At 24 h after ADR
removal, the decrease in cyclin B1-Cdc2 kinase activity in
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FIG. 5. p53 expression after IR or ADR inhibits cyclin B1-Cdc2 kinase activity. (A) Cells were treated with IR (8, 12, and 20 Gy) and incubated for 15 h, after which
time cells were cultured for an additional 24, 48, or 72 h in the presence or absence of PonA. Protein lysates were analyzed by Western blotting for the indicated proteins.
(B) Cells were treated with ADR (90, 175, 350, or 525 nM) for 17 h, the drug was washed out, and the cells were cultured an additional 24, 48, or 72 h in the presence
or absence of PonA. (C and D) Protein lysates were analyzed by cyclin B1 immunoprecipitation-based assays for Cdc2 kinase activity using histone H1 as a substrate
(C) and for immunoprecipitable cyclin B1, Cdc2, and p21 proteins by Western blotting (D). HIp53 cells were treated with 525 nM ADR for the data presented in panels
C and D. Results are representative of two independent experiments. Con, control; IP, immunoprecipitation.
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HIp53 cells expressing pS3 (Fig. 5C) preceded any marked
decrease in cyclin Bl and Cdc2 protein levels (Fig. 5B). In
addition, the loss of cyclin B1-Cdc2 kinase activity 24 h after
p53 induction did not correlate with inhibitory phosphorylation
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FIG. 7. Loss of cyclin Bl and Cdc2 expression after p53 expression. (A)
HIp53 cells were treated with 525 nM ADR for 17 h, the drug was washed out,
and the cells were cultured in the presence or absence of PonA for 24, 48, or 72 h.
Cells were harvested, mRNA was isolated, and Northern blot analyses were
performed for cyclin B1 or Cdc2 mRNA. (B) HCT116 and HCT116 p53~/~ cells
were treated with 350 nM ADR for the times indicated, and cells were harvested,
mRNA was isolated, and Northern blot analyses were performed for cyclin Bl
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of Cdc2, as the predominant form of the protein was in the
faster-migrating, hypophosphorylated state (Fig. 5B).

We hypothesized that the initial down-regulation of cyclin
B1-Cdc2 kinase activity 24 h after p53 induction was due to the
direct association of p21 with the cyclin B1-Cdc2 complex. To
test this hypothesis, protein lysates were immunoprecipitated
with cyclin B1 antibodies and analyzed by Western blotting for
cyclin B1, Cdc2, and p21. Both p21 and Cdc2 coimmunopre-
cipitated with cyclin B1 24 h after p53 expression in ADR-
treated HIp53 cells (Fig. 5D). Consistent with the decrease in
cyclin B1 levels seen in Fig. 5B, the levels of immunoprecipi-
table cyclin B1, as well as those of any coimmunoprecipitable
Cdc2 and p21, were reduced by 72 h after p53 expression (Fig.
5D). p21 was not coimmunoprecipitated with cyclin Bl in
ADR-treated cells that lacked p53 expression; however, in-
creasing amounts of Cdc2 coprecipitated with cyclin B1 at 24,
48, and 72 h in the absence of p53 expression. Thus, the
maintenance of G, arrest in cells expressing pS3 after geno-
toxic stress appears to involve a two-step mechanism, including
an initial inhibition of cyclin B1-Cdc2 activity through p21
association with the complex, followed by a marked decrease in
cyclin B1 and Cdc2 protein levels.

In both HCT116 and HCT116 p21~/~ cells, p53 levels in-
creased and remained elevated through 72 h after IR (Fig. 6A).
Similar changes in p53 levels were observed after ADR treat-
ment (Fig. 6B). p21 protein levels were significantly elevated
only in HCT116 cells after IR and ADR treatment (Fig. 6A
and B). p53-independent elevation of p21 protein was also
observed in the HCT116 p53~/~ cells. There was a decrease in
cyclin B1 and Cdc2 protein levels by 24 h in HCT116 cells
exposed to both IR and ADR, while cyclin B1 and Cdc2 pro-
tein levels remained elevated in HCT116 p53~/~ and HCT116
p21~'~ cells (Fig. 6A and B). Similar to the results for the
HIp53 cells, we observed a 60% decrease in cyclin B1-Cdc2
activity by 24 h after ADR treatment and a further decline to
10% of control levels by 72 h in the HCT116 cells (Fig. 6C).
Conversely, in the absence of a functional p53 signaling path-
way in the HCT116 p53~/~ and HCT116 p21~/~ cells, there
was an increase in cyclin B1-Cdc2 activity through 72 h, with
levels elevated 1.3- to 2-fold higher than that of the control
(Fig. 6C). These data are consistent with the results obtained
with the HIp53 cells and support the hypothesis that p53 reg-
ulation of the G, checkpoint occurs through a p21-dependent
mechanism that involves a reduction of cyclin B1 and Cdc2
protein levels.

Loss of cyclin B1 and Cdc2 after p53 expression is due to a
reduction in cyclin B1 and Cdc2 mRNA. To determine whether
the p53-dependent decrease in cyclin B1 and Cdc2 protein
levels was due to a reduction in cyclin Bl and Cdc2 mRNA,
Northern blot analyses were performed. A time-dependent
loss of cyclin Bl and Cdc2 mRNA was observed in ADR-
treated HIpS53 cells and in HCT116 cells that expressed p53
(Fig. 7A and B). In both cell lines, the levels of cyclin B1 and
Cdc2 mRNA were reduced by 70 to 90% by 72 h (Fig. 7A and
B). These results are consistent with the observed decrease in
cyclin B1 and Cdc2 protein levels (Fig. 5B and 6B). In contrast,
cyclin B1 and Cdc2 mRNA levels were elevated at 24 and 48 h
after ADR treatment in cells that lacked an intact p53 signaling
pathway (Fig. 7A and B). To further extend these results, a
cyclin Bl promoter-CAT reporter vector (pCAT-cyclin B1)
was transfected into the HIp53 cells. The cells were treated
with ADR for 17 h, the drug was washed out, and the cells were
cultured for an additional 24 or 48 h in the presence or absence
of PonA. Induction of p53 after ADR treatment resulted in a
4.5-fold reduction in cyclin B1 promoter-CAT activity by 48 h
compared with the CAT activity in cells lacking p53 (Fig. 7C).
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FIG. 8. Dephosphorylation of pRB during p53 regulation of the G, check-
point. (A) HIp53 cells were treated with 525 nM ADR for 17 h, the drug was
washed out, and the cells were cultured for the indicated times in the presence
or absence of PonA. (A) Cells were harvested and analyzed by Western blot
analysis for pRB protein levels and phosphorylation state (upper blot) and for
Cdk2 kinase activity using histone H1 as a substrate (lower blot). (B) HCT116,
HCT116 p53~/~, and HCT116 p21~/~ cells were treated with 350 nM ADR for
the times indicated, and the cells were harvested and analyzed by Western blot
analysis for pRB protein levels and phosphorylation state (upper blot) and for
Cdk2 kinase activity using histone H1 as a substrate (lower blot). Results are
representative of three independent experiments. C and Con, control.

Taken together, these data suggest that the loss of cyclin Bl
and Cdc2 protein observed during p53-mediated sustained G,
arrest was due to decreases in cyclin Bl and Cdc2 mRNA
levels and that the regulation of cyclin B1 occurred at the
transcriptional level.

Cyclin B1 and Cdc2 transcription is dependent on the activ-
ity of cyclin A-Cdk2 complexes in late S phase (35). Further-
more, the expression of Cdc2 and cyclin A are regulated by the
E2F family of transcription factors (8, 9, 14, 46). We hypoth-
esized that the p53-mediated inhibition of cyclin B1 transcrip-
tion was dependent on p21 inhibition of cyclin-Cdk complexes,
the resulting hypophosphorylation of pRB, and subsequent
inhibition of an E2F-dependent transcriptional cascade. To
test this hypothesis, we analyzed ADR-treated HIp53 and
HCT116 cells for Cdk?2 activity and pRB phosphorylation state.
Cdk2 activity was significantly inhibited by 24 h in the HIp53
and HCT116 cell lines and completely inhibited by 72 h in the
HIp53 cells and by 90% in the HCT116 cells (Fig. 8). In
contrast, cells without an intact p53 signaling pathway dis-
played a 1.5- to 3-fold increase in Cdk2 activity over the time
course (Fig. 8). Analysis of pRB phosphorylation revealed that
pRB was predominantly in the hyperphosphorylated, inactive
state in HIpS53 cells lacking p53 expression as well as the
HCT116 p21~/~ cells but was predominantly in the hypophos-
phorylated, active state in ADR-treated HIp53 and HCT116
cells expressing p53 and p21 (Fig. 8). Faster-migrating forms of
pRB were detectable in HCT116 p53~/~ cells and were likely
due to the p53-independent elevation of p21 protein (Fig. 6B)
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that occurred after ADR treatment; however, these forms were
not sufficient to inhibit cyclin B1-Cdc2 or Cdk?2 activity (Fig. 6C
and 8B). These results led to the hypothesis that in the pres-
ence of p53, there is a pRB-dependent inhibition of E2F tran-
scriptional activity in G,-arrested cells.

To assess the interaction between pRB and E2F transcrip-
tion factors, EMSA were performed using an E2F binding
element from the human c-myc gene (23). Gel shift analyses
showed that three different E2F complexes were formed with
proteins harvested from rapidly cycling populations of HIp53,
HCT116, and HCT116 p53~/~ cells (Fig. 9, complexes a, b, and
c¢). The formation of three protein-DNA complexes with this
E2F binding element is consistent with previous observations
(23). These three complexes could be efficiently competed with
excess unlabeled binding site DNA (Fig. 9). In ADR-treated
cells that lacked p53 expression, there were increases in levels
of the slower-migrating complex at 24 and 48 h (Fig. 9, complex
a). In ADR-treated cells expressing p53, slower-migrating
complex a was undetectable by 48 h (Fig. 9). The decrease in
complex a formation was accompanied by an increase in the
intensity of complex b in cells expressing p53. To determine
which of these complexes contained pRB, supershift assays
were performed with an antibody specific for pRB. The super-
shift analyses revealed that complex b contained pRB (Fig. 9).
The results indicate that a significant fraction of the E2F pro-
tein is in complex with pRB in G,-arrested cells that express
pS3.

Disruption of pRB signaling abrogates the maintenance of
G, arrest. Based on the results described above, we hypothe-
sized that p53 regulation of G, arrest was pRB dependent. To
test this hypothesis, we used a set of RKO cells developed by
Slebos and colleagues that stably express either the human
papillomavirus (HPV) type 16 E7 protein (RKO-E7) or the
vector alone (RKO-NEO) (49). Expression of the HPV type 16
E7 viral protein abrogates pRB function in these cells (11, 49,
59). RKO-NEO and RKO-E7 cells were treated with IR or
ADR, and DNA contents were assessed by flow cytometric
analysis at 24, 48, and 72 h after exposure to the agents. In both
RKO-NEO and RKO-E7 cultures, there was an accumulation
of cells with a predominant 4 N DNA content at 24 h after IR
and 17 h after ADR treatment (Fig. 10A). There was also an
arrest of the RKO-NEO cells in G, that was abrogated by E7
expression (Fig. 10A) as previously reported (49). RKO-NEO
cells sustained the G, arrest after both IR and ADR treatment
through 72 h (Fig. 10B), whereas a significant fraction of
RKO-E7 cells exited from G, and endoreduplicated as evi-
denced by the accumulation of cells with a 8 N DNA content
(Fig. 10A, ADR treatment).

Analysis of proteins from the RKO cell lines revealed that
p53 and p21 levels increased in similar manners in both RKO-
NEO and RKO-E7 lines after both treatments (Fig. 10C and
D). Cyclin B1 and Cdc2 protein levels were reduced in RKO-
NEO cells 72 h after IR and 48 h after ADR treatment, while
RKO-E7 cells maintained control or higher levels of cyclin B1
and Cdc2 after treatment with IR and ADR (Fig. 10C and D).
pRB was in the hypophosphorylated form in RKO-NEO cells
between 48 and 72 h after IR and ADR treatment, whereas
pRB remained predominantly in the phosphorylated state in
RKO-E7 cells (Fig. 10C and D). Dephosphorylation of pRB in
RKO-NEO cells occurred with kinetics similar to those seen
with the decrease in cyclin B1 and Cdc2 protein levels. Con-
sistent with the reduction in cyclin B1 and Cdc2 proteins levels,
we observed a decrease in cyclin B1-Cdc2 and Cdk2 activities
in RKO-NEO cells by 72 h after IR and ADR exposure (Fig.
10E). In contrast, there was an increase in cyclin B1-Cdc2 and
Cdk2 kinase activities after IR and ADR treatment in
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FIG. 9. pRB interaction with E2F transcription factors in HIp53, HCT116,
and HCT116 p53~/ cells after genotoxic stress. An EMSA was performed to
analyze pRB and E2F interaction using an E2F binding element derived from the
human c-myc promoter. For competition assays, either a 25-, 50-, or 100-fold
excess of unlabeled oligonucleotide was added. For supershift assays, 1 pg of
anti-pRB antibody was added to reaction mixtures 5 min after the incubation was
initiated. Free, oligonucleotide duplex alone. (A) HIp53 cells were treated with
525 nM ADR for 17 h, the drug was washed out, and the cells were cultured for
the indicated times in the presence or absence of PonA. Cells were harvested and
analyzed. (B) HCT116 and HCT116 p53~/~ cells were treated with 350 nM ADR
for the times indicated, and the cells were harvested and analyzed. Results are
representative of three independent experiments. Con, control; comp., compet-
itor.

RKO-E7 cells (Fig. 10E). These biochemical changes mirror
those observed in the HIp53 and the HCT116 cell systems and
indicate that pRB plays an integral role in p53-mediated main-
tenance of the G, arrest after genotoxic stress.
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DISCUSSION

The results presented provide a mechanism for how p53
sustains G, arrest after genotoxic stress. Treatment of p53-
deficient cells with genotoxic agents induced a transient G,
arrest that was followed by an increase in cyclin B1-Cdc2 ki-
nase activity and premature progression of cells into mitosis,
whereas in cells expressing p53, G, arrest was sustained
through an initial inhibition of cyclin B1-Cdc2 activity, fol-
lowed by a marked decrease in cyclin B1 and Cdc2 levels. Of
significance, p53 maintenance of G, arrest was p21 and pRB
dependent. Induction of p53 after cell stress resulted in a
marked elevation of p21, conversion of pRB to the hypophos-
phorylated, active form, and increased pRB-E2F complex for-
mation. The abrogation of pRB activity by E7 in the RKO cells
resulted in a premature G, exit in response to genotoxic stress
and subsequent endoreduplication. Thus, our study not only
provides insight into how p53 sustains G, arrest after stress, it
also shows that pRB loss can uncouple S phase and mitosis
after genotoxic stress in tumor cells.

Agarwal et al. first provided evidence that p53 could mediate
a G, growth arrest (1). The observed p53-mediated G, arrest
in the HIp53 cells, in the absence of genotoxic stress, is con-
sistent with the results of this previous study. Our findings
support previous studies demonstrating that Cdc2 is down-
regulated in a p53-dependent manner after IR (3), cyclin Bl
and Cdc2 levels decrease after ectopic p53 expression (25), and
p53 expression inhibits cyclin B1 and Cdc2 transcription (53).
In agreement with the study of Bunz et al. (5), we show that
HCT116 p53~/~ and HCT116 p21 ™/~ cells are unable to main-
tain a G, arrest after exposure of cells to IR. Our results
support and provide insight into previous findings that pRB
overexpression mediates G, growth arrest independently of
p53 (26) and that hypophosphorylation of pRB occurs during
stress-induced G, arrest (43, 62). Further, Park et al. show that
constitutive activation of cyclin B1-Cdc2 overrides p53-medi-
ated G, arrest (37).

This study shows that similar molecular mechanisms are
involved in p53 regulation of G, and G, checkpoints. The
comparable mechanisms are exemplified by the results ob-
tained after treatment of HIpS53 cells with a dose range of
genotoxic agents. Exposure of HIp53 cells to lower doses of
either IR or ADR, followed by p53 expression, led to a pre-
dominant G, cell cycle arrest, whereas higher doses of the
agents caused an accumulation of cells at G,. Analyses of
cyclin B1 and Cdc2 proteins showed that a reduction in levels
occurred regardless of whether a G, or a G, arrest was initi-
ated if p53 was present; however, the kinetics of cyclin B1 and
Cdc2 protein reduction varied and appeared to correlate with
the phase of cell cycle arrest. Exposure of cells to doses of
genotoxic agent that resulted in a predominant accumulation
of cells in the G; phase of the cell cycle resulted in a more
rapid decrease in cyclin B1 and Cdc2 protein levels compared
to levels seen after doses that resulted in a more pronounced
G, arrest. The difference in the kinetics of cyclin B1 and Cdc2
protein loss can be explained by cell cycle-dependent gene
expression. Cells in G, have not activated the transcription of
genes that encode G,-phase-specific proteins, and thus cyclin
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B1 and Cdc2 proteins are absent. In contrast, cells in G, have
elevated levels of cyclin B1 and Cdc2 protein. In the presence
of hypophosphorylated pRB, transcription of cyclin B1 and
Cdc2 is inhibited regardless of cell cycle phase; however, the
time required for cyclin Bl and Cdc2 protein degradation in a
culture of cells that is predominantly in G, would account for
the apparent difference in kinetics of protein loss. These data
are consistent with those of a recent study by de Toledo et al.
which showed that down-regulation of E2F-responsive genes,
including those for Cdc2, cyclin A, cyclin B1, thymidine kinase,
and topoisomerase II, occur in a p53-dependent manner after
treatment of cells with IR (10). Also, our results depicting the
integral role of pRB in p53-mediated maintenance of the G,
checkpoint response are consistent with those of a previous
study by Hickman et al. showing that HPV E7 abrogates p53-
induced growth arrest and inhibition of Cdk activities (21).

An obvious question from the results presented is does the
E2F family of transcription factors play a direct role in regu-
lation of the cyclin B1 promoter? The promoters of Cdc2 and
cyclin A have been shown to be regulated by E2F transcription
factors directly (8, 9). Previous studies have demonstrated that
cyclin B1 expression is dependent on the kinase activity of
cyclin A-Cdk2 (35) and that deregulated expression of Cdk2
abrogates IR-induced G, arrest (56). One possibility is that
E2F regulates cyclin B1 transcription indirectly by affecting the
expression of cyclin A. Alternatively, E2F transcription factors
may regulate cyclin Bl transcription through direct promoter
binding. In our preliminary analyses of the cyclin B1 promoter,
we have located a putative E2F binding element proximal to
the transcriptional start site (P. M. Flatt and J. A. Pietenpol,
unpublished data).

Several cell model systems were used in this study to show
that both the ectopic expression of p5S3 and the activation of
endogenous p53 were sufficient to sustain a G, arrest after
stress. Our combined results are in contrast with the report of
Passalaris et al. indicating that p53 does not affect the duration
of G, arrest in response to DNA damage (39). In the previous
study, a decrease in cyclin B1 and Cdc2 protein levels in ADR-
treated normal fibroblasts was observed; however, the change
in protein levels did not affect the length of G, arrest (39).
Normal human fibroblasts were used as a model system in the
previous study, whereas all of the cell types used in our study
were of epithelial tumor origin. We have previously shown that
primary cultures of normal human keratinocytes (epithelial)
and fibroblasts (mesenchymal) have marked differences in cell
cycle checkpoint response, duration of growth arrest, and cell
fate after exposure to genotoxic agents (13). Thus, the contri-
bution of p53 at the G, checkpoint may be cell type specific. In
addition, Passalaris et al. used low-passage-number cultures of
normal fibroblasts for their study and noted that increased
passage number resulted in the inability of E6-containing cells
to maintain a G, arrest compared with fibroblasts that retained
an intact p53 signaling pathway (39). In fact, Kaufmann et al.
demonstrated that E6 expression in normal human fibroblasts
correlated with inactivation of the G, checkpoint and acquisi-
tion of chromosomal abnormalities (28).

A different mechanism by which p53 regulates the duration
of the G, checkpoint is thought to be dependent on the trans-

FIG. 10. pRB is required for prolonged G, arrest and loss of cyclin B1 and Cdc2 protein levels. RKO-NEO and RKO-E7 cells were treated with IR (10 Gy) or ADR
(350 nM), the drug was washed out at 17 h, and cells were harvested at 24, 48, and 72 h. (A and B) Cells were analyzed by flow cytometric analysis. (A) Propidium
iodide fluorescence profile for control (Con) and treated cells; (B) quantifications from the flow histograms presented as percentages of cells with a 4 N DNA content
after treatment with IR or ADR. Fifteen thousand events were analyzed for each condition, and all histograms were plotted by using the same scale for both axes.
Protein lysates from cells exposed to IR (C) and ADR (D) were analyzed by Western blotting for the indicated proteins. (E) Protein lysates were analyzed for Cdc2
and Cdk2 kinase activities using histone H1 as a substrate. Results are representative of two independent experiments.
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activation of another p53 downstream target gene, 14-3-3c
(20). Similar to the results with HCT116 p53~/~ and HCT116
p21~/~ cells, HCT116 cells null for 14-3-3c prematurely exit
G, and undergo mitotic catastrophe after genotoxic stress (7).
The p53-dependent transactivation of the 14-3-30 gene prod-
uct has recently been shown to play an integral role in the
cytoplasmic localization of the cyclin B1-Cdc2 complex after
genotoxic stress (7). 14-3-30 can form a complex with Cdc2 and
weel, and the complex of proteins can be identified in the
cytoplasms of cells during G, arrest (7). However, as stated
above, the contribution of p53 to the G, checkpoint response
may be cell type specific since 14-3-30 has not been detected in
rapidly growing or irradiated human diploid fibroblasts (20).
Thus, inhibition of cyclin B1-Cdc2 activity in response to cel-
lular stress involves redundant biochemical pathways that work
in concert to regulate phosphorylation, subcellular localiza-
tion, activity, and expression of cyclin B1 and Cdc2 proteins.
The interplay of multiple pathways is likely required to achieve
the maximal activation and maintenance of G, cell cycle arrest
in response to cellular stress in different cell types.

A hallmark of human tumors is deficiency of checkpoint
function. Several preclinical studies have correlated loss of
specific cell cycle regulatory gene products with enhanced vul-
nerability to anticancer agents (6, 19, 51, 55). There is growing
evidence that ablation of G, arrest in tumor cell lines alters
sensitivity to several anticancer agents (4, 42, 44, 45, 58, 61). As
we expand our understanding of how cell cycle regulatory
pathways interplay to constitute a checkpoint, our ability to
design rational therapies that exploit the molecular defects in
tumor cells will increase.
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