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It has been proposed that the functions of the cyclin-dependent kinase inhibitors p21<"PVWVaf1 apd p27¥ir!
are limited to cell cycle control at the G,/S-phase transition and in the maintenance of cellular quiescence. To
test the validity of this hypothesis, p21 was expressed in a diverse panel of cell lines, thus isolating the effects
of p21 activity from the pleiotropic effects of upstream signaling pathways that normally induce p21 expression.
The data show that at physiological levels of accumulation, p21, in addition to its role in negatively regulating
the G,/S transition, contributes to regulation of the G,/M transition. Both G,- and G,-arrested cells were
observed in all cell types, with different preponderances. Preponderant G, arrest in response to p21 expression
correlated with the presence of functional pRb. G, arrest was more prominent in pRb-negative cells. The arrest
distribution did not correlate with the p53 status, and proliferating-cell nuclear antigen (PCNA) binding
activity of p21 did not appear to be involved, since p27, which lacks a PCNA binding domain, produced similar
arrest Bs. In addition, DNA endoreduplication occurred in pRb-negative but not in pRb-positive cells, sug-
gesting that functional pRb is necessary to prevent DNA replication in p21 G,-arrested cells. These results
suggest that the primary target of the Cip/Kip family of inhibitors leading to efficient G, arrest as well as to
blockade of DNA replication from either G, or G, phase is the pRb regulatory system. Finally, the tendency of
Rb-negative cells to undergo endoreduplication cycles when p21 is expressed may have negative implications

in the therapy of Rb-negative cancers with genotoxic agents that activate the p53/p21 pathway.

Progression through the cell cycle is mediated by a phyloge-
netically conserved family of protein kinases known as cyclin-
dependent kinases (Cdks). Cdks are composed of a catalytic
subunit and a requisite positive regulatory subunit termed a
cyclin (56). The Cdk activities that govern cell cycle progres-
sion require coordination and regulation. In most cases, posi-
tive regulation is mediated at the level of cyclin accumulation
(34, 47, 50). However, many aspects of cell cycle control re-
quire negative regulation of Cdks. Negative regulation of Cdk
activity is achieved either by phosphorylation of the catalytic
subunit or via the binding of Cdk inhibitory proteins known as
CKIs (47). Increases in the levels of inhibitors which bind to
cyclin-Cdk complexes render these complexes inactive. Two
families of mammalian CKIs have been described: the INK4
inhibitors and the Cip/Kip inhibitors (for a review, see refer-
ence 65). INK4 inhibitors contain an ankyrin repeat motif and
are specific for Cdk4 and Cdk6, the most divergent of the cell
cycle-associated Cdks. There are four known members of the
family: p15, p16, p18, and p19 (24, 26, 33, 65). Cip/Kip inhib-
itors target a broader spectrum of Cdks, including Cdk2, Cdk4
and Cdké and, possibly, Cdk1 (27). The family consists of three
members: p21<'P! p27%iP1 and p57%iP2 (65). All contain a
conserved amino-terminal Cdk inhibitory domain of approxi-
mately 80 amino acids (39, 42, 73). The three-dimensional
structure of the inhibitory domain of p27%"! bound to cyclin
A-Cdk?2 reveals a mechanism of inhibition where strong inter-
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actions between the inhibitor, the cyclin, and the Cdk allow
deformation of and interference with the Cdk active site (62, 63).

CKIs have been implicated in negative regulation of the cell
cycle by both internal and external signals (28, 65). Accumu-
lation of p27 is associated with a quiescent or resting state in
many cell types (30, 31, 57, 67). More significantly, p27-nul-
lizygous mice exhibit hyperproliferative disorders consistent
with an inability of a variety of cell types to cease proliferation
on schedule (19, 37, 48). Treatment of cells with ionizing ra-
diation is associated with p53-dependent accumulation of p21;
p53 is a transcription factor mobilized by DNA damage that
ultimately mediates a variety of cellular responses including
cell cycle arrest (14, 16). Cells from p21-nullizygous mice are at
least partially defective in G, arrest in response to ionizing
radiation (4, 11). p21 can also be induced by other stimuli, such
as cytokines and cell adhesion events, and during cell growth
and differentiation under both p53-dependent and p53-inde-
pendent conditions (7, 10, 18, 25, 38, 41, 46, 68, 78, 79). Thus,
Cip/Kip inhibitors appear to be effectors of cell cycle arrest in
a wide variety of signaling contexts.

For the most part, the inferred target of CKI-mediated con-
trol has been the G,/S-phase transition. These conclusions
have been based on ectopic expression of CKIs in transient
transfections (27, 58, 73) and observations of cells from nul-
lizygous mice. For example, transient transfection of p21 in
human diploid fibroblasts led to an accumulation of G, cells
(27). Furthermore, whereas p21-nullizygous mouse embryo fi-
broblasts (MEFs) were partially defective in their G, arrest
response to ionizing radiation, they were apparently normal in
their G, arrest response (11). Nevertheless, both these exper-
imental avenues have some limitations. Transient-transfection
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experiments lead to variable, uneven expression and do not
permit follow-up over several cell cycles. Subjecting cells to
ionizing radiation is likely to produce a number of responses in
addition to induction of p21, thus, complicating the analysis of
the specific role of p21.

In a different experimental approach, ectopic constitutive
expression of a p21 transgene targeted to the mouse liver was
reported to lead to stunted liver development (77). However, a
direct evaluation of the cell cycle arrest distribution was not
possible in that case.

To circumvent these problems, we sought to conditionally
express CKIs at close to physiological levels in a variety of
different transformed and nontransformed cell types. Specifi-
cally, p21 was placed under control of a tetracycline-repressible
promoter in several cell lines. Additionally, recombinant p21-
and p27-expressing adenoviruses were used to extend the
study. These methods of conditional ectopic expression at ap-
proximately physiological levels allowed the determination of
the effects of p21 and, to a lesser extent, p27 in a controlled
experimental environment. Specifically, the cell cycle effects
produced by these molecules could be evaluated largely re-
moved from the potential noise generated by activation of
pleiotropic upstream signaling pathways. Previous reports us-
ing similar approaches have shown that under these conditions
cells ceased proliferation. However, a detailed analysis of cell
cycle distribution was not reported, nor was the relationship to
RD status investigated (61, 74).

Our data suggest that in addition to the previously inferred
role of p21 at the G,/S-phase transition, p21 (and p27) also has
the capacity to arrest cells in G,. Our data also implicate the
retinoblastoma protein, pRb, as an important factor in the
cellular response to p21, particularly in the context of regula-
tion of DNA replication.

MATERIALS AND METHODS

Plasmids and adenovirus constructs. The human p21<iP/Wafl ¢cDNA contain-
ing the full-length coding region of p21 was isolated by PCR, cloned into the
pUHD10-3 plasmid (H. Bujard, Heidelberg, Germany) to allow tetracycline-
regulated conditional expression, and verified by sequencing. The pBabe plasmid
containing a puromycin resistance gene was used for cotransfection with the
p21-containing plasmid. Adenovirus type 5 constructs with EIA/E1B deficiency,
expressing p21 and p27 from a cytomegalovirus promoter, and empty control
adenovirus were a gift from J. DeGregori and J. Nevins, Duke University,
Durham, N.C., and J. Cogswell, Glaxo Wellcome.

Cell lines: growth conditions, transfection and selection procedures, adeno-
virus infection, and gamma irradiation procedure. A549 human lung carcinoma
cells and Kb human epidermoid carcinoma cells (Duncan Walker, Glaxo Well-
come), WI38 human diploid fibroblasts (American Type Culture Collection),
and HaCat cells (N. Fusenig, Heidelberg, Germany) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) in a 37°C incubator with 5% CO,.

The human cervical carcinoma cell line HeLa tTA (H. Bujard, Heidelberg,
Germany), the human osteosarcoma cell line Saos2 tTA (6), the human colon
carcinoma cell line RKO tTA (Duncan Walker, Glaxo Wellcome), the human
lung cancer cell line H1299 tTA (6), and the rat fibroblast cell line Rat1 tTA (60)
were grown in DMEM-10% FBS in a 37°C incubator with 5% CO,. The medium
was supplemented with 0.35 mg of G418 (Geneticin; Gibco) per ml, which is the
maintenance dose for the Neo” marker on the pUHD15-1 plasmid containing the
tTA transactivator that had previously been stably transfected in these cells. Cells
were cotransfected with the pUHD10-3 p21 plasmid and the puromycin resis-
tance plasmid by the Lipofectamine procedure as specified by the manufacturer
(GIBCO BRL). After cotransfection, cells that had been stably cotransfected
were selected and maintained, with 2,000 and 1,000 ng/ml of puromycin (Cal-
biochem), respectively, in the presence of 2 pg of tetracycline per ml to suppress
expression.

Individual clones obtained were split 1:2, grown in the presence or absence of
tetracycline for 3 days, and then tested by Western blot analysis for inducible
expression of p21 protein. Clones that had tightly controlled expression and
induction of p21 up to desired levels were used for subsequent experiments
(HeLa Tet p21-10.8, Saos2 Tet p21-32.4, RKO Tet p21-4, H1299 Tet p21-24.4,
and Ratl Tet p21-4).

MEFs from Rb*/~ and Rb™/~ mice were kindly provided by T. Jacks (Mas-
sachusetts Institute of Technology) and Jean Y. Wang (University of California
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San Diego), maintained in DMEM with 10% FBS at subconfluence, and used at
passages 2 to 4. Experiments were carried out by comparing cells at identical
passage numbers obtained from littermate embryos.

Adenoviruses produced in 293 cells were isolated from cell lysates as described
previously (64). Virus doses were adjusted for each cell line to avoid cytotoxicity
and to produce similar effects to those observed with the tetracycline system.
Equivalent multiplicities of infection (MOISs) for the p21, p27, and control viruses
were used in the experiments. Infection was done by replacing the medium for
2 h with DMEM-2% FBS containing virus, with gentle rocking of the flasks every
15 min. Then the medium was aspirated and replaced with the normal DMEM-
10% FBS. The cells were harvested after 3 days. All the experiments were done
at subconfluence; the cells were plated prior to infection at a starting density
similar to that for the tetracycline-controlled induction experiments.

RKO cells were irradiated in situ in tissue culture plates with 4 Gy of -
radiation from a '¥’Cs source at 3.8 Gy/min and harvested 5.5 h after irradiation,
a time point chosen to have maximal levels of p21 present. MEFs were irradiated
in situ in tissue culture plates with an initial dose of 4 Gy followed by a second
irradiation with 2 Gy after 12 h, and the cells were harvested at 30 h for flow
cytometric analysis.

Antibodies. Anti-p21 antibodies were from Santa Cruz Biotechnology (C-19
and rabbit polyclonal antibodies, used for Western blots) and Pharmigen
(15431E rabbit polyclonal antibodies, used for immunoprecipitations). Anti-
cyclin D1 monoclonal antibodies (DCS-6 for Western blots, and DCS-11 for
immunoprecipitations) were a generous gift from J. Bartek (Danish Cancer
Society, Copenhagen, Denmark). Anti-cyclin E monoclonal antibodies (HE12
for Western blots, and HE 172 for immunoprecipitations) were originally ob-
tained from Emma Lees and Ed Harlow (Massachusetts General Hospital Can-
cer Center, Boston, Mass.); a polyclonal antibody (M-20; Santa Cruz) was used
for rodent cyclin E Western blotting. Cyclin A polyclonal antibody was described
previously (30). Anti-cyclin B1 (monoclonal antibody, clone GNS1) and anti-pRb
(polyclonal antibody, C-15) were from Santa Cruz. A polyclonal antibody (lab-
oratory stock 8970) against the C-terminal 12 amino acids of human cdc2 (3, 13)
was kindly provided by Clare McGowan (The Scripps Research Institute).

Immunoprecipitations and Western blots. All experiments were done with
subconfluent cells. Cells were plated at 2.5 X 10% cells/cm? in medium with or
without tetracycline, grown for 3 or 6 days, and then harvested by trypsinization.
The cells were lysed in IP buffer (50 mM Tris [pH 7.5], 250 mM NaCl, 0.2%
Nonidet P-40, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1
mM NaF, 1 mM okadaic acid, 100 pg of phenylmethylsulfonyl fluoride per ml, 2
mg each of leupeptin, pepstatin, and aprotinin per ml) or by published proce-
dures (43, 46) for the cyclin D1 kinase assay. Protein concentration was deter-
mined by the Bradford method (Bio-Rad). Lysates were precleared for 1 h and
then immunoprecipitated with the appropriate antibody for 3 to 16 h at 4°C.
Complexes bound to protein A+G-agarose (Santa Cruz) were washed four times
with IP buffer and separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

For Western blot analyses, 0.2 mg of total-cell lysate and an equivalent amount
of immunoprecipitation supernatant were resolved by SDS-PAGE on 6 to 12%
gradient gels and transferred to polyvinylidene difluoride membranes (Immo-
bilon-P; Millipore). The blots were incubated with the primary antibody for 3 h
and then with a horseradish peroxidase-conjugated secondary antibody (Pro-
mega, Chemicon) for 1 h. The bound antibodies were visualized by enhanced
chemiluminescence (Pierce).

Kinase activity assays. Kinase assays were performed with lysates prepared as
described above. To measure cyclin E-, cyclin A-, and cyclin B-associated kinase
activities, 0.2 mg of lysate protein was immunoprecipitated and analyzed as
described previously (61) and histone H1 was used as a substrate. To measure the
cyclin D1-associated kinase activity, Rb kinase assays were performed as de-
scribed previously (40, 43) with the DCS-11 monoclonal antibody for immuno-
precipitation from 0.2 mg of lysate and 1 pg of recombinant full-length Rb
protein (QED Bioscience Inc.) as a substrate. The reaction products were sep-
arated by SDS-PAGE, and the gel was stained with Coomassie blue, dried,
exposed to X-ray film, and quantitated with a PhosphorImager (Molecular Dy-
namics).

Flow cytometry analysis. Cells were pulsed for 45 min prior to harvesting by
adding bromodeoxyuridine (BrdU; Sigma) directly to the culture medium to a
final concentration of 10 wM. The cells were then harvested, stained with pro-
pidium iodide and anti-BrdU fluorescein isothiocyanate (FITC)-conjugated an-
tibody (Becton Dickinson) as specified by the manufacturer, and analyzed by
flow cytometry on a FACScan station with Cell Quest software (Becton Dickin-
son).

FISH assay. A Chromosome 8 specific centromeric probe labeled with Cy3
(Amersham) was used for the fluorescence in situ hybridization (FISH) assay as
specified by the manufacturer. A Zeiss Axioskop microscope with a 63X oil
immersion objective and a Hamamatsu 3CCD camera were used for image
collection.

RESULTS

Regulated expression of p21 at physiologically relevant lev-
els. Using the tTA tetracycline-repressible expression system,
we were able to establish conditional expression of p21 in a
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TABLE 1. Cell lines used in this study showing which were
stably transfected with the tetracycline system and which
were transduced with adenoviruses for p21 or p27

Transduction
Rb p53  Tet of :

Cell line status  status  p2l

Ad21  Ad27

RKO (human colon carcinoma) + + Yes No No
Ratl (rat fibroblast) + + Yes No No
A549 (human lung carcinoma) + + No Yes No
Saos2 (human osteosarcoma) - - Yes Yes  Yes
HeLa (human cervical carcinoma) - - Yes Yes  Yes
Kb (human epidermoid carcinoma) - - No Yes No
H1299 (human lung carcinoma) + - Yes Yes  Yes
HaCat (human keratinocyte) + - No Yes No
SW480 (human colon carcinoma) + - No No Yes
MEF Rb*/~ (mouse embryo + + No  Yes  Yes
fibroblast)
MEF Rb ™/~ (mouse embryo - + No  Yes  Yes
fibroblast)

“ Ad21 and Ad27, recombinant p21- and p27-expressing adenoviruses.

number of human cell lines, as well as in Ratl fibroblasts
(Table 1) (6, 60). In addition, our initial studies were extended
to other cell types by using transient transduction of recombi-
nant p21- and p27-expressing adenoviruses. To evaluate the
contribution of pRb to the phenotype associated with p21
expression, both pRb-positive and pRb-negative cells were
used (Table 1). The cells also differed in terms of their p53
status (Table 1). Note that although HeLa cells are technically
pRb and p53 positive, pRb is inactive and p53 does not accu-
mulate in these cells due to the activities of human papilloma-
virus oncoproteins E6 and E7.

Stable transfectant clones that expressed p21 at similar levels
upon removal of tetracycline from the growth medium were
selected (Fig. 1A and B). Furthermore, levels of p21 accumu-
lation were similar to those observed upon y-irradiation of the
same p53-positive RKO colon carcinoma cells (Fig. 1C) or in
immortal Ratl fibroblasts compared to senescing populations
of human diploid fibroblasts (Fig. 1D).

The doses of adenovirus used in our experiments were sub-
saturating in terms of the phenotype observed and were ti-
trated down to MOIs that produced cell cycle effects and levels
of expression comparable to those of the tetracycline-regulated
expression system (Fig. 1E and data not shown).

Expression of p21 leads to cell cycle arrest. To assess the
effects on cell growth in response to the expression of p21 and
in the absence of other physiological perturbations, inducible
clones were cultured for 6 days in the presence or absence of
tetracycline. Proliferation was monitored by direct counting of
cells. Examples of growth curves generated in this fashion for
one pRb-positive (RKO) and one pRb-negative (Saos2) p21-
inducible cell line are shown in Fig. 2A. Whereas cells cultured
under p21-repressive conditions (presence of tetracycline) pro-
liferate exponentially, cells induced for p21 rapidly cease pro-
liferation.

To determine the specific effects on cell cycle progression
mediated by p21 expression, flow cytometric analysis was per-
formed on cultures maintained under inducing or noninducing
conditions for 3 or 6 days. Before being harvested, the cells
were pulse-labeled for 45 min with BrdU to mark the cells
undergoing DNA replication. The cells were then fixed and
stained with propidium iodide to detect total nuclear DNA and
with anti-BrdU antibodies to detect nuclei that had incorpo-
rated BrdU during the labeling interval. Populations were then

G, AND G, ARREST BY Cip/Kip INHIBITORS 631

subjected to a two-dimensional analysis where the DNA con-
tent (propidium iodide staining) was plotted on the abscissa
and BrdU incorporation (FITC anti-BrdU fluorescence) was
plotted on the ordinate. This allows precise resolution of the
population into G,, S and G,/M fractions as illustrated in the
cartoon at the top of Fig. 2B. Analysis of the Rb-positive RKO
cells in this fashion indicates that after 3 days of p21 induction,
DNA replication had ceased and cells were arrested primarily
with a G; DNA content. However, it is clear from the raw data
and the quantitation shown below as a histogram that there
was also a persistent population of cells (approximately 10%)
with a G,- or M-phase DNA content, although this fraction
was reduced relative to what was observed in an asynchronous
population. Since there was no evidence of mitotic cells in
these populations based on visual observation, it is likely that
these represent G,-arrested cells.

When a similar analysis was performed on Rb-negative
Saos2 cells, a more complex pattern was observed. Unlike the
RKO cells, Saos2 cells expressing p21 exhibited a reduction in
the number of G, cells relative to asynchronous controls. On
the other hand, the percentage of cells with a G,/M DNA
content was increased. Furthermore, although the percentage
of cells in the S phase appeared to be reduced relative to
asynchronous controls, a significant population of cells was still
undergoing DNA replication, probably representing cell leak-
age through an inefficient G, blockade. These results, which
were reproducible in several different clones of each cell type,
suggest that p21 has a reduced ability to mediate G, arrest in
Saos2 cells relative to RKO cells. Under such conditions, a
higher proportion of cells arrest in G,. Another difference
between the Saos2 and RKO cells expressing p21, which is
discussed in greater detail below, is the accumulation of cells

p21 Saos2 P21 RKOD p21 HeLa P21 RKO
C p21 C p21 C p21 C p21

P21 — [ —

e - -

p21 RKO

C tet radiation D p21 Rat1 wI38
C _ p21 06y 46y tet C p21  wt
p21  —» *. - -
E H1299
tet Ad
C p21 AdC  Ad21
p21 —»

FIG. 1. Tetracycline-controlled expression of p21 in a panel of pRb-positive
and pRb-negative cell lines. Shown are Western blots of total-cell lysates (0.2 mg
of protein) with an antibody against p21 (C-19). Tetracycline-controlled p21
expression in uninduced cells (lanes C) and induced cells (lanes p21) is demon-
strated. Equal numbers of cells were plated at low density (see Materials and
Methods) and incubated for 3 days in medium with or without tetracycline. (A)
Comparison of the levels of expression in Saos2 Tet p21 and RKO Tet p21 cells.
(B) Comparison of the levels of expression in HeLa Tet p21 cells and RKO Tet
p21 cells. (C) Comparison of the levels of expression in RKO Tet p21 cells and
in RKO cells subjected to 0 or 4 Gy of ionizing radiation. (D) Comparison of the
levels of expression in Ratl Tet p21 cells and the levels in WI38 normal human
diploid fibroblasts approaching senescence. (E) Comparison of the levels of
expression in H1299 Tet p21 and adenovirus (Ad)-transduced H1299 cells (with
an MOI of 200).
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FIG. 2. p21 expression arrests cells not only in G, but also in G,. (A) Growth curves for the p21-transfected RKO and Saos2 cells. Cells were plated at equal
densities in triplicate in six-well plates and grown for 6 days in the presence or absence of tetracycline. At the indicated times, the cells were harvested by trypsinization
and counted with a hemocytometer. (B) Two-dimensional flow cytometry data of representative experiments illustrating the presence of both G, and G,/M arrest in
response to p21 expression, as well as the different relative preponderance of the two modes of arrest in pRb-positive (RKO) and pRb-negative (Saos2) cells. The cells
were grown for 3 days with or without tetracycline. The DNA content measured by propidium iodide staining is shown on the x axis, and BrdU incorporation detected
with an FITC-conjugated anti-BrdU antibody is shown on the y axis. The cartoon on top illustrates the distribution of cell cycle phases in such an analysis. The
histograms under each flow cytometry plot depict the percentage of cells with G, (2n), S, Go/M (4n), and more than 4n DNA content, respectively. Note the presence
of a significant population of cells with greater than 4n DNA content in the pRb-negative Saos2 cells. (C and E) Quantitative evaluation of the cell cycle distribution
following p21 expression in Rb-negative cells versus Rb-positive cells. The cells were grown for 3 days with or without tetracycline, and their cell cycle distribution was
assessed by flow cytometry, as described in Materials and Methods. (C) G, accumulation; (E) G,/M accumulation. The results are presented as an increase of the ratio
of the number of cells with 47 or more DNA content to the number of cells with S-phase DNA content. (D and F) Comparison of the effects of p21 and p27 expression
on cell cycle distribution, using adenovirus (Ad) transduction as described in Materials and Methods. MOIs of 100 and 200 were used, as indicated. Flow cytometry
data were used for quantitation, as described for panels C and E.

with a greater than 4n DNA content in the former (Fig. 2B;
also see Fig. 5). Notably, there is a peak of cells with an 8n
DNA content, as well as a second S-phase population between
4n and 8n, in the p21 expressing Saos2 cells.

p21-induced arrest patterns correlate with pRb function.
RKO cells have functional Rb, whereas Saos2 cells have an
inactivating mutation of Rb. Therefore, the difference in re-
sponse to p21 expression might be explained as a consequence
of RKO cells having an intact pRb regulatory system and the

lack of a pRb regulatory system in Saos2 cells. To test this
hypothesis, other pRb-positive and -negative cell lines express-
ing p21 under tetracycline control were tested. Rat1 fibroblasts
and H1299 human lung carcinoma cells are functionally pRb
positive, whereas HeLa cells are functionally pRb negative.
The two additional pRb-positive cell lines behaved essentially
as did the RKO cells in response to p21 expression: cells
arrested with an increased G, population and a small but
reproducible G, population (Fig. 2B and C). To differentiate
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TABLE 2. G, accumulation correlates with the presence
of functional Rb and inversely correlates
with endoreduplication

G,/S DNA
accumu- rerepli-
lation cation

Rb  p53

Cell line status status

RKO (human colon carcinoma) + + Yes No
Ratl (rat fibroblast) + + Yes No
A549 (human lung carcinoma) + + Yes No
Saos2 (human osteosarcoma) - - No Yes
HeLa (human cervical carcinoma) - - No Yes
Kb (human epidermoid carcinoma) - - No Yes
H1299 (human lung carcinoma) + - Yes No
HaCat (human keratinocyte) + - Yes No
SW480 (human colon carcinoma) + - Yes No
MEF Rb*/~ (mouse embryo fibroblast) + + Yes No
MEF Rb /" (mouse embryo fibroblasts) — — + No Yes

between a G,-arrested population and a residual cycling pop-
ulation, we compared the G,/M population (DNA content of
4n) to the S-phase population and expressed the result as a
ratio (Fig. 2E). The S-phase population actively synthesizing
DNA was considered a measure of residual cycling, and thus
an increase in the ratio of G,/M- to S-phase cells was taken to
be indicative of G,/M arrest or enrichment. Furthermore, no
accumulation of cells with a greater than 4n DNA content was
observed in these pRb-positive cells (Fig. 2B; also see Fig. 5).
On the other hand, HeLa cells, which are functionally pRb
negative due to the presence of the human papillomavirus E7
oncoprotein, exhibited a pattern similar to that observed for
the Saos2 cells: arrested populations had decreased numbers
of G, cells compared to asynchronous populations (Fig. 2C)
and increased numbers of cells with 4n and greater than 4n
DNA content (see Fig. 5).

To extend the scope of this study, p21 was ectopically ex-
pressed in several additional pRb-positive and -negative cell
lines by recombinant adenovirus transduction. A549 human
lung carcinoma cells and HaCat human keratinocytes are pRb
positive, whereas KB human epidermoid carcinoma cells are
pRDb negative. The A549 and HaCat pRb-positive cell lines
arrested with an increase in the G, population, whereas the KB
cells exhibited a decrease in the G, cell population and an
increase in the number of cells with 4n or greater DNA content
(Table 2). Thus, there was a strong positive correlation be-
tween a functional pRb regulatory system and a constellation
of responses to p21 expression: tight G, arrest for most cells, a
small fraction of G,-arrested cells, and no evidence of increase
in DNA content beyond 4n. Cells without functional pRb, on
the other hand, inefficiently arrested in G, and had a larger
population arrested in G, and an increase in the number of
nuclei with greater than 4n DNA content. In contrast, there
was no correlation between the p53 genotypes of these cell
lines and any aspect of the arrest behavior.

p27 confers a similar arrest phenotype to p21. The p21
molecule contains a Cdk inhibition domain, as well as a do-
main that binds and inhibits the function of proliferating-cell
nuclear antigen (PCNA), the processivity factor of DNA poly-
merase 3. To determine if any of the arrest characteristics
mediated by p21 are based on interactions with PCNA, as well
as to test if other members of the Cip/Kip inhibitor family can
exert similar effects, parallel adenovirus transduction experi-
ments were undertaken to express either p21 or p27, which
contains a Cdk-inhibitory domain but no PCNA binding do-
main. pRb-negative HeLa and Saos2 cells transduced with
recombinant p27-expressing adenovirus exhibited the same cell
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cycle arrest distribution as was observed with p21-expressing
adenovirus as well as with tetracycline-regulated expression of
p21: a decrease in the G; population, an increase in the G,
population, and an increase in the population with greater than
4n DNA content (Fig. 2D and F). Similarly, Rb-positive H1299
cells behaved identically in their response to p21 and p27
expression (Fig. 2D and F). Furthermore, similar effects for
p21 and p27 were observed in congenic MEFs (Table 2; see
Fig. 7), as discussed below. Therefore, it is unlikely that inter-
actions with PCNA account significantly for the p21-associated
phenotypes observed.

Efficient G, arrest in pRb-positive cells correlates with in-
hibition of cyclin D,-associated kinase. To investigate the
mechanism that confers differential cell cycle arrest in pRb-
positive and pRb-negative cells, the interactions between p21
and Cdks in RKO (pRb positive) and Saos2 (pRb negative)
cells were investigated. Compared to asynchronous control
cells, arrested RKO cells contained elevated levels of cyclins
D1 and E (Fig. 3A). This may be due to cell cycle synchroni-
zation in G, as well as to feedback control of cyclin expression
or stability (8, 76). Cyclins A and B1, on the other hand, were
virtually undetectable in the arrested cells, presumably due to
accumulation of the majority of cells in G,, where these cyclins
are not expressed (Fig. 3C).

Whereas G, cyclin levels were increased in p2l-arrested
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FIG. 3. Effects of p21 expression on cyclin-dependent kinase activities, cyclin
protein levels and Rb phosphorylation in pRb-positive cells (RKO cells). (A) p21
association with cyclins D and E as analyzed by p21 immunodepletion followed
by immunoblotting. Lanes 3 and 4, total-cell lysate; lanes 1 and 2, an equivalent
amount of supernatant after one round of p21 immunoprecipitation. (B) p21-
mediated changes in cyclin D1- and cyclin E-associated kinase activities. pRb was
used as a substrate for cyclin D1-associated kinase, and histone H1 was used as
a substrate for cyclin E-associated kinase. Quantitation was performed by Phos-
phorImager analysis. Data from three experiments are combined in the histo-
grams as the mean = standard error. A representative autoradiogram is shown
below each histogram. (C) Changes in levels of cyclin A and B1 in response to
p21 expression. (D) Western blot depicting the effects of p21 expression on pRb
phosphorylation. Rb, hypophosphorylated form; P-Rb, hyperphosphorylated form.

8002 ‘2Z AeN UO salrelqiT auIRIPaN JO |00YdS AlISISAIUN eueIpU| Te BIo°WSe qow Wol) papeojumod


http://mcb.asm.org

VoL. 18, 1998

RKO cells, this was not reflected in associated kinase activities.
Even though cyclin E levels increased severalfold, there was a
decrease in the associated kinase activity (Fig. 3A and B).
More significantly, an almost fourfold increase in cyclin D1
levels was associated with a fourfold decrease in the associated
kinase activity (Fig. 3A and B). This inhibition of cyclin D1-
associated Cdk4 (and/or Cdk6) correlated with a shift from
hyperphosphorylation of pRb in asynchronous cells to exclu-
sively hypophosphorylated pRb (Fig. 3D). A similar inhibition
of Rb phosphorylation occurred in the other Rb-positive cell
lines upon expression of either p21 or p27 (data not shown).
Although the absolute inhibition of cyclin E-associated Cdk2
kinase was not great (approximately 35%), the specific activity
of the kinase is perhaps a better indication of biological inhi-
bition, since the accumulation of cyclin E is normally periodic
through the cell cycle and the activity measured in asynchro-
nous cultures is likely to be contributed by the small fraction of
cells traversing the G,/S boundary whereas that measured in
the G,-arrested cultures is likely to be contributed by all of the
cells. Normalizing the absolute kinase activity to cyclin levels
based on densitometric scanning of Western blots, a significant
inhibition of cyclin E-associated kinase specific activity (great-
er than 85%) was observed. By using the same considerations,
the specific activity of cyclin D1-associated kinase was found to
be inhibited by approximately 95%.

To determine if association with and therefore inhibition by
p21 can account for the inhibition of cyclin D1- and cyclin
E-associated kinase, p21 was immunodepleted from lysates. A
single round of immunodepletion removed 75 to 80% of the
p21 from lysates of induced RKO cells (Fig. 3A), as measured
by laser densitometry (data not shown). The immunodepletion
likewise removed 60 to 70% of the cyclin E and 70 to 75% of
the cyclin D1 from the same lysates (Fig. 3A and data not
shown). Little cyclin D1 or cyclin E was immunodepleted from
control cell lysates (Fig. 3A). Thus, at this level of resolution,
interaction with p21 can account for the observed inhibition of
cyclin D1- and cyclin E-associated kinase activities, the loss of
pRb phosphorylation, and presumably the arrest of cells in G;.

Cyclin levels in p21-induced Saos2 cells reflect the differen-
tial characteristics of the arrested population compared to
RKO cells. Cyclin E levels were elevated in arrested cells
relative to those in asynchronous cells, as with RKO cells, but
the cyclin A and B1 levels were also elevated (Fig. 4A and B),
consistent with a predominant population of G,-arrested cells.
Cyclin D1 levels, which are low in Saos2 cells, were not ana-
lyzed. The absolute kinase activities associated with cyclin A
and cyclin E were reduced modestly, while those associated
with cyclin B1 levels were increased (Fig. 4C). However, when
the considerations of cell cycle synchrony of the arrested pop-
ulations and kinase specific activity were factored into the
analysis, cyclin E- and cyclin A-associated kinase specific ac-
tivities were found to be strongly inhibited, approximately 20-
and 8-fold respectively; the cyclin Bl-associated kinase specific
activity did not appear to be as strongly inhibited, with an
approximately 2-fold inhibition. However, it should be pointed
out that pronounced cell cycle effects on kinase specific activ-
ities are anticipated with cyclin B/Cdc2, since the activity of this
kinase, but not its accumulation, is limited to mitotic cells.
Therefore, the specific activity of cyclin B/Cdc2 in the asyn-
chronous control, which contains few mitotic cells, is expected
to be low (see below). The reduction of cyclin A- and cyclin
Bl-associated kinase specific activities could account for the
predominance of G, arrest observed in these populations,
whereas the inhibition of cyclin E-associated kinase could ac-
count for the small persistent G,-arrested population.

To determine if the effects on cyclin E-, A-, and Bl-associ-

G, AND G, ARREST BY Cip/Kip INHIBITORS 635

A B

p21 depl non-depl
C p21 [od p21

Cyelin B g— S Cycln B “
-

Cycin A (S M- oo -

Cyclin E e
p21 - - p21
1 2 3 4
C 125
100
s
50
25
0
c  p21 c  p21 Cc  p21
E kinase A Kkinase B B kinase
D IP cycB cycB depl. non-depl.
p21 C p21 C p21 C

FIG. 4. Effects of p21 expression on cyclin-dependent kinase activities and
cyclin levels in Rb-negative cells (Saos2 cells). (A) p21 association with cyclin E
and A but not cyclin Bl. Lanes 3 and 4, total cell lysate; lanes 1 and 2, an
equivalent amount of supernatant after one round of p21 immunoprecipitation.
(B) Changes in cyclin levels in a parallel experiment; a higher exposure of the
film was used to allow the visualization of the low levels present in the control
cells. (C) Changes in relevant cyclin-dependent kinase activities, with histone H1
as a substrate. Data from three experiments are combined in the histograms as
the mean * standard error. A representative autoradiogram is shown below each
histogram. (D) Western blot depicting the effects of p21 expression on cdc2
levels and phosphorylation status in total cell lysates (non-depl.), cyclin B de-
pleted lysates (cycB depl.), and cyclin B immunoprecipitates (IP cycB). cdc2,
dephosphorylated form; cdc2-P, hyperphosphorylated form. Experiments were
done as described in Materials and Methods.

ated kinase activities could be a direct consequence of associ-
ation with p21, p21 immunodepletion experiments were per-
formed on extracts from p2l-arrested Saos2 cells. A single
cycle of p21 immunodepletion removed 75% of the p21 from
these lysates (Fig. 4A and data not shown). p21 immunodeple-
tion removed approximately 50% of the cyclin A and none of
the cyclin B1 (Fig. 4A and data not shown). Thus, a significant
fraction of cyclin A in arrested cells is associated with p21,
potentially accounting for the observed inhibition of cyclin
A-associated kinase activity. The lack of immunodepletion of
cyclin Bl indicates that in these cells, cyclin Bl is not a direct
target of p21-mediated inhibition. However, to investigate the
molecular mechanism of cyclin B1/Cdc2 kinase inhibition, we
analyzed the phosphorylation state of Cdc2 associated with
cyclin B1 by immunoblotting cyclin B1 immunoprecipitates. Cdc2
bound to cyclin B1 in p21-arrested Saos2 cells was predominantly
in the hyperphosphorylated state associated with inhibitory phos-
phorylation of T14 and Y15 (Fig. 4D). This observation is con-
sistent with the relatively low specific activity of cyclin B/Cdc2
in these cells. However, as pointed out above, the specific activity
of cyclin B/Cdc2 in asynchronous cells is low as well, since de-
phosphorylation of Cdc2 occurs only in mitotic cells. This is
likely to account for the apparent modest (twofold) inhibition
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of cyclin B/Cdc2 specific activity observed in p21-arrested cells
relative to asynchronous cells. The mechanism whereby p21
expression leads to inhibitory phosphorylation of Cdc2 remains
to be determined but may be an indirect consequence of inhi-
bition of cyclin A-associated kinase activity (see Discussion).

Expression of p21 in Rb-negative cells leads to endoredu-
plication in a significant fraction of the population. As de-
scribed above, one of the phenotypic consequences of p21 and
p27 expression in pRb-negative but not pRb-positive cells is an
accumulation of cells with a greater than 4n DNA content. To
elucidate the basis of this phenomenon, flow cytometric data
were subjected to an analysis designed to distinguish between
individual nuclei having greater than 4n DNA content and cell
aggregates. Multinuclear cells were ruled out, since they were
not observed at significant levels based on microscopic scan-
ning of arrested populations. Plots of fluorescence peak area
(abscissa), which measures DNA content, versus peak width
(ordinate), which permits the gating out of clumped cells, are
shown in Fig. SA. This gating indicates that the greater than 4n
population produced by p21 expression in the Saos2 cells cor-
responds to an increased DNA content per cell and not to cell
aggregation. Also, the accumulation of a distinct peak at a
DNA content of 8n suggests that discrete rounds of DNA
replication are responsible for this population (Fig. 5A). In
contrast, all of the fluorescence corresponding to a DNA con-
tent of greater than 4n in RKO (Rb-positive) cells is associated
with an increase in peak area and most probably corresponds
to cell aggregates. Therefore, a subpopulation of Saos2 cells
arrested in G, by expression of p21 appear to undergo at least
a round of DNA replication without mitosis (endoreduplica-
tion), resulting in cells of at least double the normal ploidy.
RKO cells do not undergo endoreduplication in response to
induction of p21.

To determine the generality of endoreduplication in pRb-
negative cells, a panel of Rb-positive and -negative cells was
analyzed as above, with either tetracycline-dependent or re-
combinant adenovirus-dependent expression of p21 or p27.
Whereas tetracycline-dependent expression of p21 in pRb-
positive Ratl and H1299 cells did not stimulate endoredupli-
cation cycles, it did so in functionally pRb-negative HeLa cells
(Fig. 5B). When adenovirus transduction was used to express
p21 or p27 in pRb-positive HaCat, A549, and SW480 cells and
pRb-negative KB cells, similar results were obtained (Table 2).
PCNA effects were ruled out as contributing to the endoredu-
plication phenotype, since transduction of p27-expressing ad-
enoviruses into pRb-negative cells stimulated endoreduplica-
tion as effectively as did p21-expressing adenoviruses (Fig. 5C).

To confirm, by using an independent approach, that en-
doreduplication, leading to cells of increased ploidy, occurred
in response to p21 expression, Saos2 cells were analyzed for an
arbitrarily chosen specific chromosomal marker by FISH anal-
ysis before and after tetracycline-regulated induction of p21.
Fixed nuclei were analyzed in the absence of p21 expression or
after 3 or 6 days of p21 expression by using a human chromo-
some 8 centromeric probe. Micrographs of representative nu-
clei are shown at the top of Fig. 6. The pink dots represent
positive signals produced by the presence of sequences homol-
ogous to the probe either on unreplicated chromosomes or on
pairs of sister chromatids postreplication. Histograms pro-
duced by counting the signals from 100 random nuclei from
each population are shown at the bottom of Fig. 6. As can be
seen, the primary mode of each population is five or six dots,
suggesting that the Saos2 genome contains sequences capable
of hybridizing to the probe five or six times. Upon increasing
the time of p21 expression, a second small mode appeared at
11 to 12 dots, consistent with a single round of endoredupli-
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cation and an integral increase in ploidy. By 6 days of incuba-
tion, a small but significant number of nuclei with more than 12
dots were observed, suggesting that additional endoreduplica-
tion cycles had occurred in a subpopulation of cells. This shift
was congruent with the shift in DNA ploidy assessed by flow
cytometry. Thus, based both on flow cytometric analysis and
FISH analysis, p21 expression in Rb-negative cells stimulates
endoreduplication.

Experiments with MEFs. The results reported above were
obtained with cell lines derived primarily from tumors. Even
though the Rb genotype could be determined, these cell lines
are expected to be genetically heterogeneous. Our approach to
circumventing the lack of congeneity in the analysis was to
investigate several cell lines of each Rb genotype. In all nine
cases investigated, the p21 (or p27) response phenotype cor-
related with the Rb genotype. This represents a reasonably
high level of statistical significance. Nevertheless, to extend
these studies to a genetically controlled format, we performed
similar experiments on congenic Rb™/~ and Rb™/~ MEFs.
When such MEFs were transduced with p21 and p27 adeno-
viruses, a dose-dependent response was observed (Fig. 7). For
the Rb™~ MEFs, cells accumulated in G, and there was a
reduction in the population of cells with a greater than 4n
DNA content (Fig. 7). Conversely, for the Rb~/~ MEFs, there
was a decrease in the number of cells arrested in G, and an
increase in the number of cells with a greater than 4n DNA
content (Fig. 7). These results parallel exactly those obtained
with Rb-positive and Rb-negative cell lines reported above.
We could not easily measure the accumulation of G,-arrested
cells in the Rb™/~ MEFs exposed to p21 or p27, because even
early-passage cells of such a genotype accumulate a significant
polyploid population. Nevertheless, the reduction in G,-arrest-
ed cells coupled with a blockade of proliferation strongly im-
plies a G, arrest preceding endoreduplication, which we could
monitor. Thus, in a clean genetic background, p21 and p27
confer predominantly an Rb-dependent G, arrest, but in the
absence of pRb, they confer a G, arrest followed by endoredu-
plication, confirming that these different phenotypes segregate
with the Rb genotype.

It might be argued that G, arrest and endoreduplication
correspond to an unnatural situation of forced p21 expression
in an Rb-negative context. We used Rb*/~ and Rb~/~ MEFs
to determine if natural stimuli that lead to induction of p21
might produce the same phenotypes. Therefore, Rb™/~ and
Rb~/~ MEFs were subjected to v-irradiation and, after 30 h,
analyzed for cell cycle parameters. Whereas Rb*/~ MEFs ac-
cumulated in G, and exhibited a decrease in the number of
cells with a DNA content of greater than 4n, Rb™/~ MEFs
showed a decrease in the number of G, cells and an increase in
the number of cells with a DNA content of greater than 4n
(Fig. 7A and C). Therefore, vy-irradiation, which leads to in-
duction of p21 via p53, confers the same phenotype as ectopic
expression of p21 or p27. It is thus likely that G, arrest fol-
lowed by endoreduplication is a consequence that may be
encountered when Rb-negative p53-positive tumors are sub-
jected to genotoxic stresses (see Discussion).

DISCUSSION

Previous work has emphasized the G,/G, regulatory roles of
p21 and p27 (for reviews, see references 17 and 65). p21 has
been implicated in G, arrest following DNA damage (14, 16),
in the response to cytokines and loss of substrate adhesion (7,
10, 18) and in maintenance of terminally differentiated cells in
a nonproliferative state (25, 35, 36, 45, 46, 70). The data pre-
sented in this report show that p21 plays a role at the G,/M-
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FIG. 5. Endoreduplication occurs in pRb-negative cells, but is prevented in pRb-positive cells. (A) Flow cytometric data from representative experiments,
illustrating endoreduplication in pRb-negative cells (Saos2 cells) upon p21 expression versus the absence of endoreduplication in pRb-positive cells (RKO cells).
Experiments were done as described in the legend to Fig. 2 and in Materials and Methods. Plots of the propidium iodide fluorescence peak area (on abscissa), which
measures the DNA content, versus the peak width (on the ordinate), which permits the gating out of clumped cells, are shown. (B) Quantitative evaluation of
endoreduplication following p21 expression in pRb-negative and pRb-positive cells. Flow cytometric data were used for quantitation. (C) Comparison of the effects of
p21 and p27 on endoreduplication, using adenovirus transduction, as described in Materials and Methods. MOIs of 100 and 200 were used, as indicated. Flow cytometry

was used for quantitation.

phase transition as well. The reasons that such a late cell cycle
role may not have been detected previously are that many
experiments addressing the functions of p21 have been focused
specifically on G, responses and there is likely to be a redun-
dancy in the mechanisms regulating the G,/M-phase transition.

Nevertheless, human lymphoblastoid cells checkpoint arrested
in G, by DNA damage accumulated high levels of Cdk-bound
p21 (2). In addition, p21 was reported to be induced upon
ectopic p53 expression in tissue culture cells that resulted in
both G, and G, arrest (1, 6). However, those experiments
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FIG. 6. (A) FISH analysis of Saos2 cells with a Chromosome 8 centromeric probe. Images were taken with a 63 oil immersion objective, as described in Materials
and Methods. Preparations of nuclei were obtained by hypotonic lysis of cells. Chromatin is stained blue with 4',6-diamidino-2-phenylindole (DAPI), and the Cy3
fluorescent centromeric probe hybridized to its target appears as pink dots. The left panel shows nuclei from uninduced control cells; the right panel shows an example
of a nucleus with an increased number of dots after 3 days of p21 expression. (B) Scoring of a time course experiment. A total of 100 nuclei in each sample, examined

with a 63X objective, were scored for the number of dots.

could not directly address the role of p21 in the arrest
pattern.

Experiments with nullizygous mice indicate partial but not
complete redundancy. In the context of the many inferred roles
of p21 alluded to above, it is surprising that p21-nullizygous
mice are developmentally normal (4, 11). One might therefore
conclude that many of the regulatory functions attributed to
p21 are redundant with other regulatory mechanisms. How-
ever, the p53-dependent G, arrest response to DNA damage is
at least partially defective in fibroblasts from p21-nullizygous
mice (4), supporting the idea that this is one of the critical
functions of p21 that cannot be completely compensated by
other modes of regulation. That p21-mediated Cdk inhibition
may overlap with other regulatory mechanisms in a number of

other experimental contexts is a likely explanation for why no
evidence for a regulatory role for p21 at the G,/M phase
transition has been forthcoming. The fact that fibroblasts from
p21-nullizygous mice and p53-negative cell lines, in general,
arrest in G, in response to DNA damage made it difficult to
assess the contribution of p21 induction in p53-positive cells.
Other lines of evidence, however, support the possibility of a
G,/M-phase regulatory role for p21. First, p53-positive tumor
cells rendered p21 nullizygous by homologous recombination,
although capable initially of arresting in G, in response to
DNA damage, could not maintain the arrest and ultimately
initiated abnormal rounds of DNA replication and underwent
apoptosis (75). Thus, although p21 was not required for the
short-term G, arrest response, it might be important for a
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FIG. 7. Effects of Cip/Kip expression and +y-irradiation on the cell cycle distribution of MEFs heterozygous (+/—) or homozygous (—/—) for Rb deletion. (A and
C) Comparison of effects of y-irradiation (rad) and p27 adenovirus on the cell cycle distribution in Rb~/~ MEFs (Rb—) and Rb*/~ MEFs (Rb+). The percentage of
cells in G, (A), and cells with more than 4n DNA content (C) were evaluated by flow cytometry as described in Materials and Methods. Control adenovirus (C) and
p27 adenovirus at MOIs of 50 and 100 (27-50 and 27-100) were used as indicated and as described in Materials and Methods and plotted as a percentage of the control.
+y-Irradiation consisted of a 4-Gy dose, followed by a 2-Gy dose at 12 h and harvesting at 30 h. (B and D) Similarity of the effects of p21 and p27 adenoviruses (Ad21
and Ad27) on the cell cycle distribution of Rb— and Rb+ MEFs. Equal doses (50 MOI) of the different adenoviruses were used.

stable long-term response. Second, cycling p21~/~ MEFs were
slightly accelerated into mitosis relative to wild-type MEFs,
where p21 accumulated in the nucleus late in G, and bound to
cyclin A-Cdk2 complexes (15). This suggests that p21 has an
effect on late cell cycle events, even in normal cycling cells.
Different responses to p21 of pRb-positive and pRb-negative
cells. Cycling pRb-positive cells arrested preponderantly in G,
upon Cip/Kip expression, with a small but persistent subpopu-
lation in G,. On the other hand, pRb-negative cells arrested in
a complementary fashion, primarily in G, with a lesser pro-
portion in G, (Fig. 2B and C; Table 2). In the cell lines tested
(nine in addition to the MEFs), there were no exceptions to the
correlation between p21 (and p27)-induced phenotypes and
RD status. Therefore, even though this set represents an ex-
tremely genetically diverse pool, there can be no escape from
the conclusion that the Rb status is a key determinant in the
cellular response to Cip/Kip inhibitors. The consistent and
reproducible effects observed across the spectrum of very dif-

ferent cell lines used, in addition to arguing for the generality
of the paradigm described in this paper, assuages possible
concerns about cell type specificity, tissue specificity (epithelial
cells versus fibroblasts), and species specificity (human versus
rodent).

The difference between pRb-positive and pRb-negative cells
most probably reflects the relative sensitivities of potential p21
targets and the gradual increase of p21 levels upon induction,
since we observed that p21 levels increased gradually over the
course of several days (Fig. 8 and data not shown). Under the
experimental conditions used, cyclin D1-associated kinase was
clearly the most sensitive to p21-mediated inhibition. However,
inhibition of cyclin D-associated kinases is likely to have reg-
ulatory consequences only in pRb-positive cells. It has been
demonstrated that D-type cyclins are not essential in pRb-
negative cells (40, 55). Therefore, the efficient G, arrest of
pRb-positive cells in the context of p21 expression most prob-
ably reflects the inhibition of cyclin D-associated kinases and
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FIG. 8. Model of the cell cycle effects of p21 (and p27). Based on differences
between pRb-positive and pRb-negative cells, it appears that the presence of a
functional Rb pathway is necessary for maximal G, arrest (pathway 1). G, arrest
in the absence of a functional pRb pathway is inefficient (pathway 3). A second
target of p21 action, present in all cell types but more apparent in pRb-negative
cells, exists at the G,/M transition (pathway 2). Finally, p21, which probably
contributes to preventing inappropriate DNA replication in G,-arrested cells in
the presence of a functional pRb pathway (pathway 4), can actually lead to
endoreduplication in pRb-negative cells (endo). The cell cycle distributions in
our Rb+ and Rb— cells suggest that the Rb-dependent G,/S arrest (pathway 1)
is the most sensitive to p21 and is triggered first, followed by the G,/M arrest
(pathway 2) and possibly last by an Rb-independent G,/S arrest (pathway 3).
Cycling cells will accumulate predominantly in the first of the arrests that comes
into effect.

concomitant block to pRb phosphorylation. Cyclin E-Cdk2 has
also been shown to be essential for the G,/S phase transition
(53; for a review, see reference 59). However, the inhibition of
cyclin E-Cdk2 in response to p21 expression, although signif-
icant, was somewhat less complete than that observed for cy-
clin D-associated kinase. This may explain the less efficient G,
arrest observed in pRb-negative cells. The fact that some cells
do arrest in G,, however, suggests that sufficient inhibition of
cyclin E-Cdk2 occurs within a subpopulation, possibly due to
cell-to-cell variation in p21 expression levels. We have not
detected a significant correlation between wild-type cyclin E
protein levels or the length of G, with Rb status in our panel
of cell lines (data not shown). However, our data are consistent
with the idea that there is an altered G, restriction point
regulation in Rb-negative cells, as previously reported (32).
The predominant G, arrest observed in pRb-negative cells
and limited G, arrest observed in pRb-positive cells is most
likely due to p21-mediated inhibition of cyclin A-Cdk2. The
dynamics of arrest in pRb-negative cells probably reflects the
inefficiency of inhibition of cyclin E-Cdk2. Although cyclin
A-Cdk2 also was not inhibited with high efficiency, based on an
in vitro assay and the fact that p21-expressing cells were not
apparently impaired for progression through the S phase, the
degree of inhibition was probably sufficient to block entry into
mitosis. Although cyclin A function has been shown to be
required for progression both through S phase and into mitosis
(5, 22, 54), the relative levels required have not yet been es-
tablished. It is unlikely that inhibition of cyclin Bl-associated
kinase by p21 contributes to G, arrest, since there was no
evidence for significant amounts of cyclin B1 associated with
p21. We have observed, nevertheless, that in p21-induced G,-
arrested cells, cyclin B1-Cdk?2 is inhibited by phosphorylation
of Cdc2. Although the mechanism for this indirect inhibition
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by p21 is not yet known, a similar phenomenon has been
observed in Xenopus egg extracts, where inhibition of Cdk2
leads to inhibitory phosphorylation of Cdc2 and concomitant
G, arrest (23). The residual G, arrest observed in pRb-positive
cells is most probably mechanistically related to that for which
the rationale is provided above, except that efficient inhibition
of cyclin D-associated kinases and presence of a pRb regula-
tory pathway ensure that most cells are arrested in G,, before
inhibition of cyclin A-Cdk2 can become significant (Fig. 8). It
is noteworthy that the previously described in vitro affinities of
p21 for different cyclin-Cdk complexes (27) are consistent with
our in vivo results.

pRb is necessary to block endoreduplication. After arrest in
G,, a significant subpopulation of pRb-negative cells respond-
ing to p21 or p27 expression underwent cycles of endoredupli-
cative DNA replication. Although a significant fraction of
pRb-positive cells arrested in G,, endoreduplication was never
observed. Two conclusions can be drawn from these observa-
tions. First, p21 can arrest cells in G, in a physiological envi-
ronment that is permissive for entering the S phase without an
intervening mitosis. This would seem to be a violation of the
normal safeguards that prevent cell cycle events from occur-
ring out of order. Second, however, initiation of the S phase,
whether from G, or G,, requires neutralization of the inhibi-
tory functions of pRb. This cannot happen in the presence of
both pRb and p21.

Based on models in yeast cells, amphibian egg extracts, and
Drosophila, two requirements must be met for DNA replica-
tion to be initiated at chromosomal origins (71, 72). First,
origins need to be “licensed” after the prior round of replica-
tion is completed. In yeast and Drosophila, licensing requires
strong downregulation of Cdk activities, which normally occurs
at the end of mitosis but which may be mimicked by genetic
manipulation or developmental regulation. Second, Cdk activ-
ities required for replication need to be activated. Based on
these criteria, p21 could promote endoreduplication by partial
inhibition of Cdks. The incomplete inhibition of cyclin E-
and/or cyclin A-associated kinase activities may allow sufficient
activity for initiation of replication but not sufficient to proceed
to mitosis. The appropriate balance may not be met in every
cell, since many apparently do not undergo endoreduplication.
Additionally, licensing of origins may not be efficient, since
endoreduplicative replication appears to proceed slowly in our
system (see the differential BrdU incorporation levels in Fig.
2B).

That pRb appears to be capable of blocking endoreduplica-
tion in G,-arrested cells suggests a role in enforcing the order
of cell cycle events. Whatever critical functions downstream of
pRb are required for replication after passage through G,
appear to be required again if replication is to occur from G,.
The regulation of pRb phosphorylation, in fact, may be an
important G, function of p21 in response to DNA damage. It
is noteworthy that p21-nullizygous cells subjected to DNA
damage underwent G, arrest followed by an endoreduplicative
cycle whereas isogenic controls that were wild type for p21
underwent stable G, arrest (75). Thus, p21 accumulation, al-
though not critical for G, arrest, was important for blocking
subsequent endoreduplication, possibly by inhibiting pRb
phosphorylation. At first glance, these data would appear to be
in conflict with conclusions drawn from our work, in that loss
of p21 expression is associated with endoreduplication in one
case but p21 expression promotes endoreduplication in the
other. The apparent paradox, however, is resolved by propos-
ing (i) that three criteria need to be met for endoreduplication
to occur, i.e., G, arrest, partial Cdk inhibition, and neutraliza-
tion of pRb, and (ii) that the Rb genotype determines the role
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that p21 will play. These requirements, however, are general
and therefore presumably can be met via different mechanistic
routes. As such, p21 expression can contribute to endoredu-
plication in pRb-negative cells by inhibiting Cdks and confer-
ring G, arrest; pRb is not present and therefore does not
require neutralization. On the other hand, it is likely that the
dominant effect of p21 expression in pRb-positive cells is to
collaborate with pRb to block endoreduplication by preventing
the Cdk-dependent neutralization of pRb (Fig. 8). Thus, the
presence of active pRb appears to be the critical determinant
in the susceptibility of a cell to endoreduplication and the
response that p21 expression elicits in this process.

G, arrest and endoreduplication with endogenous induction
of p21. We have demonstrated by using Rb~/~ MEFs that
ionizing radiation causes G, arrest and endoreduplication,
analogous to exogenous expression of p21 and p27 in the same
cells (Fig. 7). It has been demonstrated that ionizing radiation,
by causing double-strand breaks in genomic DNA, leads to
p53-dependent induction of p21 (14, 41, 49, 66). These exper-
iments, therefore, allowed us to conclude that p21 expression is
most probably responsible for this constellation of phenotypes
in both instances.

p21 is also induced in fibroblasts as a consequence of clonal
senescence (51, 69). It is therefore noteworthy that as Rb™/~
MEFs approach senescence, they are particularly prone to
become polyploid (33a). It is likely, therefore, that the accu-
mulation of p21 in this Rb™/~ context is promoting cycles of
endoreduplication. We have demonstrated that this process
can be accelerated by additional expression of p21 or p27 via
adenovirus transduction (Fig. 7).

Finally, it has been reported that ectopic expression of the
myogenic transcription factor, MyoD, in Rb™/~ mouse myo-
cytes but not in wild-type myocytes leads to G, arrest and
endoreduplication (52). Since MyoD promotes p53-indepen-
dent induction of p21, it is likely that, here again, p21 expres-
sion in an Rb-negative context is leading to the phenotypic
constellation that we observed via direct exogenous expression
of p21 in Rb-negative cells. Thus, based on the phenotypic
consequences of direct expression of p21 without collateral
activation of upstream signaling pathways, as described in our
studies, it can be concluded that aberrant responses to clonal
senescence and to myogenic signaling in Rb~/~ cells are due to
the interaction between p21 expression and the Rb-negative
genotype.

Implications for cancer therapy. The observation that p21
can promote endoreduplication in pRb-negative contexts has
potential practical implications for cancer therapy. For tumors
that are pRb negative but p53 positive and therefore capable of
inducing p21 in response DNA damage, endoreduplication
and genetic destabilization may be a consequence of radiation
therapy or chemotherapy. In a worst-case scenario, such ge-
netic destabilization may lead, in some cells, to bypassing of
normal arrest and apoptosis mechanisms and thus to enhanced
malignancy. An example of such a situation is familial retino-
blastoma, where one germ line copy of the Rb gene is mutated.
Rb-negative cells occur at a relatively high frequency due to
loss of heterozygosity at the RB locus and result in neoplasia,
most notably in the retina (21). However, such patients are at
a greatly increased risk of developing secondary tumors in
surrounding mesenchymal tissue exposed to ionizing radiation
therapy (9, 12, 29). It is possible that induction of p21 in
pRb-negative cells within such tissues leads to endoreduplica-
tion, genetic instability, and, ultimately, secondary malignancy.

Functions of p21 at the G,/M transition. It is possible, and
indeed likely, that the roles of p21 in G, arrest under physio-
logical conditions are not completely redundant with those of
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other concurring mechanisms, especially with regard to the
stability of long-term G, arrest as well as prevention of DNA
rereplication from occurring during such arrest (Fig. 8). Long-
term arrest might be used by the cell for repair of massive
DNA damage, facilitated by the presence of a ready template
provided by the duplicated sister chromatid.
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ERRATUM

Effects of p21<'PYWVal at Both the G,/S and the Go/M Cell Cycle
Transitions: pRb Is a Critical Determinant in Blocking DNA
Replication and in Preventing Endoreduplication

ALEXANDER B. NICULESCU III, XINBIN CHEN, MONIQUE SMEETS,
LUDGER HENGST, CAROL PRIVES, anp STEVEN 1. REED

Departments of Molecular Biology and Cell Biology, The Scripps Research Institute,
La Jolla, California 92037, and Department of Biological Sciences,
Columbia University, New York, New York 10027

Volume 18, no. 1, p. 629, abstract, line 11: “arrest Bs” should read “arrest distributions.”
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