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During a normal cell cycle, entry into S phase is dependent on completion of mitosis and subsequent
activation of cyclin-dependent kinases (Cdks) in G,. These events are monitored by checkpoint pathways.
Recent studies and data presented herein show that after treatment with microtubule inhibitors (MTIs), cells
deficient in the Cdk inhibitor p21W*"/CP! enter S phase with a =4N DNA content, a process known as
endoreduplication, which results in polyploidy. To determine how p21 prevents MTI-induced endoreduplica-
tion, the G,/S and G,/M checkpoint pathways were examined in two isogenic cell systems: HCT116 p21*'* and
p21~'~ cells and H1299 cells containing an inducible p21 expression vector (HIp21). Both HCT116 p21~'~ cells
and noninduced HIp21 cells endoreduplicated after MTI treatment. Analysis of G,-phase Cdk activities
demonstrated that the induction of p21 inhibited endoreduplication through direct cyclin E/Cdk2 regulation.
The kinetics of p21 inhibition of cyclin E/Cdk2 activity and binding to proliferating-cell nuclear antigen in
HCT116 p21*'* cells paralleled the onset of endoreduplication in HCT116 p21~/~ cells. In contrast, loss of p21
did not lead to deregulated cyclin D1-dependent kinase activities, nor did p21 directly regulate cyclin B1/Cdc2
activity. Furthermore, we show that MTI-induced endoreduplication in p53-deficient HIp21 cells was due to
levels of p21 protein below a threshold required for negative regulation of cyclin E/Cdk2, since ectopic
expression of p21 restored cyclin E/Cdk2 regulation and prevented endoreduplication. Based on these findings,
we propose that p21 plays an integral role in the checkpoint pathways that restrain normal cells from entering

S phase after aberrant mitotic exit due to defects in microtubule dynamics.

Precise biochemical pathways have evolved in eukaryotic
cells to coordinate the multiple events needed to ensure
genomic stability. Fundamental to these biochemical pathways
are checkpoints which serve to monitor the integrity of chro-
mosomes and cell cycle progression (17). Defects in cell cycle
checkpoints can result in gene mutations, chromosome dam-
age, and aneuploidy, all of which can contribute to tumorigen-
esis (41). Aneuploidy is a common feature of human cancers,
suggesting that the mechanisms that normally regulate the
fidelity of mitotic exit and S-phase entry are frequently dis-
rupted in tumor cells.

The eukaryotic cell cycle is regulated by the coordinated
activity of protein kinase complexes, each consisting of a cy-
clin-dependent kinase (Cdk) and a cyclin (36, 46, 49). Cdks
must bind a cyclin and undergo site-specific phosphorylation to
be activated (1, 51), and they are negatively regulated by a
family of functionally related proteins called Cdk inhibitors
(CdkIs) (50, 59). These CdkIs fall into two categories: the
INK4 inhibitors and the Cip/Kip inhibitors. There are four
known INK4 family members, p16 (48), p15 (13, 24), p19 (21),
and pl8 (21), and three known Cip/Kip family members,
p21Watl/Eipt (10, 60), p27%P! (44, 45, 53), and pS7P* (28, 31).
The INK4 family can inhibit Cdk4 and Cdk6 activity, while the
Cip/Kip family can inhibit Cdk2, Cdk4, Cdk6, and Cdc2. Both
families of CdkIs have been shown to play regulatory roles
during the G,/S cell cycle checkpoint (23, 50).

G,-phase progression is mediated by the combined activity
of the cyclin D1/Cdk4,6 and cyclin E/Cdk2 complexes (49).
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Cyclin D1-associated kinase activity increases in mid-G,, while
cyclin E/Cdk?2 activity increases in late G, and peaks in early S
phase (8, 26). The G,/S transition is dependent on activation of
the cyclin E/Cdk2 complex (40, 54). An important downstream
target of the G,-phase cyclin/Cdk complexes is the retinoblas-
toma protein (pRb). pRb is a transcriptional repressor which,
in its hypophosphorylated state, binds to members of the E2F
transcription factor family (2, 19) and blocks E2F-dependent
transcription of S-phase genes (19, 47). Upon sequential pRb
phosphorylation by cyclin D1/Cdk4,6 and cyclin E/Cdk2 (58)
during G, progression, E2F and pRb dissociate and S-phase
progression ensues (20, 57). Negative regulation of the cyclin
E/Cdk2 complex plays a key role in G,/S checkpoint function
(50). After exposure of normal cells to genotoxic agents (9, 56),
the CdkI p21W*/<iP! (p21) is induced and binds to cyclin
E/Cdk2 complexes (12, 14, 60), resulting in pRb hypophos-
phorylation, which blocks S-phase entry and causes cell cycle
arrest. p21 can also bind to proliferating-cell nuclear antigen
(PCNA), a protein required for both DNA repair and replica-
tion. PCNA is an essential cofactor for DNA polymerases d
and € during replication, enhancing polymerase processivity
(55). Waga et al. have shown that p21 inhibits processive DNA
synthesis in a PCNA-dependent manner in vitro (55). In the
cell, cyclin-Cdk-PCNA-p21 complexes are found throughout
the cell cycle (29, 61-63); p21 interacts with Cdks via its N
terminus and with PCNA via its C terminus (3, 30). Cyclin
A-Cdk2-PCNA-p21 complexes and cyclin B1-Cdc2-p21-PCNA
complexes assemble in early S phase, whereas cyclin D1-Cdk4-
p21-PCNA complexes persist in all phases of the cell cycle (29).

The mitotic spindle checkpoint monitors spindle microtu-
bule structure, chromosome alignment on the spindle, and
chromosome attachment to kinetochores during mitosis (5,
52). The spindle checkpoint delays the onset of chromosome
segregation during anaphase until any defects in the mitotic
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FIG. 1. HCT116 p21~/ cells endoreduplicate after MTI treatment. (A) Flow-cytometric analysis of asynchronous cultures of HCT116 p21*/* and HCT116 p21~/~
cells treated with nocodazole (83 nM). The cells were harvested at the indicated times; 15,000 events were analyzed for each sample. Data are representative of three
independent experiments. DNA content is represented on the x axis; the number of cells counted is represented on the y axis. The subdiploid populations have been
excluded; thus, the histograms for later time points represent fewer cells. (B) Western analysis of p53 and p21 proteins from HCT116 p21*/* and HCT116 p21~/~ cells.
Asynchronous cells were treated with nocodazole (83 nM) for the indicated times, and the protein was harvested. (C) Analysis of relative polyploidy following
nocodazole treatment. Asynchronous cultures of HCT116 p21*/* and HCT116 p21~/~ cells were treated with nocodazole at the concentrations shown and processed
for flow-cytometric analysis as described for panel A. Representative data are shown. Data were plotted as the percentage of cells with >4N DNA content as a function

of time. The DNA content was quantified by gating events with >4N DNA content on histogram plots.
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FIG. 2. Loss of p21 results in deregulated cyclin E/Cdk2 kinase activity during MTI-induced endoreduplication. (A) Western analysis of pRb and cyclin E.
Asynchronous cells were treated with nocodazole (83 nM) for the indicated times, and protein was harvested. (B) Cyclin E and Cdk2 kinase activity in HCT116 p217/*
and p21~/" cells. Anti-cyclin E or anti-Cdk2 antibody was used to immunoprecipitate kinase complexes; GST-pRb was used as a substrate. Quantification of the
autoradiogram signals is presented in the histograms. Results are representative of three independent experiments. (C) Whole-cell lysates from HCT116 p21*/* cells
were immunoprecipitated with anti-Cdk2, separated by SDS-PAGE, and analyzed for coimmunoprecipitation of p21 by Western blot analysis.

spindle are corrected (11). Cells which have a defective spindle
checkpoint can aberrantly exit from mitosis with a 4N DNA
content (22). These cells may inappropriately continue to the
next cell cycle division and enter S phase with a 4N DNA
content; this process is known as endoreduplication.

Recent studies have shown that cells lacking p53, pRb, and
the CdkIs p21 and pl6 will undergo microtubule inhibitor
(MTI)-induced endoreduplication. When p53~/~ mouse em-
bryo fibroblasts (MEFs) are treated with MTIs, they undergo
endoreduplication, resulting in polyploid cells (6, 7, 42). How-
ever, in p53™/* cells, p53 does not directly mediate the mitotic
arrest induced by MTIs, since elevation in p53 protein levels
occurs only after cells have exited the mitotic arrest and pro-
ceeded to G, with a 4N DNA content (27, 33). Similarly, MEFs
that are pRb~/~ (7), p21~/~ (25, 27), or p16~/~ (25) endoredu-
plicate after MTI treatment. These studies suggest that the
G,/S cell cycle checkpoint proteins prevent inappropriate S-
phase entry following the mitotic slippage induced by pro-
longed MTTI exposure.

To date, there is limited information available regarding the
temporal deregulation of G,/S checkpoint pathways in relation
to the onset of endoreduplication. The goal of the present

study was to determine the biochemical pathway(s) regulated
by p21 to prevent endoreduplication and the timing of such
regulation. Our analysis of the kinases involved in G,/S and
G,/M transitions in p21-deficient cells demonstrated that en-
doreduplication coincided with deregulated Cdk2 kinase activ-
ity. We found increased levels of p21 complexed with PCNA
after MTI treatment in p21-containing cells. Furthermore, we
were able to inhibit endoreduplication in p53-deficient cells by
induction of ectopic p21 protein, which restored regulation of
Cdk2 activity. The results suggest that p21 is able to maintain
proper coupling of mitotic exit and S-phase entry through
direct regulation of Cdk2 kinase activity and binding to PCNA.

MATERIALS AND METHODS

Growth conditions and MTI treatments for cell lines. The HCT116 p21*/*
human colon carcinoma cell line and a derivative line, HCT116 p21~/~, in which
both p21"@1/CiP1 glleles have been deleted through homologous recombination
(56) were kindly provided by Bert Vogelstein (John Hopkins Oncology Center).
The HCT116 cell lines were maintained at 37°C under 5% CO, in monolayer
culture in McCoy’s SA modified medium supplemented with 10% fetal bovine
serum (FBS). H1299 human large-cell lung carcinoma cells (American Type
Culture Collection) have a partial homozygous deletion of the p53 gene; p53
protein expression is not detectable (34). H1299 cells were maintained at 37°C
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FIG. 3. Cdk4 and Cdk6 kinases are not deregulated during endoreduplication in HCT116 p21~/~ cells. (A) Western analysis of cyclin D1. Asynchronous cells were
treated with nocodazole (83 nM) for the indicated times, and protein was harvested. (B) Cdk4 and Cdk6 kinase activity in HCT116 p21™/* and p21~/~ cells. Anti-Cdk4
or anti-Cdk6 antibody was used to immunoprecipitate kinase complexes; GST-pRb was used as a substrate. Quantification of the autoradiogram signals is presented
in the histograms. Results are representative of three independent experiments. (C) Whole-cell lysates from HCT116 p21*/* cells were immunoprecipitated with
anti-cyclin D1, separated by SDS-PAGE, and analyzed for coimmunoprecipitation of p21 by Western blot analysis.

under 5% CO, in monolayer culture in F-12 medium supplemented with 10%
FBS. WI-38 human lung fibroblasts (American Type Culture Collection) were
maintained at 37°C under 5% CO, in monolayer culture in Dulbecco modified
Eagle medium supplemented with 10% FBS. When indicated, cells were treated
with nocodazole (Sigma) diluted in dimethyl sulfoxide and added directly to cell
media.

Flow cytometry. Control and treated cells were trypsinized, the trypsin was
inactivated, and 10° cells were aliquoted for flow cytometry. The remaining cells
were processed for protein analysis (see below). Cells were incubated with 20 pg
of propidium iodide (Sigma) per ml, and the DNA content was measured with a
FACSCaliber instrument (Becton-Dickson). Data were plotted with Cell Quest
software (Becton-Dickson); 15,000 events were analyzed for each sample.

Western analysis. Cells were lysed in kinase lysis buffer (KLB) [50 mM Tris
(pH 7.4), 150 mM NacCl, 0.1% Triton X-100, 0.1% Nonidet P-40, 4 mM EDTA,
50 mM NaF, 0.1 mM NaV, 1 mM dithiothreitol, and the protease inhibitors
antipain (10 wg/ml), leupeptin (10 pg/ml), pepstatin A (10 pg/ml), chymostatin
(10 pg/ml), phenylmethylsulfonyl fluoride (50 pg/ml) (Sigma), and 4-(2-amino-
ethyl)-benzenesulfonylfluoride (200 wg/ml) (Calbiochem-Novabiochem Corp.)].
Total-cell protein extracts were normalized for concentration by the Bradford
assay (Bio-Rad) and 50 pg of protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immo-
bilon-P membrane (Millipore). The membranes were incubated with mouse
monoclonal antibodies against pRb (LM95.1), p53 (Pab1801), p21 (EA10), and
PCNA (PC-10) (Calbiochem, Oncogene Research Products); mouse monoclonal
antibodies against cyclin D1 (HD11), cyclin B1 (GNS1), cyclin E (HE12), and
Cdc2 (clone 17) (Santa Cruz); and rabbit polyclonal antibodies against Cdk2
(M2), Cdk4 (C-22), and Cdk6 (C-21) (Santa Cruz). Primary antibodies were
detected with goat anti-mouse or goat anti-rabbit horseradish peroxidase-conju-
gated secondary antibody (Pierce) and subjected to enhanced chemilumines-
cence detection.

Kinase assays. For each sample, 300 pg of total-cell protein extract was
precleared for 2 h at 4°C with 50 pg of rabbit immunoglobulin G (anti-Cdk2,
anti-Cdk4, and anti-Cdk6) or 5 pg of mouse immunoglobulin G (anti-cyclin B1
and anti-cyclin E) prebound to protein A-Sepharose (PAS; Pharmacia Biotech).
Precleared lysates were transferred to new microcentrifuge tubes and incubated
with anti-Cdk2, anti-Cdk4, anti-Cdk6, anti-cyclin B1, or anti-cyclin E (E172) with
mixing for 2 h at 4°C; the anti-cyclin E (E172) mouse monoclonal antibody was
kindly provided by Joyce Slingerland (Sunnybrook Health Science Centre, To-
ronto, Canada). PAS was added, and the samples were mixed for 2 h at 4°C. The
immunoprecipitates were washed twice with KLB and twice with kinase buffer
(100 mM Tris [pH 7.4], 20 mM MgCl,, 2 mM dithiothreitol) before being
incubated with 5 pg of glutathione S-transferase (GST)-pRb (amino acids 792 to
928) (32) (Cdk2, Cdk4, Cdk6, cyclin E) or 5 pg of histone H1 (Boehringer
Mannheim) (cyclin B1) and 15 nM ATP for 10 min at 25°C. Samples were
incubated with 2 wCi of [y->*P]ATP at 30°C for 10 min (Cdk2 and cyclin B1) or
10 w.Ci of [y-**P]ATP at 30°C for 30 min (Cdk4, Cdk6, and cyclin E), the reaction
was stopped by addition of 2X Laemmli sample buffer, and the products were
resolved by SDS-PAGE. The kinase assay mixtures were quantified with an
Instant Imager (Packard Instruments) before autoradiography.

Immunoprecipitation of cyclin/Cdk complexes. Cdk2 and cyclin D1 immuno-
precipitations were performed as described for the kinase assays. Before immu-
noprecipitation, the PCNA and p21 antibodies were cross-linked to PAS beads.
For cross-linking, the PAS beads and antibody were incubated overnight with
mixing at 4°C. The antibody-bound PAS beads were washed twice with 500 mM
sodium borate (pH 9.0) and resuspended in 500 mM sodium borate containing
100 mM dimethyl pimelimidate (Pierce), and the pH was adjusted to 8.2. The
beads were mixed with 100 mM dimethyl pimelimidate for 2 h at 25°C, washed
twice with 200 mM ethanolamine (pH 8.0), resuspended in ethanolamine, and
mixed for 2 h at 25°C. The cross-linked PAS beads were washed twice with
phosphate-buffered saline and resuspended in equal volume of phosphate-buff-
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FIG. 4. Increased binding of p21 to PCNA after nocodazole treatment in HCT116 p21*/* cells. (A) Western analysis of PCNA and p21. Asynchronous cells were

treated with nocodazole (83 nM) for the indicated times, and protein was harvested. (B) Whole-cell lysates from HCT116 p2

17/ cells were immunoprecipitated with

anti-p21, separated by SDS-PAGE, and analyzed for coimmunoprecipitation of PCNA by Western blot analysis.

ered saline prior to use in immunoprecipitations. All immunoprecipitates were
washed three times in KLB and separated by SDS-PAGE, and Western analysis
was performed as described above.

Generation of HIp2l-inducible p21"*™ stable transfectants. The HIp21
(H1299-Inducible p21) cell line was generated by using the ecdysone (muris-
terone)-inducible expression system (Invitrogen). Full-length XA0I-NotI human
p21Watl/CiPl ¢DNA (10) was ligated into the pIND vector (Invitrogen). H1299
cells were transfected with the pVgRXR vector (Invitrogen) by using Lipo-
fectamine (Gibco BRL), and clones were selected in zeocin (250 pg/ml; Invitro-
gen). pVgRXR clones were transfected with the pIND-p21 vector, and stable
cotransfectants were selected in zeocin and G418 sulfate (400 pg/ml; Mediatech,
Inc.). Cotransfected clones were screened for muristerone (10 wM)-inducible
p21 expression by Western analysis. The HIp21 clone was maintained in mono-
layer culture at 37°C under 5% CO, in F-12 medium supplemented with 10%
FBS, zeocin (250 pg/ml), and G418 sulfate (400 pg/ml).

RESULTS

MTIs induce endoreduplication in HCT116 p21~’'~ cells. To
determine if p21 is a downstream effector of the p53-depen-
dent inhibition of endoreduplication, HCT116 p21*/* and
HCT116 p21 /" cells were treated with nocodazole, which
prevents microtubule polymerization and activates the spindle
checkpoint. After 48 h of nocodazole treatment, the HCT116
p21*/* cells maintained a persistent 4N DNA content as as-
sessed by flow cytometric analysis (Fig. 1A). This cell cycle
arrest was accompanied by elevations in both p53 and p21
protein levels after 18 h of treatment (Fig. 1B). In contrast,
nocodazole-treated HCT116 p21~/~ cells endoreduplicated
(Fig. 1A). HCT116 p21~'~ cells had a 4N DNA content
through 24 h of nocodazole treatment; however, by 48 h, a
distinct 8N population had accumulated. By 72 h, endoredu-
plication in HCT116 p21 =/~ cells resulted in the generation of
a 16N population; 32N populations were not observed, since
cells died after achieving a 16N status (data not shown). The
onset of endoreduplication in HCT116 p21~/~ cells coincided
with the timing of p21 protein induction in nocodazole-treated
HCT116 p21™/* cells (compare Fig. 1A and B). Similar flow-
cytometric and Western blot analysis results were obtained
when the cells were treated with the chemotherapeutic MTIs
vincristine and taxol (data not shown).

Analysis of the percentage of HCT116 p21~/~ cells with
>4N DNA content after MTI treatment demonstrated an in-
verse correlation between the nocodazole concentration and
the percentage of polyploid cells (Fig. 1C). This inverse cor-

relation was due to an increased sensitivity of p21-null over
p21-containing cells to nocodazole. By 36 h, there was a three-
to fourfold increase in the number of HCT116 p21~/~ cells
with >4N DNA content. In comparison, there was minimal
accumulation of HCT116 p21*/™ cells with >4N DNA content
after exposure to all doses of nocodazole (Fig. 1C). The en-
doreduplication seen at later time points in the HCT116
p21*/* cells was probably due to the absence of pl16 protein
expression in these cells, as recently reported by Myohénen et
al. (37).

Analysis of G,/S checkpoint proteins during endoreduplica-
tion. To dissect the biochemical events controlling mitotic and
S-phase coupling in cells, we examined the levels and function
of cell cycle proteins involved in the G,/S transition following
treatment with nocodazole. To determine if the HCT116
p21~/~ cells that underwent endoreduplication had reentered
a G,-like biochemical state in contrast to the arrested HCT116
p21*/* cells, protein levels of Cdk2, cyclin E, and pRb were
examined (Fig. 2A). In both cell lines, Cdk2 protein levels
remained constant at all time points (data not shown). Both
cell lines also showed a decrease in cyclin E protein levels at
12 h, indicative of the loss of G, cells and accumulation of cells
in G,/M. However, the cyclin E protein levels increased again
in both cell lines by 24 h, consistent with the presence of cells
in a G,-like biochemical state (Fig. 2A).

Another marker of cell cycle position is the pRb phosphor-
ylation status. pRb phosphorylation is required for the G,-to-
S-phase transition (18). After a 12-h nocodazole treatment of
HCT116 p21™/* and p21~'~ cells, pRb remained in a slower-
migrating or hyperphosphorylated form (Fig. 2A). However,
between 24 and 72 h of drug treatment, there was a change in
the pRb status in the HCT116 p21*/* cells to faster-migrating,
less phosphorylated forms of pRb, which have previously been
shown to bind E2F and inhibit its activity (19, 47). The appear-
ance of this hypophosphorylated pRb in HCT116 p21™/™" cells
coincided with maintenance of 4N DNA content (compare Fig.
1A and 2A). In contrast, a relatively hyperphosphorylated or
inactive form of pRb was observed in the HCT116 p21 '~ cells
24 to 72 h after nocodazole treatment (Fig. 2A). This inactive
form of pRb in HCT116 p21~/~ cells coincided with the accu-
mulation of polyploid cells (Fig. 1A).
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FIG. 5. Loss of p21 results in cyclical Cdc2 kinase activity during MTI-induced endoreduplication. (A) Western analysis of cyclin Bl and Cdc2 proteins.
Asynchronous cells were treated with nocodazole (83 nM) for the indicated times, and protein was harvested. (B) Cyclin Bl-associated kinase activity in HCT116 p217/*
and p217/~ cells. Anti-cyclin B1 antibody was used to immunoprecipitate kinase complexes; histone H1 was used as a substrate. Quantification of the autoradiogram
signals is presented in the histograms. Results are representative of three independent experiments. (C) Whole-cell lysates from HCT116 p21*/* cells were
immunoprecipitated with anti-cyclin B1, separated by SDS-PAGE, and analyzed for coimmunoprecipitation of p21 by Western blot analysis. Con, control representing
p21 protein coimmunoprecipitated with anti-cyclin B1 from a whole-cell extract of WI-38 fibroblasts.

Deregulated cyclin E/Cdk2 kinase activity during endoredu-
plication in HCT116 p21~/~ cells. Combined results of the
flow-cytometric and Western blot analyses demonstrated that
loss of p21 in the HCT116 cells led to endoreduplication fol-
lowing MTT treatment. We hypothesized that p21 prevented
endoreduplication through binding and inhibition of the cyclin
E/Cdk2 complex, thus preventing pRb phosphorylation and
the subsequent G,-to-S-phase transition. Therefore, loss of
p21 would lead to deregulated cyclin E/Cdk2 kinase activity
and inappropriate S-phase entry. To test this hypothesis, cyclin
E and Cdk2 kinase activities from control and nocodazole-
treated HCT116 p21™/* and p21 '~ cells were measured. Cy-
clin E or Cdk2 was immunoprecipitated from the cells, and the
kinase activity was measured by determining the ability of the
immunoprecipitates to phosphorylate the GST-pRb substrate.
In HCT116 p21*/™ cells, cyclin E kinase activity was inhibited
to less than 30% of control levels after 24 to 72 h of nocodazole
treatment whereas Cdk2 kinase activity was inhibited to less
than 10% of control levels at the same time points (Fig. 2B).
The inhibition of cyclin E and Cdk2 kinase activities paralleled
the time-dependent decrease of pRb phosphorylation in the
HCT116 p21*/* cells (Fig. 2A).

After 12 h of nocodazole treatment in HCT116 p21 /" cells,
cyclin E-dependent kinase activity was initially reduced to 80%
of control levels, consistent with the mitotic arrest induced by

nocodazole (Fig. 2B). After 24 h of nocodazole treatment,
total Cdk2 kinase activity was transiently inhibited to less than
50% of control levels (Fig. 2B). However, at later times, both
cyclin E-dependent and Cdk2 kinase activities increased, with
the cyclin E-dependent activity staying at or above control
levels after 24 h and the Cdk2 activity returning to approxi-
mately 80% of control activity at 72 h (Fig. 2B). This restimu-
lation of cyclin E/Cdk2 activity paralleled the observed en-
doreduplication that began after 24 h of nocodazole treatment
(Fig. 1A).

To determine if the decrease in Cdk2 kinase activity in
nocodazole-treated HCT116 p21*/* cells was due to p21 bind-
ing to the Cdk2 complex, Cdk2 immunoprecipitations (IP)
were performed followed by Western analysis to evaluate co-
immunoprecipitated p21. After nocodazole treatment, there
was a time-dependent increase in the levels of p21 associated
with the Cdk2 complex (Fig. 2C). The levels of p21 protein
associated with Cdk2 inversely correlated with the observed
changes in kinase activity (Fig. 2B and C). These data suggest
that loss of p21 permitted deregulated Cdk2 activity in the
HCT116 p21 /" cells.

Cdk4 and Cdké6 kinase activities are not deregulated during
endoreduplication in HCT116 p21~'~ cells. Because p21 can
also bind to and inhibit cyclin D1/Cdk4 and cyclin D1/Cdk6
complexes during G, progression, we evaluated the levels and
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activities of these proteins during nocodazole-induced en-
doreduplication. In both cell lines, Cdk4 and Cdk6 protein
levels remained constant at all time points examined (data not
shown). Both cell lines also had a small decrease in cyclin D1
protein levels at 18 h, consistent with the loss of G, cells and
accumulation of cells in G,/M. However, the cyclin D1 protein
levels increased again in both cell lines by 32 h, consistent with
the presence of cells in a G,-like biochemical state (Fig. 3A).

To determine if p21 also negatively regulated cyclin D1
kinase to prevent endoreduplication, Cdk4 and Cdké6 kinase
activities from control and nocodazole-treated HCT116
p21™/* and p21~/~ cells were measured. Cdk4 or Cdk6 was
immunoprecipitated from the cells, and kinase activity was
measured by determining the ability of the immunoprecipitates
to phosphorylate the GST-pRb substrate. In HCT116 p21*+/*
cells, both Cdk4 and Cdké6 kinase activity initially increased
between 6 and 18 h of nocodazole treatment and then re-
mained near control levels at all time points after 24 h (Fig.
3B). Similarly, between 6 and 18 h of nocodazole treatment in
HCT116 p21 /" cells, Cdk4 and Cdk6 kinase activity increased
above control levels, but it remained at or below control levels
after 18 h (Fig. 3B).

To determine if p21 exhibited increased binding to the cyclin
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D1 complexes during endoreduplication, cyclin D1 IP followed
by Western analysis were performed to evaluate coimmuno-
precipitated p21. The IP-Western analysis demonstrated that
after nocodazole treatment the levels of p21 associated with
the cyclin D1 complexes remained constant until 48 h, after
which increased amounts of p21 were observed in the complex
(Fig. 3C). Higher basal levels of p21 protein were associated
with cyclin D1 complexes than those seen with cyclin E/Cdk2
complexes (compare Fig. 2C and 3C). In addition, the amount
of p21 associated with cyclin D1 complexes did not correlate
with the observed changes in kinase activity (Fig. 3B). Taken
together, these data suggest that cyclin D1-associated kinase
activities are not differentially regulated in the two cells lines
after nocodazole treatment.

Increased p21 binding to PCNA coincides with inhibition of
endoreduplication in HCT116 p21™/* cells. Previous studies
have shown that p21 can bind PCNA and inhibit its ability to
function in in vitro replication assays (55). To determine if the
nocodazole-induced elevation in the p21 level led to increased
p21-PCNA complex formation, both PCNA protein levels and
the amount of PCNA associated with p21 were measured in
HCT116 p21*/* cell lysates. The levels of PCNA protein re-
mained constant after nocodazole treatment in both HCT116
p21™/" and p21~/~ cells (Fig. 4A). p21 IP followed by Western
analysis were performed to evaluate coimmunoprecipitated
PCNA. IP-Western analysis demonstrated that after nocoda-
zole treatment there was a time-dependent increase in the
levels of p21 associated with PCNA (Fig. 4B). The increased
levels of p21 associated with PCNA correlated with the inhi-
bition of endoreduplication in the HCT116 p21*/* cells, sug-
gesting that p21 regulates both cyclin E/Cdk2 kinase activity
and PCNA to prevent initiation of DNA synthesis in cells with
a 4N DNA content.

p21 does not directly regulate cyclin B1/Cdc2 kinase activity
during inhibition of endoreduplication in HCT116 p21*/*
cells. To determine if p21 was also regulating the G,/M tran-
sition, cyclin B1 and Cdc2 protein levels and function were
evaluated following nocodazole treatment. The cyclin B1/Cdc2
kinase complex is a known regulator of the G,/M transition
(35, 39). The exit from mitosis is marked by a decrease in the
cyclin B1 protein levels and thus in Cdc2 kinase activity (43).
After 12 h of nocodazole treatment, cyclin B1 protein levels in
HCT116 p21*/* cells decreased (Fig. SA). The reduction in
cyclin B1 protein levels in HCT116 p21*/* cells was accompa-
nied by a loss of Cdc2 phosphorylation and decrease in Cdc2
protein levels after 24 h (Fig. 5A). The cyclin Bl protein levels
in nocodazole-treated HCT116 p21~/~ cells showed only a
transient decrease before they increased again as the cells
endoreduplicated after 24 h (compare Fig. SA with Fig. 1A).
There was no significant change in the Cdc2 phosphorylation
state or protein levels in nocodazole-treated HCT116 p21 "/~
cells, consistent with the continuous cyclin Bl expression (Fig.
5A).

To evaluate cyclin Bl-dependent Cdc2 kinase activity during
nocodazole-induced endoreduplication, cyclin B1 was immu-
noprecipated from control and treated HCT116 p21*/* and
p21~/~ cells. The associated kinase activity was measured by
determining the ability of the cyclin B1 immunoprecipitates to
phosphorylate histone H1 substrate. After 12 h of nocodazole
treatment, the cyclin B1/Cdc2 kinase activity of HCT116
p21*/* cells increased twofold over control levels as the cells
arrested in mitosis (Fig. 5B). The kinase activity then de-
creased to 80% of control levels by 24 h, consistent with cells
reentering a G,-like biochemical state. From 36 to 72 h, the
cyclin B1/Cdc2 kinase activity was inhibited to approximately
50% of control levels (Fig. 5B). This reduction in cyclin B1/
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FIG. 7. p21 induction in p53-deficient cells during MTI-induced endoreduplication negatively regulates Cdk2 kinase activity. (A) Western analysis of pRb.
Asynchronous cells were treated with nocodazole (83 nM) for the indicated times, and protein was harvested. (B) Cyclin E and Cdk2 kinase activity in the presence
and absence of muristerone (7.5 wM) in nocodazole-treated HIp21 cells. Anti-cyclin E or anti-Cdk2 antibody was used to immunoprecipitate kinase complexes;
GST-pRb was used as a substrate. Quantification of the autoradiogram signals is presented in the histograms. Results are representative of three independent

experiments.

Cdc2 kinase activity was consistent with the observed decrease
in the levels of cyclin B1 and Cdc2 proteins (Fig. 5A).

In HCT116 p21 7/~ cells, cyclin B1/Cdc2 kinase activity in-
creased sixfold over control levels by 12 h, consistent with the
mitotic arrest induced by nocodazole (Fig. 5B). However, fol-
lowing a transient decrease in activity between 24 and 32 h, the
cyclin B1/Cdc2 kinase activity increased to twofold over control
levels by 36 h and fourfold by 60 h (Fig. 5B). This restimulation
of Cdc2 activity in HCT116 p21 '~ cells was consistent with
the endoreduplication that began after 24 h of nocodazole
treatment (Fig. 1A).

To determine if the decrease in cyclin B1/Cdc2 activity in
HCT116 p21*/" cells was due to p21 binding to the cyclin
B1/Cdc2 complex, [P-Western analysis was performed. Cyclin
B1 was immunoprecipitated from nocodazole-treated cells,
and the immunoprecipitates were analyzed by Western blot-
ting for coimmunoprecipitated p21. p21 was not detected in
the cyclin Bl immunoprecipitates at any of the time points
examined (Fig. 5C), and it was not detected when the IP were
performed with Cdc2 (data not shown). As a control to verify
that the cyclin B1 antibody could coimmunoprecipitate p21,
cyclin B1 IP were performed with protein lysates from WI-38
human lung fibroblasts and p21 was coimmunoprecipitated
with cyclin B1/Cdc2 (Fig. 5C, Con). These data suggest that
p21 does not regulate the mitotic arrest induced by MTIs
through direct interaction with the cyclin B1/Cdc2 complex.
Thus, the loss of cyclin B1/Cdc2 activity in HCT116 p21*/*
cells is an indirect effect of the G,/S arrest induced by p21
inhibition of the cyclin E/Cdk2 kinase complex.

p21 induction prevents endoreduplication in p53-deficient
cells. The data presented thus far suggest that p21 is sufficient
to inhibit the endoreduplication induced by MTIs. However,
H1299 cells that contain functional p21 but lack p53 protein
still endoreduplicate in the presence of MTIs. We hypothe-
sized that endoreduplication occurs in these p53-null cells be-
cause the levels of p21 are below a threshold required to
negatively regulate cyclin E/Cdk2 activity. To test this hypoth-
esis, we induced p21 expression above basal levels in p53-
deficient cells. To elevate p21 protein levels, we generated an
H1299 derivative cell line, containing an ecdysone-inducible
p21 expression vector, called HIp21. After treatment of HIp21
cells with the ecdysone analog muristerone, p21 protein levels
were induced in a dose-dependent manner, resulting in a G,
arrest after 24 h (data not shown).

Noninduced HIp21 cells treated with nocodazole underwent
endoreduplication, resulting in the accumulation of an 8N pop-
ulation by 36 h (Fig. 6A). Endogenous p21 protein was not
induced by nocodazole treatment (Fig. 6B). In contrast, muris-
terone induction of p21 protein in HIp21 cells led to the
maintenance of a 4N DNA content after nocodazole treatment
(Fig. 6A). Western analysis showed time-dependent p21 induc-
tion by muristerone (Fig. 6B). These data indicate that expres-
sion of p21 over basal levels can rescue nocodazole-induced
endoreduplication in p53-deficient cells.

p21 induction in p53-deficient cells restores the regulation
of cyclin E/Cdk2 kinase activity. To determine if the HIp21
cells reentered a G;-like biochemical state prior to endoredu-
plication, levels of Cdk2, cyclin E, and pRb in control and
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FIG. 8. p21 induction in p53-deficient cells during MTI-induced endoreduplication reduces cyclin B1/Cdc2 kinase activity. (A) Western analysis of cyclin B1 and
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experiments.

nocodazole-treated cells were examined. In the presence and
absence of muristerone, nocodazole-treated HIp21 cells had
relatively constant Cdk2 and cyclin E protein levels (data not
shown). However, in the muristerone-induced HIp21 cells, there
was a change in the pRb phosphorylation state to a faster-mi-
grating, hypophosphorylated form of the protein, most evident
at 72 h (Fig. 7A). This hypophosphorylated form of pRb would
probably be capable of binding E2F and blocking S-phase en-
try. In contrast, a relatively hyperphosphorylated form of pRb
was observed in the noninduced HIp21 cells at all time points
(Fig. 7A). This hyperphosphorylated pRb would probably be
unable to bind E2F and repress S-phase progression, thus
leading to the endoreduplication observed by 36 h (Fig. 6A).

To determine if p21 induction restored the regulation of
cyclin E/Cdk2 kinase activity, kinase assays were performed
with cyclin E and Cdk2 immunoprecipitates from induced and
noninduced HIp21 cells following nocodazole treatment. In
the noninduced cells, cyclin E activity remained elevated at all
time points, indicative of continuously cycling cells (Fig. 7B).
In contrast, p21 induction resulted in reduced cyclin E kinase
activity to below control levels after 24 h (Fig. 7B). In cells
treated with nocodazole alone, there was an approximately
fourfold increase in Cdk2 activity over control levels between
30 and 36 h, the time interval during which the cells were
undergoing endoreduplication (Fig. 6A and 7B). However,
induction of p21 resulted in continuous inhibition of Cdk2
activity and absence of endoreduplication after 24 h (Fig. 6A
and 7B). These data parallel the cyclin E/Cdk2 kinase regula-
tion observed in the nocodazole-treated HCT116 p21™/* cells

(Fig. 2B). Taken together, these data demonstrate that induc-
tion of p21 protein in a p53-deficient cell line was sufficient to
restore the regulation of cyclin E/Cdk2 kinase activity to pre-
vent endoreduplication.

p21 induction in p53-deficient cells results in decreased
Cdc2 kinase activity. To determine if p21 induction in HIp21
cells altered cyclin Bl and Cdc2 protein levels and kinase
activity, nocodazole-treated HIp21 cells were evaluated in the
presence and absence of muristerone induction. Noninduced
nocodazole-treated HIp21 cells had relatively constant levels
of both cyclin B1 and Cdc2 proteins (Fig. 8A). After 12 h of
nocodazole treatment, there was an initial twofold increase in
cyclin B1/Cdc2 kinase activity, consistent with the transient
mitotic arrest induced by nocodazole (Fig. 8B). After 24 h, the
cyclin B1/Cdc2 kinase activity became cyclical, peaking again at
48 h with a 1.5-fold increase in activity over control levels. This
cyclical pattern of cyclin B1/Cdc2 kinase activity paralleled the
continued cell cycle movement (Fig. 6A).

Analysis of muristerone- and nocodazole-cotreated HIp21
cells showed that induction of p21 protein led to a substantial
decrease in cyclin B1 and Cdc2 protein levels and cyclin B1/
Cdc2 kinase activity after 24 h (Fig. 8A and B). Initially, a
1.5-fold increase in cyclin B1/Cdc2 kinase activity was observed
between 12 and 24 h after nocodazole treatment, again con-
sistent with the transient mitotic arrest observed (Fig. 6A).
However, by 36 h, the cyclin B1/Cdc2 kinase activity decreased
to approximately 35% of control levels, and it failed to increase
above control levels at subsequent time points.
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DISCUSSION

Aneuploidy and loss of cell cycle checkpoint control are
hallmarks of human tumor cells (15, 16). Previous studies have
reported that the loss of cell cycle checkpoint proteins can
result in MTI-induced endoreduplication. Cross et al. showed
that p53 loss led to MTI-induced endoreduplication (6), and
subsequent studies confirmed this initial observation (7, 25).
Chen et al. reported that p21 overexpression in a p53-defective
human astrocytoma cell line reduced polyploidy and rescued
the malignant phenotype (4). Recent studies demonstrated
that p21~/~ MEFs (25, 27) and pRb-deficient cells (7, 25)
endoreduplicated in the presence of MTIs. Our results signif-
icantly extend these findings by demonstrating that p21 inhibi-
tion of MTI-induced endoreduplication is dependent on p21-
mediated temporal regulation of cyclin E/Cdk2 activity and
increased PCNA-p21 complex formation. In addition, our data
demonstrate that induction of p21 protein in a p53-deficient
cell line is sufficient to prevent MTI-induced endoreduplica-
tion.

In HCT116 p21 =/~ cells, endoreduplication was accompa-
nied by continuous cyclin E/Cdk2 activity and pRb hyperphos-
phorylation. In contrast, MTI-treated HCT116 p21™/" cells
were characterized by coassociation of p21 with Cdk2 and
PCNA, decreased Cdk2 activity, hypophosphorylated pRb, and
maintenance of 4N DNA content. The kinetics of p21 binding
to Cdk2 and PCNA in HCT116 p21*/" cells paralleled the
onset of endoreduplication in HCT116 p21~/~ cells. The ob-
served increase of p21-PCNA complex formation in cells in
which endoreduplication was inhibited was consistent with re-
sults of previous studies showing p21 inhibition of PCNA-
dependent processive DNA synthesis in vitro (55).

We observed differential regulation of cyclin B1/Cdc2 kinase
activity in the HCT116 cell lines; however, we were unable to
detect p21 association with this kinase complex. These results
suggest that the p21-mediated regulation of Cdc2 activity was
indirect and potentially due to a cell cycle-dependent change in
cyclin B1 availability. Previous studies have shown that p21 is
not associated with cyclin B1/Cdc2 complexes in transformed
cells and p53-deficient cells from patients with Li-Fraumeni
syndrome (62).

Our results indicate that p21 is sufficient to inhibit MTI-
induced endoreduplication. However, HIp21 cells that contain
functional p21 but lack p53 still endoreduplicate in the pres-
ence of MTIs. Inhibition of endoreduplication in these cells,
through induction of exogenous p21, indicates that p53-null
cells endoreduplicate because the basal levels of p21 are in-
sufficient to inhibit cyclin E/Cdk2 kinase activity and prevent
pRD phosphorylation. Based upon these findings, we propose
that p21 is necessary to properly regulate cyclin E/Cdk2 kinase
activity and prevent uncoupling of mitosis and S-phase path-
ways. However, the inhibitory effects of p21 depend on the
integrity of downstream targets. Clearly, if p21 is induced in
pRb-deficient cells treated with MTTs, cells will still be able to
enter S phase; this was confirmed by a recent study in which
endoreduplication occurred despite overexpression of p21 in
pRb-deficient cells (38).

Our data support the model that a temporal order of events
must occur to maintain the normal diploid state in cells treated
with MTIs. First, the inhibition of microtubule dynamics dur-
ing mitosis engages the spindle checkpoint. After this initial
mitotic arrest induced by MTIs, cells biochemically exit mito-
sis, as evidenced by the decrease of both cyclin B1 protein and
cyclin B1/Cdc2 kinase activity. After exiting mitosis with a 4N
DNA content, cells reenter a G, biochemical state with the
accumulation of G1 cyclins. The entry of cells with a 4N DNA
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content into G, results in activation of p53 and its downstream
target p21, through an as yet undetermined mechanism. If this
set of events occurs in cells containing p53, p21 is induced and
a G,/S arrest results from p21 binding and inhibition of cyclin
E/Cdk2 and PCNA. This negative regulation of cyclin E/Cdk2
results in hypophosphorylation of Rb, repression of E2F-me-
diated transcription, and lack of S-phase progression. Further-
more, downstream Cdk activities will also be affected. This was
evident from our cyclin B1/Cdc2 activity data, which demon-
strated loss of this G,/M kinase activity only in p21-containing
cells. Taken together, the results suggest an ordered biochem-
ical pathway in which p21 plays a pivotal role in preventing
endoreduplication after aberrant mitotic exit of cells with a
=4N DNA content.
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