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c-myc has been shown to regulate G1/S transition, but a role for c-myc in other phases of the cell cycle has
not been identified. Exposure of cells to colcemid activates the mitotic spindle checkpoint and arrests cells
transiently in metaphase. After prolonged colcemid exposure, the cells withdraw from mitosis and enter a
G1-like state. In contrast to cells in G1, colcemid-arrested cells have decreased G1 cyclin-dependent kinase
activity and show hypophosphorylation of the retinoblastoma protein. We have found that overexpression of
c-myc causes colcemid-treated human and rodent cells to become either apoptotic or polyploid by replicating
DNA without chromosomal segregation. Although c-myc-induced polyploidy is not inhibited by wild-type p53
in immortalized murine fibroblasts, overexpression of c-myc in primary fibroblasts resulted in massive apo-
ptosis of colcemid-treated cells. We surmise that additional genes are altered in immortalized cells to suppress
the apoptotic pathway and allow c-myc-overexpressing cells to progress forward in the presence of colcemid.
Our results also suggest that c-myc induces DNA rereplication in this G1-like state by activating CDK2 activity.
These observations indicate that activation of c-myc may contribute to the genomic instability commonly found
in human cancers.

Cell cycle checkpoints are complex systems of regulatory
molecules that have evolved to maintain the fidelity of eukary-
otic genomes during the G1 phase of the cell cycle, DNA
replication, and chromosomal segregation (20, 42, 43, 48). The
genome of normal cells is guarded by the coupling of DNA
replication to the completion of a prior mitotic phase so that
normal gene dosage is maintained in daughter cells. Exposure
of normal cells to spindle inhibitors elicits the spindle assembly
checkpoint, which does not allow cells to progress through the
cell cycle until chromosomes are appropriately segregated. In
Saccharomyces cerevisiae, several genes have been identified as
participants in the spindle assembly checkpoint. Mutations in
the BUB or MAD genes result in failure to arrest cell cycle
progression in the presence of spindle inhibitors, subsequent
premature DNA synthesis without cellular division, and even-
tually cell death (28, 36). Recent studies have identified ho-
mologous molecules in higher eukaryotes that function as com-
ponents of the spindle checkpoint (11, 37, 47, 58, 59).

Defective surveillance of chromosome integrity leads to ab-
normalities in chromosomal structure and number, as well as
other defects that have been implicated in tumorigenesis (26).
Aneuploidy and chromosomal aberrations are hallmarks of
most human cancers though, with the exception of p53 and the
retinoblastoma (RB), the role of specific oncogene and tumor
suppressor alterations in aneuploidy and chromosomal segre-
gation defects are not well understood. The p53 tumor sup-
pressor, which is commonly inactivated in human cancers, par-
ticipates in the DNA damage and spindle assembly
checkpoints (35). Loss of p53 function permits murine fibro-
blasts exposed to spindle inhibitors to undergo multiple rounds
of DNA synthesis, becoming polyploid (12). Disruption of the
RB tumor suppressor gene, which functions in G1/S control,

also permits multiple rounds of DNA replication in the ab-
sence of mitosis (16, 29). Another hallmark of many common
human cancers is the activation of the c-myc oncogene, whose
product is a transcription factor that functions through dimer-
ization with its partner protein, Max (2, 21, 25, 46). Overex-
pression of c-myc has been linked to genomic instability in
cultured cells (39) and abnormal ploidy in in vivo animal mod-
els (54). We therefore sought to determine whether the c-myc
oncogene is able to circumvent the cell cycle arrest induced by
the spindle assembly checkpoint.

MATERIALS AND METHODS

Cell culture. Rat1a, Rat1a-Myc, and Rat1a-Ras cells were grown as described
previously (27). Rat1a-Ras cells were generated by cotransfecting Rat1a cells
with EJ-ras and pBABE-puro (10:1 ratio) and selected by the addition of 0.75 mg
of puromycin per ml for 2 weeks. H209, H209-Myc, H209-Ras lung cells (4), and
A1N4 and A1N4-myc cells (60) were grown as described earlier. The 10(1)Val5
and VM10 cells were cultured as described previously (10), and those grown at
32°C were plated and cultured at 37.5°C until the cells were attached; the cells
were then shifted to 32°C at least 8 h before any treatment was added to the
medium and then grown at this temperature during the treatment. Cells were
exposed to 25 ng of colcemid (Sigma) per ml for durations proportional to their
doubling times.

To synchronize 10(1)Val5 and VM10 cells, the cells were incubated with
mimosine (200 mM; Sigma) at 37.5°C for 22 h and then released into regular
medium. Six hours after the release from mimosine, the cells were switched to
32°C and grown for 48 h with or without colcemid (25 ng/ml).

Cell cycle, apoptosis analysis, and DAPI staining. DNA content flow cytom-
etry and bromodeoxyuridine (BrdU) labeling was performed as described pre-
viously (55). The terminal deoxynucleotidyltransferase (TDT) end-labeling
(TUNEL) assay was performed as described earlier (24). For DAPI (49,6-di-
amidino-2-phenylindole) staining, cells grown as a monolayer on coverslips were
washed once with phosphate-buffered saline (PBS) and fixed with 3.7% formal-
dehyde in PBS for 15 min at room temperature. After being washed once with
PBS and permeabilized with 0.1% Nonidet P-40 (NP-40) in PBS for 10 min, the
cells were stained with 0.5 mg of DAPI per ml at room temperature for 40 min
and then washed with PBS vigorously before being mounted for fluorescent
microscopy.

Videomicroscopy. A1N4 and A1N4-Myc cells were plated the day before use
into T25 flasks containing regular medium and then cultured for 24 h. Right
before the filming, HEPES buffer (pH 7.55; 25 mM, final concentration) was
added to the medium with or without colcemid (25 ng/ml), and the flasks were
flushed with 5% CO2 in air for 15 s and then sealed tightly. Flasks were placed
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FIG. 1. Formation of polyploid population by overexpressed c-myc in the presence of colcemid in rodent and human cells. (A) DNA content (propidium iodide
staining) flow cytometric histograms of untreated and colcemid-treated Rat1a and Rat1a-Myc cells. Cells with or without colcemid (25 ng/ml) were incubated for 18
and 22 h. Primary data are displayed as dots, and the computer best fit of data is shown as dashed lines and hatched contours. Without colcemid, the cells in the 2N,
2N-to-4N, and 4N populations account for 38.6, 43.8, and 17.6% for Rat1a and 35.4, 49.7, and 14.9% for Rat1a-Myc cells, respectively. With colcemid for 18 h, 53.8
and 23.0% of cells were arrested at 4N for Rat1a and Rat1a-Myc, respectively. Of the Rat1a cells, 36.5% were in the 4N-to-8N population, and 9.7% had 8N DNA
content, while the percentages of the 4N-to-8N and 8N populations for Rat1a-Myc were 54.1 and 22.8%, respectively. After 22 h of colcemid incubation, 40.8 and 16.7%
of the Rat1a and Rat1a-Myc cells were arrested at 4N, respectively. Of the Rat1a cells, 43.4% were in the S phase after 4N, and 15.7% accumulated at 8N, whereas
36.4% of Rat1a-Myc cells were in the S phase after 4N, and 46.9% were octaploid. (B) Two-dimensional BrdU incorporation (y axis) and DNA content (x axis) flow
cytometric diagrams. The DNA contents of the cells are indicated in the diagrams. All experiments were replicated in separate studies. (C) Flow cytometric histograms
of immortalized human breast epithelial A1N4 and A1N4-Myc cells with or without exposure to colcemid (25 ng/ml) for 24 and 48 h. Without colcemid, 57.1% of A1N4
cells were in G1, 28.7% were in S phase, and 14.2% were in G2/M phase. The percentages of A1N4-Myc cells in the G1, S, and G2/M phases were 49.0, 38.8, and 12.2%,
respectively. With colcemid exposure for 24 h, 80.8% of A1N4 cells were arrested in G2/M, 15.5% were in the subsequent S phase, and 3.7% accumulated at 8N. At
the same time point, 81.3% of the A1N4-Myc cells were arrested at 4N, 12.2% were in the interval from 4N to 8N, and 6.6% were at 8N. At 48 h after colcemid
treatment, 68.8% of the A1N4 cells were arrested at 4N, 23.4% were in interval from 4N to 8N, and 7.8% were at 8N, whereas only 25.0% of the A1N4-Myc cells were
arrested in G2/M, 31.8% of A1N4-Myc cells were within the interval from 4N to 8N, and 43.2% had a DNA content of 8N.
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on a heated (37°C) microscope stage, and a time-lapse camera was used to make
a recording every 15 s.

Western analysis. Cell lysates were collected at different time points after
exposure to colcemid, boiled in Laemmli buffer, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to
polyvinylidene difluoride membrane (Millipore). The membranes were prepared
for immunoblotting as previously described (27). The antibodies for cyclins B, D,
A, E, and MPM-2 were purchased from UBI. The antibodies for p34cdc2, CDK2,
CDK4, and p53 (PAb240) were from Santa Cruz Biotechnology (Santa Cruz).
An antibody against RB from Pharmingen was used to determine the phosphor-
ylation status of RB. Antibody to actin was from Sigma. P21 antibody was
purchased from Oncogene Research.

Immunoprecipitation of cyclin-dependent kinases and H1 kinase assay. Cells
were lysed by using immunoprecipitation buffer 1 (IPB1) containing 50 mM
Tris-HCl (pH 7.4), 250 mM NaCl, 0.5 mM Na3VO5, 20 mM b-glycerophosphate,
15 mM phosphatase substrate p-nitrophenylphosphate, protease inhibitor Com-
plete tablets (Boehringer Mannheim), and 0.1% NP-40. The protein concentra-
tion was measured by using the BCA kit (Pierce). Antibody against p34cdc2,
CDK2, and CDK4 (all from Santa Cruz) were incubated with protein G beads in
IPB1 at 4°C for 2 h and then washed once with IPB1. The washed protein G
beads loaded with antibody were incubated with 300-mg lysate aliquots at 4°C for
2 h and washed three times with IPB1. Half of the beads with antibody-antigen
complexes were used for the H1 kinase assay. Kinase assays were performed in
50 ml of kinase assay buffer containing 50 mM Tris (pH 7.4), 1 mM CaCl2, 5 mM
MgCl2, 0.5 mM Na3VO5, 20 mM b-glycerophosphate, 15 mM p-nitrophenylphos-
phate, 1 mM dithiothreitol, protease inhibitor Complete tablets, 50 mM ATP,
0.2 mg of purified histone H1 (Boehringer Mannheim) per ml, and 10 mCi of
[g-32P]ATP at 30°C for 30 min. The reaction was stopped by the addition of 50
ml of 23 Laemmli buffer and heating at 95°C for 5 min. The products were
separated by SDS-PAGE, and autoradiography was then performed.

Metabolic labeling and immunoprecipitation of p53. 10(1)Val5 and VM10
cells were plated and grown at 37°C. Cells grown at 32°C were shifted to this
temperature 12 h before being labeled. The cells were starved for methionine in
Dulbecco modified Eagle medium with 2% fetal bovine serum for 1 h and then
labeled with [35S]methionine at 20 mCi/ml for 4 h. The cells were lysed in IPB2
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5 mM Na3VO5, 20 mM b-glycero-
phosphate, protease inhibitor Complete tablets, and 1% NP-40). Then, 0.3 g of
lysate was incubated with Gamma-Bind beads (Pharmacia) at 4°C for an hour.
The precleared lysates were incubated with monoclonal antibody PAb240 (Santa
Cruz) overnight. The antigen-antibody complexes were incubated with fresh
Gamma-Bind beads for 2 h and washed five times with IPB2. The immunopre-
cipitated products were separated by SDS-PAGE, and autoradiography was
performed.

Luciferase reporter assay. 10(1)Val5 or VM10 cells (105) were plated into
10-cm dishes the day before transfection. Control luciferase reporter vector or
luciferase reporter with wild-type or mutated p21 promoter was transfected by
lipofection into these cells according to the manufacture’s protocol (GIBCO).
The luciferase assay was performed 48 h after transfection according to the
manufacture’s protocol (Promega).

RESULTS
Uncoupling of DNA replication from mitosis by overex-

pressed c-myc in rodent and human cells. To determine wheth-
er c-myc is able to affect the spindle checkpoint, we assessed
the ability of cells transformed by c-myc to arrest after expo-
sure to the spindle inhibitor colcemid. The duration of expo-
sure to colcemid for the different cell lines was varied to cor-
respond to their doubling times. The distribution of cells in
various phases of the cell cycle was analyzed by flow cytometry
with the DNA stain propidium iodide. The DNA content in
cells in G1, G2/M, and in cells that contained increased DNA
content compared to cells in G2/M were designated as 2N, 4N,
and 8N, respectively, for all cell lines. Rat1a fibroblasts are
unique in that a single oncogenic event, such as overexpression
of c-myc or ras alone, is sufficient to transform them (27, 56).
Untransformed Rat1a fibroblasts exposed to colcemid for 18 h
(ca. one doubling time) accumulated primarily with a 4N DNA
content, and only a minority of cells entered the subsequent S
phase prematurely (Fig. 1A). In contrast, the c-myc-trans-
formed Rat1a-Myc cells displayed a .2-fold decrease in the
percentage of arrested cells at 4N compared with Rat1a cells,
and the majority entered subsequent S phase after treatment
with colcemid; one-third of these became octoploid. After 22 h
of colcemid exposure, .80% of the Rat1a-Myc cells contained
DNA content greater than 4N, although this number is prob-
ably an underestimate due to a fraction of cells that underwent
apoptosis, as will be described later.

Whether colcemid-arrested cells were able to actively repli-
cate DNA was assessed by measuring BrdU incorporation. The
cells with DNA content between 4N and 8N incorporated
BrdU (Fig. 1B), confirming that the 8N population arose from
DNA rereplication of 4N cells. The absence of staining in the
region below 4N suggests the failure of cellular division in both
Rat1a and Rat1a-Myc cells after exposure to colcemid.

To determine whether wild-type c-Myc is required for the
rereplication of DNA in the absence of cytokinesis, we studied
transfected Rat1a cells that express a mutant c-Myc with a
substitution of tryptophan to glutamate at amino acid position
135. The tryptophan-to-glutamate substitution generated at

FIG. 1—Continued.
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amino acid 135 in human c-Myc is identical to the transforma-
tion-inactive murine c-Myc mutant that is incapable of inter-
acting with the novel Myc-associated protein TRRAP (33a,
40). The Rat1a cells overexpressing mutant Myc did not trans-
form and failed to display premature DNA replication in the
presence of colcemid. In addition, the phenotype we observed
is not a drug-specific response since wild-type myc-over-
expressing cells became polyploid when exposed to another
microtubule inhibitor, vinblastine, a commonly used cancer
therapy drug. In contrast, vinblastine-treated Rat1a cells were
arrested with a 4N DNA content (data not shown).

We sought to determine whether this Myc-induced pheno-
type is restricted only to rodent cells, since it has been reported
that human cells are different from rodent cells in their re-
sponse to microtubule inhibitors (32). Our studies with an
immortalized human breast epithelial cell line, A1N4, which
can be transformed by overexpression of c-myc alone (60),
suggested that overexpression of c-myc also is able to uncouple
DNA replication from mitosis in human cells (Fig. 1C). As
observed with the rat fibroblasts, deregulated c-myc expression
in the A1N4-Myc cells caused premature DNA replication in
cells treated with colcemid. At 24 h, .80% of both A1N4 and
A1N4-Myc cells were arrested with a 4N DNA content, but
during the next 24 h, three-quarters of the A1N4-Myc cells
entered the subsequent S phase, whereas ca. 70% of the A1N4
cells remained arrested at 4N.

It is notable that the overexpression of c-myc does not sig-
nificantly change the growth rate in these cells. The doubling
times for Rat1a and Rat1a-Myc cells are 14.1 and 12.4 h,
respectively, and those for A1N4 and A1N4-Myc cells are 18.1
and 17.3 h, respectively. These minor changes make it implau-
sible that the phenotypic outcomes were due to differences in
growth rates.

Transformation is insufficient to enhance DNA rereplica-
tion in the absence of mitosis. We sought to determine wheth-
er the uncoupling of DNA replication from mitosis was asso-
ciated with the oncogenic transformation of Rat1a cells or
linked to deregulated c-myc expression. To do so, we assessed
the ability of activated ras to induce premature DNA synthesis
in colcemid-treated cells. Rat1a-Ras cells behaved like the
Rat1a control cells when exposed to colcemid. Namely, cells
with a 4N DNA content accumulated and a few entered a sub-
sequent S phase (Fig. 2A). The Rat1a-Ras cells were, however,
fully transformed and readily formed colonies in soft agar
(data not shown), as previously reported (52). These observa-
tions indicate that the ras-induced transformed phenotype was
insufficient to uncouple mitosis from DNA replication, sug-
gesting that the phenotype seen in Rat1a-Myc cells is not
simply a consequence of the transformed phenotype.

To further confirm our observations, we studied an estab-
lished human small cell lung carcinoma cell line, NCI H209
(4), which expresses very low levels of endogenous c-myc. The
cell line was derived from a cancer and contains a mutated
inactive RB (6). When exposed to colcemid, a small fraction of
the parental H209 cells escaped 4N arrest and entered the
subsequent S phase (Fig. 2B). This result is consistent with a
previous study suggesting that the loss of RB function leads to
premature DNA synthesis and polyploidy (16). Overexpression
of c-myc in H209 cells markedly enhances polyploidy, in con-
trast to cells overexpressing activated ras. The doubling times
for H209, H209-Myc, and H209-Ras cells are 43, 30, and 34 h,
respectively, and are not proportional to the fraction of cells
with .4N DNA content. In aggregate, these studies indicate
that deregulated c-myc expression is able to accelerate the
uncoupling of DNA replication from mitosis in both rodent
and human cells.

c-myc uncouples DNA replication from mitosis in the pres-
ence of p53. Because loss of p53 allows murine fibroblasts to
overcome the arrest imposed by a spindle checkpoint, we de-
termined whether p53 status affects the ability of c-myc over-
expression to uncouple DNA replication from mitosis. p53 null
murine fibroblasts that express either a temperature-sensitive
p53 allele [10(1)Val5] or temperature-sensitive p53 together
with murine c-myc (VM10) (10) were exposed to colcemid
(Fig. 3A). At the permissive temperature of 32°C, overex-
pressed p53 in the wild-type conformation arrested the major-
ity of 10(1)Val5 cells in G1, with only a small fraction of cells
incorporating BrdU. With colcemid exposure for 48 h, most of
these cells remained arrested in G1. In contrast, the VM10
cells that express c-myc ectopically showed a lower percentage
in G1 without colcemid and underwent DNA synthesis and
became octaploid with exposure to colcemid at 32°C.

When cultured at the nonpermissive temperature of
37.5°C, at which the temperature-sensitive p53 was inactive,
the 10(1)Val5 cells displayed premature DNA synthesis and
some octaploidy with colcemid exposure (Fig. 3B). This phe-
notype was also seen in p53 null parental 10(1)Val5 cells (data
not shown) and is consistent with previously reported obser-
vations (12). c-myc overexpression in the absence of wild-type
p53 in colcemid-exposed VM10 cells had no significant effect
on premature BrdU incorporation and octoploidy.

We further studied the effects of wild-type p53 under con-
ditions that lessened its ability to cause G1 arrest in the 10(1)
Val5 cells and diminish the effects of colcemid at G2/M. The
10(1)Val5 and VM10 cell lines were first cultured at the non-
permissive temperature of 37.5°C, synchronized with mimosine
at G1/S, released from mimosine into colcemid containing me-
dium, and then cultured at the permissive temperature of 32°C.
Under these conditions, the 10(1)Val5 cells were able to tra-
verse into S and G2, but they were arrested by colcemid at 4N
(Fig. 3C). In contrast, the VM10 cells continued to cycle, dis-
playing 30% of cells with DNA content greater than 4N. These
observations suggest that c-myc is able to bypass the spindle
and G1/S checkpoints in the presence of wild-type p53 in im-
mortalized murine fibroblasts.

To verify the status of p53 in 10(1)Val5 and VM10 cells, we
measured the induction of p21 by the chemotherapeutic agent
etoposide (VP16) as a surrogate marker of p53 function (9)
(Fig. 4A). p21 is a p53-responsive gene that binds to and in-
hibits cyclin-dependent kinases in G1 phase. In both 10(1)Val5
and VM10 cells, at the permissive temperature of 32°C, p21
was clearly induced by etoposide, while at the nonpermissive
temperature of 37°C it remained unchanged after etoposide
treatment, suggesting that p53 is functioning at 32°C but not at
37°C. We also noticed that both 10(1)Val5 and VM10 cells
express a much higher level of p53 compared to primary rat
embryonic fibroblasts or immortalized murine fibroblasts NIH
3T3 cells (data not shown). Overexpression of c-myc in VM10
cells does not change the total amount of p53 expressed at
either temperature (Fig. 4A).

We further studied the status of p53 in these cells by immu-
noprecipitation with an antibody that recognizes the mutant
but not wild-type p53 under nondenaturing conditions. PAb240
antibody precipitated a much larger amount of p53 from cells
grown at 37°C than from those grown at 32°C (Fig. 4B) in both
(10)1Val5 and VM10 cells, confirming that most of p53 is in
mutant conformation at 37°C and wild-type at 32°C. Here
again, overexpression of c-myc did not change the status of p53
in VM10 cells.

We also took a third approach to look at the p53 status. We
performed a luciferase reporter assay with either a wild-type
p21 promoter or a p21 promoter in which a p53-responsive
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FIG. 2. Overexpression of c-myc but not ras induces polyploidy. (A) DNA content flow cytometric histograms of Rat1a, Rat1a-Myc, and transformed Rat1a-Ras
fibroblasts with or without exposure to colcemid (25 ng/ml) for 18 h. Culture conditions were as described in Fig. 1. The percentages of untreated cells in the G1, S,
and G2/M phases were 39.7, 39.9, and 20.4%, respectively, for Rat1a; 39.7, 42.1, and 18.2%, respectively, for Rat1a-Myc; and 39.6, 38.4, and 22.0%, respectively, for
Rat1a-Ras. With 18 h of treatment, the percentages of cells with 4N, 4N-to-8N, and 8N DNA contents were 40.9, 43.5, and 15.6%, respectively, for Rat1a; 25.6, 47.7,
and 26.7%, respectively, for Rat1a-Myc cells; and 44.0, 36.6, and 19.4%, respectively, for Rat1a-Ras cells. (B) Flow cytometric histograms of human lung carcinoma
NCI H209, H209-Myc, and H209-Ras cells with or without exposure to colcemid (25 ng/ml) for 72 h. The percentages of untreated cells in the G1, S, and G2/M phases
were 46.8, 17.3, and 35.9%, respectively, for H209 cells; 48.6, 25.0, and 26.4%, respectively, for H209-Myc cells; and 50.0, 25.0, and 25.1%, respectively, for H209-Ras
cells. After 72 h of exposure to colcemid, the percentages of cells with DNA contents of 4N, 4N to 8N, and 8N were 64.8, 16.0, and 19.2%, respectively, for H209 cells;
22.2, 24.4, and 53.5%, respectively, for H209-Myc cells; and 67.3, 8.9, and 23.8%, respectively, for H209-Ras cells.
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FIG. 3. Overexpression of c-myc induces polyploidy in the presence of overexpressed wild-type p53 in a murine fibroblast cell line. (A) Cells cultured at 32°C were
left untreated or were treated with colcemid (25 ng/ml) for 48 h. Murine BALB/c fibroblasts line 10(1)Val5 expresses a temperature-sensitive p53 allele; VM10 is de-
rived from 10(1)Val5 by transfection of a murine c-myc expression vector. The two left panel columns show DNA histograms, and the two right panel columns represent
BrdU and propidium iodide two-dimensional flow cytometric diagrams. The percentages of untreated cells in 2N, 2N to 4N, and 4N were 74.6, 8.1, and 17.4%, respec-
tively, for 10(1)Val5 cells and 49.6, 30.4, and 20.0%, respectively, for VM10 cells. With colcemid exposure, 57.9% of the 10(1)Val5 cells were in 2N, 13.6% were in 2N
to 4N, and 28.6% were in 4N. Meanwhile, 9.3% of VM10 cells were in 2N, 11.4% were in 2N to 4N, 61.1% were in 4N, 12.9% were in 4N to 8N, and 5.7% were in
8N. (B) Cells grown at 37.5°C were left untreated or were treated with colcemid for 24 h. The two left panel columns show DNA histograms, and the two right panel
columns represent BrdU and propidium iodide two-dimensional flow cytometric diagrams. Without colcemid, the percentages of cells in 2N, 2N to 4N and 4N were 36.7, 48.0,
and 15.2%, respectively, for 10(1)Val5 and 32.0, 52.3, and 15.8%, respectively, for VM10 cells. With colcemid exposure, 52.2% of the 10(1)Val5 cells were in 4N and 47.8%
were in 4N to 8N, whereas 45.9% of the VM10 cells were in 4N, 46.9% were in 4N to 8N, and 7.2% were in 8N. (C) The effect of colcemid on synchronized 10(1)Val5
and VM10 cells at 32°C. Cells were synchronized by incubating with mimosine (200 mM) at 37.5°C for 22 h and then released into regular medium. At 6 h after their
release from mimosine, the cells were switched to 32°C and grown for 48 h with or without colcemid (25 ng/ml). Without colcemid, the percentages of cells in 2N, 2N
to 4N, and 4N were 73.3, 14.6, and 12.0%, respectively, for 10(1)Val5 cells and 67.2, 25.7, and 7.1%, respectively, for VM10 cells. With colcemid exposure, 33.4% of
the 10(1)Val5 cells were in 2N, 29.2% were in 2N to 4N, 30.7% were in 4N, 5.6% were in 4N to 8N, and 1.0% were in 8N. With colcemid exposure, most of the viable
VM10 cells had a DNA content equal to or higher than 4N with 65.0% in 4N, 28.1% in 4N to 8N, and 6.9% at 8N.
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element was deleted (19). At the permissive temperature of
32°C, the luciferase activity decreased twofold if the p53-re-
sponsive element is deleted in p21 promoter, while it remained
the same at the nonpermissive temperature of 37°C in both
(10)1Val5 and VM10 cells (Fig. 4C). Hence, our results from
p21 induction by etoposide, immunoprecipitation by p53 mu-
tant specific antibody and p21 promoter reporter assay all
suggest that p53 is functional at the permissive temperature
and inactive at the nonpermissive temperature in both
(10)1Val5 and VM10 cells. c-myc overexpression does not
seem to change p53 status in these cells.

To determine the status of p53 in other cells, we also per-
formed reporter assays in Rat1a, Rat1a-Myc, A1N4, and
A1N4-Myc cells. Deletion of the p53-responsive element in the
p21 promoter also decreased the luciferase activities in these
cells (data not shown), implying that p53 in these cells is also
functional. In addition, it was previously reported that p53 is
wild type in Rat1a cells (50). Sequence analysis revealed that
p53 in A1N4 and A1N4-Myc cells are identical and do not bear
hot spot coding sequence mutations (15).

Susceptibility of c-myc-overexpressing cells to apoptosis in
the presence of colcemid. We determined whether c-myc po-
tentiates the death of mammalian cells that fail to arrest in the
presence of spindle-disrupting drugs. Our initial observations
showed that polyploid cells were not recovered in long-term
cultures. The extent of apoptosis was then determined by the
TUNEL assay (23). Compared with Rat1a or Rat1a-Ras cells,
Rat1a-Myc cells showed a much higher fraction of tetraploid
cells that was stained by biotinylated-dUTP (Fig. 5), which is
incorporated to nicked DNA by TDT, indicating that a large
proportion of these cells underwent apoptosis.

We also studied the effect of c-myc in a nonimmortalized cell
culture, rat embryonic fibroblasts, which are similar to the
precursors of the Rat1a cell line. The cells were infected with
retroviruses expressing either human c-myc or a control virus
with empty vector. When these cells were exposed to colcemid
(25 ng/ml) at a concentration that is able to halt control cells at
a 4N DNA content, the vast majority of c-myc-overexpressing
cells underwent apoptosis (data not shown), which is consistent
with our results with the Rat1a cell lines. Propidium iodide
staining was unable to detect cells beyond 4N in the c-myc-
overexpressing population, suggesting that additional genes
are required to suppress the apoptotic pathway and push the
cells forward to become octoploid (data not shown).

Adaptation of mitotic arrest after prolonged exposure to
colcemid. To delineate the means by which c-myc overexpres-
sion uncouples DNA replication and mitosis, we tested the
hypothesis that either c-myc suppresses metaphase arrest or
activates S-phase entry prematurely. We chose the human
breast epithelial cells A1N4 for further studies, although com-
parable studies in Rat1a cells yielded similar results. We mea-
sured the mitotic index of A1N4 and A1N4-Myc cells by stain-
ing the cells with the DNA dye DAPI and assessing the
percentage of mitotic cells with condensed chromosomes at
different intervals after treatment with colcemid (Fig. 6A). In
the first 20 h, both asynchronous A1N4 and A1N4-Myc cells
showed an increased number of cells with condensed chromo-
somes and reached a maximal mitotic index at ca. 20 h, indi-
cating a mitotic arrest. Thereafter, the number of mitotic cells
declined, gradually dropping, although still maintaining a level
higher than the untreated cells. This suggests that both A1N4

FIG. 3—Continued.
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and A1N4-Myc cells withdraw from mitosis after prolonged
exposure to colcemid.

To further verify the exit of colcemid-treated A1N4 cells
from mitosis, we examined total cellular extracts with the
MPM-2 antibody, which recognizes mitosis-specific phospho-
epitopes (13). Western analysis showed a correlation between
MPM-2 reactivity and the mitotic index (Fig. 6B). This con-
firmed that both A1N4 and A1N4-Myc cells exit from mitosis
after the transient block, after which A1N4 cells remain ar-
rested in interphase. As a further confirmation of the progres-
sion of mitotic exit, we assayed the major enzyme p34cdc2

kinase (CDK1) that controls mitosis in eukaryotes. Activation
of p34cdc2 promotes the initiation of mitosis, and its inactiva-
tion is normally required for exit from mitosis. While the pro-

tein level of p34cdc2 remained relatively constant, the level of
its regulator, cyclin B, increased and then decreased in both
A1N4 and A1N4-Myc cells during the first 24 h of colcemid
exposure (Fig. 6C). Correspondingly, the histone H1 kinase
activity of immunoprecipitated p34cdc2 rose and then declined
in both cell lines within 24 h (Fig. 6D). Morphologically, colce-
mid-exposed A1N4 and A1N4-Myc cells both display aborted
attempts to undergo mitosis with failed cytokinesis (Fig. 6E).
Colcemid-treated cells observed by time-lapse videomicroscopy
were rounded and demonstrated chromosomal condensation,
followed by a lack of cytokinesis and subsequent flattening of
the cells. Our results are consistent with previous studies sug-
gesting that an adaptation or so-called “mitotic slippage” occurs
in mammalian cells after prolonged exposure to microtubule in-
hibitors (3, 32, 33).

We also noted that, after the initial drop, there was a slight
increase in MPM-2 reactivity and p34cdc2 H1 kinase activity
only in A1N4-Myc cells, while those in A1N4 cells remained
low (Fig. 6B, C, and D). The level of cyclin B showed an earlier
and greater increase in A1N4-Myc cells after the decline, sug-
gesting that, after withdrawing from mitosis, A1N4-Myc cells
moved forward to cycle again, whereas A1N4 cells remained
arrested in a G1-like state. Taken together, our measurements
of mitotic index, MPM-2 reactivity, cyclin B level, and p34cdc2

kinase activity all suggest that A1N4 cells exit from mitosis and
advance forward into a G1-like state, at which point they arrest.
In contrast, the A1N4-Myc cells are able to overcome this
G1-arrest state and continue cell cycle progression, suggesting
that c-myc overrides the inhibition of DNA rereplication in the
G1-arrested condition.

G1 cyclin-dependent kinase activities in colcemid-treated
cells. Since our results suggest an arrest of colcemid-treated
A1N4 cells in G1-like phase and that A1N4-Myc cells are able
to traverse through this G1 phase and initiate premature DNA
replication, we sought to measure the activities of CDK4 and
CDK2 kinases that regulate G1 and G1/S transition (53).
CDK4 complexes, which are composed of the CDK4 catalytic
subunit and cyclin D regulatory subunit family of proteins,
promote S-phase entry by phosphorylating the retinoblastoma
protein RB, releasing sequestered E2F transcription factors.
Unleashed E2F transactivates downstream target genes, in-
cluding those involved in the synthesis of DNA precursors, in
DNA replication, and in the regulation of G1/S transition, such
as cyclin E (14). Cyclin E and cyclin A are regulatory subunits
of CDK2, whose activation triggers S-phase entry. CDK2 also
phosphorylates RB to form an autoregulatory feedback loop
which ensures the completion of G1/S transition. Our results
showed that the levels of CDK4 and its regulator, cyclin D1,
decreased slightly during exposure to colcemid, but the histone
H1 kinase activity decreased in both A1N4 and A1N4-Myc
cells over time (Fig. 7A). In contrast, while the protein level of
CDK2 was unchanged during colcemid treatment, the levels of
the regulatory subunits, cyclin E and cyclin A, showed a de-
crease first in both A1N4 and A1N4-Myc cells but rose again
only in A1N4-Myc cells (Fig. 7B). Accordingly, the CDK2
histone H1 kinase activity paralleled the change in cyclin levels.

We studied the phosphorylation state of RB after treatment
with colcemid, since hypophosphorylated RB arrests normal
cells in G1 phase, and its phosphorylation relieves this inhibi-
tion (62, 63). Western analysis detected multiple phosphoryla-
tion forms of RB in asynchronous A1N4 and A1N4-Myc cells
(Fig. 7C). In both cells, after constant exposure to colcemid, a
hypophosphorylated form of RB appeared and remained the
major species of RB after 36 h. This observation, together with
the CDK data, suggests the possibility that the arrest in colce-
mid-treated A1N4 cells is imposed through a CDK4-RB axis.

FIG. 4. Status of p53 in (10)1Val5 (Val5) and VM10 cells. (A) Immunoblot
of p21 induction by etoposide as a surrogate marker of p53 function. Val5 and
VM10 cells were collected at different times (shown in hours at the top) after
exposure to etoposide (40 mg/ml). A Coomassie blue-stained gel was used as
loading control. (B) Immunoprecipitation of metabolically labeled p53 in Val5
and VM10 cells. (C) Luciferase reporter assay with p21 promoter. Cells were
transfected with either a control promoterless vector with luciferase reporter
gene (Mock), the wild-type 2.4-kb p21 promoter cloned into the reporter vector
(wwp-luc), or a mutated p21 promoter with the p53 responsive element at 2.4 kb
upstream deleted in the reporter vector (DM-luc) (19). Luciferase activity is
shown as relative light units (RLU).
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Furthermore, A1N4-Myc cells showed increased CDK2 activ-
ity and were able to overcome dephosphorylated RB.

DISCUSSION

The events of the cell cycle are ordered into pathways in
which the initiation of late events is dependent on the com-
pletion of early events. This coordination and timing of the cell
cycle is thought to be regulated by cell cycle checkpoints that
ensure that critical events, such as DNA replication and chro-
mosome segregation, are completed with high fidelity. In ad-
dition, checkpoints respond to damage by arresting the cell
cycle to provide time for repair and by inducing transcription
of genes that facilitate repair.

Adaptation of the mitotic checkpoint and the G1/S gatekeep-
ers. The mitotic checkpoint is tightly regulated and phyloge-
netically well conserved. While wild-type S. cerevisiae cells re-
spond to microtubule inhibitors by arresting in metaphase,
mutations in mitotic checkpoint genes fail to inhibit the meta-
phase-to-anaphase transition in the presence of inhibitors and
thus allow the cells to progress through the cell cycle (20, 48).
Because cytokinesis is still inhibited in the presence of micro-
tubule inhibitors, rereplication of DNA in the subsequent S
phase gives rise to polyploid cells.

In a survey of 14 rodent and human cell lines, Kung et al.
(32) found that human cell lines respond to microtubule in-
hibitors differently than do rodent cells. The rodent cell lines
tend to become polyploid with a fluctuation in the level of
p34cdc2 activity, while most of the human cells remain arrested
with a high level of cdc2 activity. In our study, the Rat1a
fibroblast cell line did show a small population that escapes the
4N arrest. In contrast to the study by Kung et al., we showed

that the human breast epithelial cell line did not stay perma-
nently arrested in mitosis in the presence of spindle-disrupting
agents but instead transited to the next G1-like stage. This
adaptation, termed “mitotic slippage,” has been documented
(3, 32, 41) when cells are exposed to damage for an extended
period of time. As a consequence, the cells proceed through
the cell cycle and enter the subsequent G1 phase, although the
original perturbation persists.

Normal cells undergoing mitotic slippage must have devel-
oped multiple checkpoint pathways in response to intrinsic (mu-
tations in spindle structure or kinetochore components) or ex-
trinsic (microtubule inhibitors) signals to prevent premature
entry into the next S phase. In mammalian cells, the tumor
suppressor proteins, p53 and RB, as well as the cyclin-de-
pendent kinase inhibitor p21, seem to be necessary for the G1
arrest of cells exposed to microtubule inhibitors (12, 16, 29, 33).
When these proteins are inactivated, cells become polyploid
when exposed to microtubule inhibitors. However, it appears
that p53 is neither expressed in mitosis nor required for the
metaphase arrest and is only expressed after the cells entered
a G1-like stage (41). Recently, time-lapse videomicroscopy re-
vealed that the p53 wild-type cells and the p532/2 rodent fi-
broblasts showed the same length of mitotic arrest by micro-
tubule inhibitors before they entered a G1-like state (33). The
lack of evidence of an immediate role of p53 in mitosis after
exposure to these drugs favors the hypothesis that p53 only ex-
erts its guarding effects in preventing an undivided cell from
going into the next S phase rather than shortening the met-
aphase-anaphase interval. The roles of RB and p21 in G1 ar-
rest after mitotic slippage are likewise implicated in regulating
G1-to-S transition rather than in the mitotic checkpoint per se.

FIG. 5. Apoptosis of colcemid-treated Rat1a, Rat1a-Myc, and Rat1a-Ras cells. Cells were treated with colcemid for 18 h. DNA content determined by propidium
iodide staining is shown on the x axis. A TDT end-labeling assay (i.e., a TUNEL assay) was performed as described by Gorczyca et al. (24). Without colcemid, the level
of staining is lower than 3% for all three cell lines. With colcemid, 15.2% of Rat1a, 36.2% of Rat1a-Myc, and 13.3% of Rat1a-Ras cells were stained.
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c-myc, genomic instability, and neoplastic progression. By
allowing repair to take place, checkpoint controls become cru-
cial in maintaining genomic stability. Checkpoint loss often
results in genomic instability and has been implicated in the
evolution of normal cells into cancer cells that typically display
aneuploidy and chromosomal abnormalities (26). In budding
yeast, the mad and bub mutants show an increased frequency
of spontaneous chromosome loss. Recently, mutations in BUB1
genes were found in human colorectal cancers (8), supporting
the hypothesis that disrupted checkpoints contribute to tumor
progression. Inactivation of the tumor suppressor gene encod-
ing p53 eliminates cell cycle checkpoints and enhances the
frequency of genomic rearrangements. Although both BUB1
and p53 genes participate in the cell cycle arrest imposed
by spindle-disrupting agents, they function through distinct
modes: BUB1-mutated cells escape the arrest in mitosis, but in
p53 null cells the G1/S block is compromised, whereas the
mitotic arrest checkpoint pathway seems to be intact.

Deregulation of c-myc is very frequently reported in human
cancer cells that are often characterized by their altered ge-
nomes. Overexpression of inducible c-myc caused DNA am-
plifications in Rat1 fibroblasts (39), and ectopically overex-
pressed c-myc cooperates with transforming growth factor a to
induce aneuploidy in the livers of transgenic mice (54). Al-
though these observations are consistent with a link between
c-myc and checkpoints guarding chromosome integrity, no di-
rect evidence has been provided. In this study, we showed that
the overexpression of c-myc disrupts the spindle checkpoint
elicited by microtubule inhibitor and induces polyploid cells.
Our results suggest that c-myc is likely to disrupt the G1-arrest
checkpoint pathway involving p53 and RB, since the myc-over-
expressing cells still undergo mitotic arrest, as do the parental
cells, but rereplicate DNA after cells enter the G1 phase with-
out cytokinesis. As such, this study indicates that deregulat-
ed c-myc may contribute to the genomic instability frequently
found in tumor cells.

In one primary cell line, rat embryonic fibroblasts, overex-
pression of c-myc induced massive apoptosis in the presence of
colcemid (data not shown). No population beyond 4N was
detected in these cells treated with colcemid, suggesting that
additional genes are required to suppress the apoptotic path-
way and allow the cells to progress forward. This observation
reflects the concept that multiple protective pathways are ac-
tivated by spindle inhibitors to guard against premature cell
cycle progression without cellular division. Recent work by
Roussel, Sherr, and coworkers suggests that the overexpression
of c-myc in murine embryonic fibroblasts induces p19/arf and
p53 in turn, which might be responsible for increased apoptosis
in low serum levels in these cells (65). In addition, cells that
survived crisis and become immortalized by c-myc display a
loss of p19 or p53. Therefore, loss of these genes might be
required for c-myc to induce this phenotype in immortalized
cells. A recent report showed that c-myc overexpression and
p53 loss cooperate to promote polyploidy in a murine myeloid
cell line (64). However, another study (41) indicates that the
loss of p53 alone can cause polyploidy but that most of these
cells will undergo apoptosis unless Bcl-xL is overexpressed.
Hence, the loss of p53 does not necessarily protect against
apoptosis when cells are exposed to spindle-damaging agents.

Although c-myc has been connected with cell cycle control in

FIG. 6. Adaptation of human breast epithelial A1N4 and A1N4-Myc cells
after prolonged exposure to colcemid. (A) Mitotic index of A1N4 and A1N4-Myc
at different intervals of colcemid incubation. Asynchronous cells were treated with
colcemid and fixed and stained with DAPI at different times. The mitotic index
was measured by counting the percentage of cells with condensed chromosomes.
(B) Immunoblot analysis of mitosis-specific phosphoepitope with MPM-2 anti-
body in lysates from asynchronous A1N4 or A1N4-Myc cells at various times
(shown at the top in hours) after exposure to colcemid. (C) Protein levels of
CDK1-cyclin B complex. The actin level was used as a loading control. (D)
Autoradiogram of phosphorylated histone H1. Histone H1 kinase activities were
measured from p34cdc2 immunoprecipitates (IP) of A1N4 or A1N4-Myc cell
lysates obtained at different times after treatment with colcemid. (E) Videomi-

croscopic photographs of A1N4 cells without (upper panel) or with (middle
panel) colcemid exposure, as well as A1N4-Myc cells with colcemid treatment
(lower panel). Arrows mark individual cells during time-lapse microscopy.
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a variety of systems (2, 5), the precise cell cycle components at
which c-myc exerts its effects remain to be determined. In our
study, the fact that myc triggers S-phase entry in the presence
of hypophosphorylated RB suggests that c-myc activates an
alternative or downstream pathway independent of RB. Al-
though RB/E2F seem to be the key regulators in the G1/S
transition (62, 63), studies show that S-phase entry can occur
without activating the RB/E2F pathway (34). In particular,
cyclin E, which has been shown to be a target of E2F (7, 44)
and a critical player in the G1/S transition (17, 18, 30, 31, 45),
is able to induce the G1/S transition independently of the
RB/E2F functions (34, 38, 45, 51). The observations that cyclin
E is a potential target of c-myc (49) and that c-myc can bypass
the RB/E2F pathway with effects indistinguishable from those
of cyclin E (1) make cyclin E a good candidate target that
couples c-myc with the cell cycle. In addition, c-myc may acti-
vate the cyclin E/CDK complex by inhibiting the function of a
cyclin E/CDK inhibitor, p27 (57, 61). Although the involve-
ment of cyclin E and p27 in Myc-mediated cell cycle pheno-
types appears compelling, substantial further studies are
needed before any firm conclusion can be reached. Cdc25A
has been reported to be a direct target of c-myc (22); however,
we did not find any effect of Cdc25A on premature DNA
replication in colcemid-treated Rat1a cells. We also noted that
the protein level of cdc2 and CDK4 is higher in A1N4-Myc
cells than in A1N4 cells, although it remains the same during
colcemid exposure. It is unclear whether either of these pro-
teins contributes to the myc-induced phenotype.

In aggregate, our observations, along with those of others,
suggest a model of genome copy aberrations in neoplasms (Fig.
8). The mitotic checkpoint in mammalian cells, sensing the
spindle status and chromosomal attachment and alignment, is
activated by a disrupted spindle and arrests cells immediately
in metaphase. Due to an intrinsic timing mechanism for mitotic
exit or an adaptation of the inhibition, the cells may escape

mitotic arrest after prolonged exposure to microtubule inhib-
itors and then proceed into the G1 phase. A signal, generated
by detection of the initial defects, the failure of chromosomal
segregation, or the absence of cytokinesis, however, is commu-
nicated to the cell cycle machinery in G1 phase to arrest pro-
gression beyond G1. An interaction between the detecting sys-
tem and the cell cycle machinery can be predicted, although
there is no clue to date as to its identity. It is possible that RB

FIG. 7. Activities of G1 kinases and phosphorylation status of RB protein in colcemid-treated A1N4 cells. (A) Protein abundance and kinase activity of CDK4-cyclin
D1 complexes. Histone H1 kinase activities were measured from CDK4 immunoprecipitates (IP) of A1N4 or A1N4-Myc cell lysates obtained at various times after
treatment with colcemid. (B) Protein abundance and kinase activity of CDK2-cyclin complexes. Histone H1 kinase activities were measured from CDK2 immuno-
precipitates of A1N4 or A1N4-Myc cell lysates obtained at various times after treatment with colcemid. (C) Immunoblot analysis of RB protein in lysates obtained at
various time points shows RB hypophosphorylation with colcemid exposure.

FIG. 8. Proposed model of the activity of c-myc in uncoupling DNA synthesis
from mitosis. Spindle disruption is shown to cause hypophosphorylation of RB
protein. c-myc is shown to bypass hypophosphorylated RB, inducing endoredu-
plication and apoptosis.
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functions as the executor of this regulatory loop; therefore, the
loss of RB eliminates the arrest. In support of this hypothesis,
we observed that activation of the checkpoint by spindle inhib-
itors was associated with CDK4 and CDK2 inactivation and
RB hypophosphorylation. Overexpression of c-myc overcomes
this regulatory loop, probably via activating CDK2, and allows
the cells to bypass the arrest in this G1-like state, which either
activates the apoptotic pathway or enables premature DNA
synthesis in the absence of mitosis, giving rise to polyploid
cells.

We discovered in this study that the ectopic expression of
c-myc perturbs the coupling of DNA replication and mitosis,
resulting in the formation of polyploid cells and increased cell
death. Thus, the generation of chromosomal abnormalities and
genomic instabilities very commonly found in human cancer
cells may in part result from perturbed Myc and Max protein
activities.
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