
Abstract. Repopulation of cancer cells escaping lethal
chemotherapy is a critical factor hindering treatment success.
One strategy to inhibit tumor cell repopulation is the use of
cytostatic compounds between courses of lethal chemotherapy.
In this study, we tested the hypothesis that mifepristone
(MF), a steroid compound with demonstrated growth inhibition
activity in ovarian cancer, should be efficacious in inducing
cytostasis and preventing repopulation of ovarian cancer cells
if given among rounds of cisplatin (CDDP) treatment. We
established an in vitro approach wherein ovarian cancer cells
with high (OV2008) or low (SK-OV-3) sensitivity to CDDP
were exposed to 3 (OV2008) or 2 (SK-OV-3) rounds of
lethal doses of CDDP for 1 h, 12 (OV2008) or 24 (SK-OV-3)
days apart. Every 4 or 8 days cell number, cell viability, cell
cycle traverse, and colony-forming capacity of viable cells
was analyzed. Although CDDP killed the vast majority of
cells, there were remnant cells escaping CDDP lethality
and repopulating the culture, as evidenced by increased cell
number, improved clonogenic capacity of viable cells, and
normalization of DNA synthesis. Conversely, when cells
were exposed to CDDP for 1 h, and 5, 10 or 20 μM MF was
present in the culture medium after CDDP removal, the
number, clonogenic capacity, and DNA synthesis ability of
the cells were reduced in a dose-dependent manner. The
blockage by MF of post-CDDP repopulation was accompanied
by a remarkable increase in the percentage of cells expressing
the cell death marker cleaved poly(ADP-ribose) polymerase
and the mitotic marker phospho-histone H3, suggesting that
MF also potentiated CDDP lethality and that the cells likely
die due to mitotic failure. In summary, this is the first study
reporting that presence of cytostatic concentrations of MF

after courses of lethal doses of CDDP prevents repopulation
of remnant ovarian cancer cells surviving CDDP treatment. 

Introduction

Ovarian cancer is the most deadly disease of the female
reproductive tract. This is mainly due to the difficulty in
achieving an early diagnosis and in identifying the ambiguous
symptoms when the disease is confined to the ovaries (1,2).
When the disease is diagnosed, in most cases abnormal
growths have already progressed beyond the confines of the
ovaries and into the nearby fallopian tubes, uterus, and various
other sites within the peritoneal cavity (3). Consequently, the
majority of patients diagnosed with ovarian cancer require
debulking surgery followed by chemotherapy with platinum-
based regimens (1,2,4,5). However, the efficacy of platinum-
based chemotherapy is hindered by the elevated toxicity of
the platinum derivatives (6), the development of mechanisms
to evade drug toxicity (6,7), and the repopulation of cells
between treatment intervals (8). Hence, finding therapeutic
interventions that enhance the killing efficacy of platinum
derivatives is of critical clinical relevance.

Repopulation of tumor cells refers to the continuing
proliferation of surviving tumor cells with the capacity to
regenerate the tumor that can occur during a course of
chemotherapy or fractionated radiotherapy (8). Tumor cell
repopulation between rounds of lethal chemotherapy takes
place in the absence of any change in the intrinsic sensitivity
of the tumor cells to the drugs, limits treatment effectiveness
decreasing overall tumor cell reduction to a significant degree,
and may be a critical cause of clinical drug resistance (8-10).
It has been proposed that utilization of short-acting selective
compounds in between courses of lethal therapy should be
a proper strategy to inhibit repopulation of tumor cells (8).
Following this rationale there is evidence that molecular
targeted agents with relatively low toxicities can be excellent
cytostatic anti-repopulation agents. For instance, the selective
estrogen receptor modulators 4-hydroxy tamoxifen and
arzoxifene inhibited repopulation of cultured MCF-7 and
T47-D breast cancer cells in between courses of treatment with
5-fluorouracil or methotrexate (11). Arzoxifene also inhibited
repopulation of MCF-7 breast cancer cells xenografted in
nude mice when given between rounds of 5-fluorouracil or
paclitaxel chemotherapy (12). In another example, the
mammalian target of rapamycin inhibitor CCI-779 delayed
the growth of PTEN-negative PC-3 prostate cancer cell
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xenografts in nude mice, when given between courses of
mitoxantrone or docetaxel (13). 

Mifepristone (MF), popularly known as ‘RU486’ or
‘abortion pill’, is a prototype antiprogestin compound designed
to be used as a blocker of progesterone action in the uterus
(14). Yet, apart from this known contraceptive effect, MF
has been reported to be effective as an anti-growth agent in
endometriosis (15), leiomyomata (16), and breast (17,18),
endometrial (19), prostate (20), gastric (21), and ovarian
cancer cells (22). Our laboratory recently studied the molecular
mechanisms of growth inhibition induced by MF in ovarian
cancer cells and further defined its efficacy in an in vivo
preclinical setting (23). We demonstrated that the cytostatic
effect of MF in ovarian cancer is associated with inhibition
of DNA synthesis, blockage of the cell cycle at the G1-to-
S-phase transition, upregulation of cyclin dependent kinase
(Cdk) inhibitors p21cip1 and p27kip1, and inhibition of cyclin-
dependent kinase 2 (Cdk2) activity. In vivo in nude mice, we
also showed that MF significantly delayed the growth of
ovarian carcinoma xenografts in a dose-dependent manner.
Based on these previous results, we hypothesized that MF
should be efficacious in preventing ovarian cancer repopulation
if applied in between rounds of cisplatin (CDDP) therapy.
We established an in vitro model of ovarian cancer cell
repopulation occurring during courses of lethal CDDP therapy.
Using this in vitro model system, we studied whether inter-
twining cytostatic concentrations of the antiprogestin MF
in between courses of CDDP treatment is an efficacious
strategy to prevent repopulation of ovarian cancer cells leading
to a better treatment outcome. 

Materials and methods

Cell lines and in vitro exposure of cells to drugs. The human
ovarian carcinoma cell line OV2008 was obtained from Dr
Stephen Howell (University of California, San Diego) and
was maintained in RPMI-1640 (Mediatech, Herndon, VA)
supplemented with 5% heat inactivated fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA) and 10 mM HEPES
(Mediatech), 4 mM L-glutamine (Mediatech), 1 mM sodium
pyruvate (Mediatech), 1X non-essential amino acids (Media-
tech), 100 IU penicillin (Mediatech) and 100 μg/ml strepto-
mycin (Mediatech). SK-OV-3 ovarian cancer cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) and were routinely maintained in RPMI-1640
(Mediatech) supplemented with 5% fetal bovine serum (Atlanta
Biologicals), 10 mM HEPES (Mediatech), 4 mM L-glutamine
(Mediatech), 0.45% D (+) glucose (Sigma Chemical Co.,
St. Louis, MO), 1 mM sodium pyruvate (Mediatech), 1X
non-essential amino acids (Mediatech), 100 IU penicillin
(Mediatech), 100 μg/ml streptomycin (Mediatech), and
0.01 mg/ml human insulin (Roche, Indianapolis, IN). Both
cell lines were cultured at 37˚C in a humidified atmosphere
in the presence of 5% CO2. 

Treatment of the cells with MF (Sigma) was done from a
116.5 mM stock solution in DMSO. The maximal concen-
tration of DMSO in medium was 0.02% (v/v). In the long-
term experiments, MF-containing fresh medium was replaced
every two days. CDDP (cis-diamminedichloroplatinum II)
(Sigma) treatment was done from a 3 mM stock solution in

0.9% NaCl. Cells were exposed to CDDP for only 1 h.
Thereafter, the medium was replaced with fresh CDDP-free
medium either containing or not containing MF. 

Cell proliferation and viability. Triplicate cultures were
trypsinized, pelleted by centrifugation at 500 g for 5 min,
and washed with PBS. The cells were resuspended in the
ViaCount reagent (Guava Technologies, Hayward, CA)
and studied using the Guava ViaCount application in the
Guava EasyCyte Mini microcapillary cytometer (Guava
Technologies). This assay provides an absolute cell count
and viability data on a cell suspension, automating results
like cell counts in a hemocytometer chamber with the trypan
blue dye exclusion method for assessing cell viability. The
cells are drawn into a capillary flow cell of known dimensions
at a precisely controlled rate for measured periods of time.
Absolute cell counts are obtained by knowing the exact
sampling volumes. Viable and non-viable cells are assessed
by the differential permeability of two DNA-binding dyes
in the reagent. One dye is membrane permeable and stains
all nucleated cells. The other dye only penetrates cells with
compromised membrane integrity (i.e., non-viable cells).
The data are acquired and analyzed using the CytoSoft 4.1
software (Guava Technologies). 

4',6-diamidino-2-phenylindole dihydochloride (DAPI)
staining and phase contrast microscopy. Cells cultured on
8-well chamber slides were exposed to vehicle (0.9% NaCl),
20 μM (OV2008 cells) or 50 μM (SK-OV-3 cells) CDDP for
1 h, and maintained in CDDP-free media thereafter. After
96 h, detached cells were collected, centrifuged at 500 g for
5 min, fixed and resuspended in 100% methanol, adhered to
a microscope slide, and stained for 10 min with DAPI
(Molecular Probes, Eugene, OR). Nuclear morphology was
observed and photographed using a Zeiss Axiovert M200
inverted fluorescence microscope (Carl Zeiss, Thornwood,
NY). Cells that remained adherent to the original chamber
slide were also fixed in 100% methanol, stained with DAPI
and photographed. All cell preparations were simultaneously
photographed using a phase contrast objective. 

Clonogenic survival assay. Two-hundred fifty or 500 viable
cells were placed in 6-well plates and cultured for 7 days
until colonies were large enough to be clearly discerned. At
this point, the medium was aspirated, the dishes washed once
with PBS, fixed with 100% methanol for 30 min, and stained
with a filtered solution of 0.5% (w/v) crystal violet (Sigma)
for 10 min. The wells were then washed with tap water and
dried at room temperature. The colonies, defined as groups of
≥30 cells, were scored manually with the aid of a Nikon
Diaphot inverted microscope (Nikon, Garden City, NY).
Clonogenic survival was expressed as the number of colonies
formed during the different treatment paradigms. 

Cell cycle analysis. After treatment, cells were trypsinized,
pelleted by centrifugation at 500 g for 5 min, washed with
PBS, and fixed with 4% paraformaldehyde. Cells were
once again washed with PBS and pelleted by centrifugation
at 500 g for 5 min. Then, ~100,000-200,000 cells were
resuspended in 200 μl of cell cycle buffer [3.8 mM sodium
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citrate (Sigma), 7 U/ml RNase A (Sigma), 0.1% (v/v) Triton
X-100 (Sigma), and 0.05 mg/ml propidium iodide (Sigma)]
at a concentration of 500-1000 cells/μl. Cells were analyzed
for the capacity of their DNA to bind propidium iodide
utilizing the Guava EasyCyte Mini microcapillary cytometer
and the cell cycle application of the CytoSoft 4.1 software
(Guava Technologies). 

Bromodeoxyuridine (BrdUrd) labeling. Cells were cultured
on sterile four-well chamber slides at a concentration of
15,000 cells per well and subjected to the various treatments.
Six hours before the end of the experiment, cells were
exposed to 10 μM BrdUrd (Molecular Probes). At the end of
the incubation, cells were fixed with 4% paraformaldehyde,
and BrdUrd incorporated into the DNA was visualized by
immunocytochemistry.

Immunocytochemistry. The slide-containing cells were
incubated with 2 N HCl for 10 min at room temperature. The
acid was aspirated and neutralized by washing thee times
with borate buffer (pH 8.6). The slides were then washed with
PBS and the endogenous peroxidase activity was neutralized
with 3% H2O2 in PBS for 20 min at room temperature. The
slides were once again washed with PBS and blocked with
2.5% normal horse serum in 0.2% Tween-20 and 0.1%
Triton X-100 for 20 min at room temperature. The slides
were incubated overnight at 4˚C with an anti-BrdUrd mono-
clonal antibody (2 μg/ml, A-21300; Molecular Probes), anti-
phospho-histone H3 (Ser10) (1 μg/ml; no. 06-570; Upstate
Cell Signaling Solutions, Lake Placid, NY), or anti-PARP
p85 fragment (1:100; no. G7341; Promega, Madison, WI).
The slides were then washed in PBS, once again treated with
3% H2O2, re-washed, incubated with an anti-mouse or anti-
rabbit Ig ImmPress reagent (Vector Laboratories, Burlingame,
CA) for 30 min at room temperature, and stained with Vector
NovaRed Substrate (Vector Laboratories) for developing
the peroxidase activity. After washing with tap water, the
sections were dehydrated in serial alcohols to xylene and
mounted. In the negative control slides the primary antibody
was replaced with blocking solution. Random fields were
viewed with a Nikon Diaphot inverted microscope, and the
number of labeled and unlabeled cells was determined. At
least 500 cells or all of the cells remaining on the slide were
counted for each sample. Pictures were taken using a Leica
CM1850 microscope (Leica Microsystems, Plymouth, MN). 

SDS-PAGE and Western blotting. Cells were scraped, pelleted,
washed twice with PBS, and lysed by the addition of two
volumes of radioimmunoprecipitation assay buffer (RIPA)
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1%
NP-40 (Sigma), 0.25% sodium deoxycholate (Sigma), 1 mM
EDTA, 1 mM PMSF (Sigma), 1 μg/ml pepstatin (Sigma),
1 mM orthovanadate (Sigma) and 1 mM sodium fluoride
(Sigma). Cells were disrupted by passing them though a
21-G needle, and gently rocked on ice for 30 min. Lysates were
centrifuged at 16,000 g for 15 min at 4˚C, and the supernatant
was considered the whole cell extract, which was assayed
for protein content by using the bicinchoninic acid method
(BCA; Pierce, Rockford, IL). The whole cell extracts were
appropriately diluted in 6X concentrated electrophoresis

sample buffer, boiled for 10 min, and stored at -80˚C until
electrophoresed. Equivalent amounts of protein (50 μg) per
point were loaded in 12% (w/v) acrylamide gels, subjected to
SDS-PAGE and transferred to PVDF membranes. The blots
were blocked in 5% (v/v) non-fat milk in TBS containing
0.1% (v/v) Tween-20 (T). Blots were then probed overnight
with primary antibodies against poly(ADP-ribose) poly-
merase (PARP) (no. 9542; 1:1000; Cell Signaling Technology,
Danvers, MA) or caspase-3 (no. 9662; 1:1000; Cell Signaling
Technology). The membranes were washed 3x5 min in
TBS-T and incubated with 1:10,000 dilution of peroxidase-
conjugate secondary antibody (no. 111-035-003; Jackson
ImmunoResearch Laboratories, West Grove, PA) for 30 min at
room temperature. The blots were again washed, developed
by chemiluminescence, and exposed to radiographic film.
Blots were stripped and reprobed with an antibody directed
against ß-actin (clone AC-15; 1:20,000; Sigma) to control for
protein loading. 

DNA fragmentation. Floating and adherent cells were pelleted
and digested overnight at 50˚C in a buffer composed of
100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 25 mM EDTA
(pH 8.0), 0.5% SDS and 0.1 mg/ml proteinase K (Life Techno-
logies, Rockville, MD). The genomic DNA was extracted
from the digested cells with phenol/chloroform/isoamyl
alcohol (25:24:1, v/v/v), precipitated, and digested for 60 min
at 37˚C with 1 μg/ml ribonuclease (deoxyribonuclease-free;
Roche). After extraction and precipitation, an equal amount
of DNA for each sample (2 μg) was separated by electro-
phoresis on a 2.5% agarose gel, impregnated with SYBR
Gold nucleic acid gel stain (Molecular Probes), examined
using an ultraviolet transilluminator, and photographed with
the Amersham Typhoon Fluorescence imaging system. A
100-bp DNA ladder (Promega) was utilized for determining
the size of the fragments of DNA. 

Statistical analysis. All data are reported as means ± SEM,
and statistical significance was defined as P<0.05. To compare
cell growth, clonogenic survival, cell cycle distribution, and
BrdUrd, cleaved PARP and phospho-histone H3 labeled
nuclei among the experimental groups, one-way ANOVA
followed by the Newman-Keuls' multiple comparison test or
two-way ANOVA followed by the Bonferroni's multiple
comparison test were used as appropriate. Whenever the
experiment involved the comparison of only two groups, the
Student's t-test was used. 

Results

Exposure of cells to CDDP for 1 h induces substantial death,
yet culture repopulation ensues with time. The first step
towards studying repopulation of ovarian cancer cells was to
establish an in vitro approach in which cells are exposed to
successive rounds of a lethal dose of CDDP and repopulation
of remnant clones that escape the drug takes place in between
those rounds. This repopulation, however, should not be
the result of the development of chemoresistance, which
frequently occurs in vitro when cancer cells become exposed
to platinum derivatives for extended periods of time. OV2008
cells that are highly sensitive to platinum were exposed to
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thee rounds of CDDP for 1 h within a period of 36 days. This
allotted time is not sufficient for the cells to develop platinum
resistance, which has been reported to occur after several
months of drug exposure (24). In addition, in the in vitro
approach of repopulation we should discriminate tumor cells
that escape CDDP toxicity and can repopulate a tumor
(i.e., clonogenic cells likely to represent tumor initiating
cells), from cells that are alive yet lethally damaged and
not able to proliferate. Such distinction was achieved by
evaluating the clonogenic capacity of the cells along with
the treatment protocol. The concentration of CDDP utilized
for 1 h to achieve lethality in OV2008 cells was 20 μM. This
concentration more than quadruples the reported 50% growth
inhibition concentration (IC50) measured in this cell line
[3.5 μM for a 1-h exposure to CDDP as assayed by clonogenic
survival (25)], and has been shown to trigger cell death via a
caspase-dependent apoptotic process (26). We confirmed this
lethality in our laboratory. Results in Fig. 1A show that
when OV2008 cells were exposed for 1 h to 20 μM CDDP,
fragmented and sub-diploid genomic DNA accumulated 72 h
later, which is indicative of the presence of apoptotic cells
based on a deficit in their DNA content. The lethality of
CDDP was further visualized by the morphological features
of apoptosis displayed by the non-adherent cells 96 h after
exposure to the drug (Fig. 1B). The involvement of the
executor caspase-3 in the cell death process induced by CDDP
was confirmed by the cleavage of inactive procaspase-3 to a

presumably active 17-kDa cleaved form, which is compatible
with the cleavage of the caspase-3 target, poly(ADP-ribose)
polymerase (PARP) beginning 48 h after CDDP removal
(Fig. 1C). The damage induced by CDDP was further
visualized by phase contrast microscopy (Fig. 1D). Four days
after the 1-h CDDP exposure most of the cells were non-
adherent and dead, and of the few remaining adherent cells
the majority was enlarged and vacuolated, likely undergoing
degeneration. Only scarce normal-looking cells could be
observed in the culture at this time. By day 8 after CDDP
exposure, although some large vacuolated cells still remained
adherent, cells of similar sizes to those of untreated cultures
were evident. Twelve days after the exposure to CDDP, the
population of normal-looking cells massively covered the
culture plate, whereas the large vacuolated cells detached and
were removed with the change in culture media. Collectively,
results in Fig. 1 clearly show that exposure of OV2008 cells
to 20 μM CDDP for 1 h is lethal for the vast majority of
cells, yet there are remnant adherent cells that are capable of
repopulating the culture. 

We then exposed OV2008 cells to three rounds of 20 μM
CDDP for 1 h, 12 days apart, and evaluated cell count and
clonogenic capacity of surviving cells every 4 days. The first
dose of CDDP reduced cell number by more than half when
measured 4 days after CDDP exposure, yet by day 12, the
number of cells was 6-fold higher than that measured on
day 4 (Fig. 2A). The second dose of CDDP given on day 12
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Figure 1. Lethality of 1-h exposure of OV2008 cells to 20 μM CDDP and the fate of residual cells that survive treatment. OV2008 cells were seeded and
allowed to attach to the plate surface for 48 h. Cells were exposed to either vehicle (0.9% NaCl) or 20 μM CDDP for 1 h and cultured in CDDP-free
media thereafter. (A), Seventy-two hours following CDDP exposure, the cells were pelleted, and either permeabilized, labeled with propidium iodide, and the
sub-G1 DNA content assessed by microcapillary cytometry, or the genomic DNA was isolated, separated by agarose electrophoresis, stained, and
photographed. Bar, mean ± SEM. *P<0.05 relative to values at 0 h. (B), Ninety-six hours after CDDP treatment, the non-adherent cells were re-adhered to a
microscope slide, stained with DAPI, photographed using a fluorescence microscope and compared against adherent cells of vehicle-treated cultures. Arrows,
apoptotic nuclei. Arrowhead, cell undergoing mitosis. Scale bar, 20 μm. (C), Forty-eight hours after CDDP exposure, whole protein extracts where obtained
and separated by electrophoresis, and immunoblots were probed with the indicated antibodies. (D), Cells that remained adherent following exposure to CDDP
are shown as photographed by phase contrast microscopy. Arrows, large vacuolated cells likely undergoing degeneration. Arrowheads, cells undergoing
repopulation. Scale bar, 20 μm. 
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led to a reduced cell number 4 days later (day 16), but cell
number was increased on days 20 and 24 to values even
higher than those observed on day 12. The third CDDP
treatment administered on day 24 radically reduced the
number of cells by day 28, yet once again growth resumed
thereafter. Fig. 2B shows, along with the treatment paradigm,
that the percentages of cellular particles allocated to the
sub-G1 and S regions of the cell cycle histogram displayed a
clear inverse relationship to each other. After each time CDDP
impacted the cells, a large increase in the percentage of cellular
particles with hypodiploid DNA content was observed, in
association with an abrupt decline in the percentage of cells
with DNA content consistent with S-phase transit. Conversely,
when the cells began repopulating the culture, a decline in
the percentage of hypodiploid DNA-containing cellular
particles was observed in coincidence with an increased
percentage of cells with S-phase-like DNA content. The
lethality induced by CDDP and the culture repopulation that
followed is further supported by the decline in cell viability
measured after each CDDP exposure, which was followed by
an increase in culture viability just before the subsequent

CDDP treatment (Fig. 2C). When the viable cells shown in
Fig. 2C were subjected to a clonogenic survival assay to assess
their long-term proliferation capacity, it became apparent that
the number of colonies derived from presumably repopulating
cells that escaped CDDP lethality paralleled changes in the
number of cells depicted in Fig. 2A. Large declines in clono-
genic survival were observed any time CDDP was given,
followed by progressive increases in clonogenicity in between
the CDDP treatment intervals (Fig. 2D). To determine the
growth capacity of cells present on the plates after the cultures
had been exposed to 3 rounds of CDDP, cells on day 42
after being subjected to the intermittent 1-h CDDP treatment
paradigm were trypsinized, and their proliferation capacity
was compared against that of cells never exposed to CDDP.
Results shown in Table I indicate that growth rates of untreated
or CDDP-pretreated cells after 48 or 72 h of culture were
indistinguishable from one another, suggesting that the
repopulating cells escaping CDDP lethality did not accumulate
any apparent damage that could affect their subsequent capacity
to reproduce. Collectively, results in Fig. 2 and Table I suggest
that although CDDP kills a large proportion of OV2008
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Figure 2. Effect of thee time-spaced courses of 20 μM CDDP for 1 h on number, cell cycle kinetics, cell viability, and clonogenic survival of adherent
OV2008 cells. Cells were seeded and allowed to attach to the plate for 48 h. Plates were then treated with vehicle (0.9% NaCl) or 20 μM CDDP for 1 h (day 0).
CDDP was then removed and fresh medium was replaced. The treatment with CDDP was repeated on days 12 and 24. Every second day the floating cells
were removed and fresh medium was added. Every 4 days, one aliquot of cells was exposed to exclusion fluorochomes to determine number of cells (A) and
their percent viability (C) using a microcapillary cytometer. (B), A second cell aliquot was subjected to permeabilization, labeling with propidium iodide, and
the cell cycle distribution was assessed. Represented are the kinetic distribution of cells with sub-G1 DNA content and cells with DNA content pertinent to
S-phase. (D) Five hundred viable cells were placed in 6-well plates and cultured for 7 days to assess for colony formation (clonogenic survival). Arrows,
intermittent 1-h CDDP treatment. Values represent the means of a representative experiment performed in triplicates ± SEM. This experiment was repeated
five times with similar outcomes. *P<0.05 relative to values on day 16; #P<0.05 relative to values on day 4; †P<0.05 relative to values on day 28; §P<0.05
relative to values on days 16 and 20. 
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cells, there are remnant cells that escape CDDP lethality and
repopulate the culture at a pace indistinguishable from that of
cells never treated with CDDP. 

Intertwining cytostatic doses of MF in between CDDP-free
treatment intervals prevents repopulation of cells escaping
the lethality of CDDP. OV2008 cells were treated for 1 h
with 20 μM CDDP. The treatment was removed and the cells
were incubated in media containing 0, 5, 10 or 20 μM MF for
12 days. We have previously shown that these concentrations
of MF induce cell cycle arrest without cell killing (23). Fig. 3A

shows that the number of adherent cells in cultures not
receiving MF declined robustly on days 4 and 8 following
the removal of CDDP, yet on day 12 repopulation is apparent
as shown by the increase in cell number. When MF was
present in the culture media, the reduction in number of
adherent cells on days 4 and 8 following CDDP removal
was significantly enhanced in a dose-dependent manner.
Remarkably on day 12, MF was able to completely abrogate
the repopulation that occurred in the MF untreated cultures.
The effect of MF was further confirmed in a clonogenic
survival assay (Fig. 3B). Viable cells from previous experiment
and obtained on day 4 after CDDP removal show very low
clonogenic capacity, which however increased on day 8,
followed by an even higher increase on day 12. Conversely,
the clonogenic capacity of cells chronically exposed to MF
after the removal of CDDP was negligible on day 4, and
remained very low on days 8 and 12 compared to cells only
exposed to CDDP. Because the number of OV2008 cells that
remained in the cultures receiving MF after the first round of
CDDP was almost negligible, the following rounds with
CDDP treatment were not conducted. In order to confirm the
long-term effects of CDDP treatment plus MF, we modeled
repopulation following lethal CDDP in a less sensitive cell
line, SK-OV-3 (27,28), aiming to perform successive rounds
of CDDP and, at the same time work with a manageable
number of remaining cells when MF was also present. Because
the growth rate of SK-OV-3 cells is slower than OV2008, we
modeled repopulation in between 24-day intervals. Preliminary
experiments with SK-OV-3 cells allowed us to select 1-h
exposure to 50 μM CDDP as a lethal treatment paradigm.
Fig. 4A shows that when SK-OV-3 cells were exposed to
50 μM CDDP for 1 h, cellular fragments with hypodiploid
DNA content accumulated 72 h later. The lethality of CDDP
at this concentration in SK-OV-3 cells was further confirmed
by the fragmentation of the genomic DNA and the apoptotic
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Table I. Cells that repopulated after 3 rounds of CDDP grow at
a similar pace as cells never treated with CDDP.
––––––––––––––––––––––––––––––––––––––––––––––––– 

Number of cells (x105)
––––––––––––––––––––––––––––––––––––––––––

Hours OV2008 (untreated) OV2008 (CDDP pretreated)
–––––––––––––––––––––––––––––––––––––––––––––––––
0 2.28±0.16 1.83±0.17 

48 3.98±0.37 3.88±0.48 

72 8.08±0.57 7.58±0.32 
–––––––––––––––––––––––––––––––––––––––––––––––––
Cells were treated for 1 h with 20 μM CDDP every 12 days for a
total of 3 rounds on days 0, 12, and 24. Cells that were adherent on
day 42 were trypsinized and replated in CDDP-free media. Once
seeding was completed, the number of cells was assessed after 0, 48 or
72 h of culture. The growth of CDDP-pretreated cells was compared
against the growth of an equal number of cells that never received
CDDP and that were cultured in parallel under similar conditions.
At the end of the incubation, cells were trypsinized and counted in a
microcytometer. Data are expressed as the mean ± SEM of triplicate
cultures.
––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 3. Effect of chronic cytostatic concentrations of MF on the fate of OV2008 cells after exposure to one round of CDDP. Cells were seeded and allowed
to attach to the plate surface for 48 h and thereafter treated with 20 μM CDDP for 1 h. The drug-containing medium was then removed and fresh medium with
0, 5, 10, or 20 μM MF was replaced every 2 days. Every 4 days number of adherent cells was measured by microcapillary cytometry (A), whereas the
clonogenic capacity of 250 viable cells was studied in a clonogenic survival assay (B). Values represent the means of a representative experiment performed
in triplicates ± SEM. This experiment was repeated 3 times with similar outcomes. *P<0.05 relative to MF-free control values on day 4; †P<0.05 relative to
time-matched MF-free controls. 
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morphology of the non-adherent cells. Upon removal of the
first dose of CDDP, the lethality induced led to more than
7-fold reduction in number of adherent cells 16 days later,
yet repopulation began occurring on day 24 (Fig. 4B), which
was further confirmed by the clonogenic survival capacity of
the cells (Fig. 4D). The second dose of CDDP on day 24 did
not cause any apparent reduction in the number of adherent
cells by day 28 (Fig. 4B), although the long-term lethality of
CDDP was manifested by the reduced clonogenicity of viable
cells taken from day 28 cultures (Fig. 4D). The repopulation
of SK-OV-3 cells following the second round of CDDP
was manifested more clearly on days 40 and 48, when the
clonogenic capacity of adherent cells increased to levels similar
to those of day 24, demonstrating a long-term inefficacy for

the second round of CDDP in these cells. Seven days after the
first 1-h CDDP exposure, many of the cells were non-adherent
and dead. Of the remaining adherent cells the majority was
enlarged (Fig. 4C, upper left corner). On day 15 following
the first CDDP exposure, an emerging population of cells
was observed (Fig. 4C, upper right corner) with similar
appearance to those of untreated cultures (Fig. 4C, inset).
When 20 μM MF was added to the culture media following
the removal of the first CDDP treatment, the repopulation of
SK-OV-3 cells, clearly quantified on day 24 in CDDP-only
treated cultures, was markedly abrogated (Fig. 4B and D).
Furthermore, repopulation was also inhibited in the MF treated
cultures following the second round of CDDP (Fig. 4B and D).
Moreover, MF modified notably the morphology of adherent
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Figure 4. Effect of chronic cytostatic concentrations of MF on the fate of SK-OV-3 cells exposed to 2 rounds of CDDP. SK-OV-3 were seeded, allowed to
attach to the plate surface for 48 h, exposed to vehicle (0.9% saline) or 50 μM CDDP for 1 h, and subsequently cultured in CDDP-free medium. (A) Seventy-
two or 96 h after CDDP treatment, cells were respectively either pelleted, permeabilized, labeled with propidium iodide, and the sub-G1 DNA content was
assessed by microcapillary cytometric analysis, or instead the genomic DNA was isolated, separated by agarose electrophoresis, stained, and photographed
(upper panels). *P<0.05 relative to values at 0 h. Bar, mean ± SEM. Ninety-six hours after CDDP treatment, non-adherent cells were re-adhered to a
microscope slide, stained with DAPI, photographed using a fluorescence microscope and compared against adherent cells of vehicle-treated cultures (lower
panels). Arrows, apoptotic nuclei. Scale bar, 20 μm. In a second experiment, cells were treated with 50 μM CDDP for 1 h on days 0 and 24. After each
treatment, CDDP was removed and the cells were cultured without or with MF every 2 days. Every 4 days number of adherent cells was measured by
microcapillary cytometry (B), whereas the clonogenic capacity of viable cells was studied in a clonogenic survival assay (D). Values in  (B) and (D) represent
the means of a representative experiment performed in triplicates ± SEM. This experiment was repeated 4 times with similar outcomes. *P<0.05 relative to
MF-free control values on day 4; #P<0.05 relative to MF-free control values on day 28; †P<0.05 relative to time-matched MF-free controls. (C) Morphology of
adherent cells observed 7 or 15 days following exposure to CDDP alone (Control) or to the combination of CDDP and 20 μM MF. The inset in the upper right
panel represents normally growing, untreated SK-OV-3 cells. Scale bar, 20 μm.
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cells. When 20 μM MF was present in the culture media
for 7 or 15 days following CDDP treatment, most of the
remaining adherent cells presented with spindle-shaped
morphology (Fig. 4C, lower panels). Altogether, results in
Figs. 3 and 4 clearly demonstrate that the presence of
cytostatic concentrations of MF following removal of a lethal
dose of CDDP, prevents the repopulation that otherwise
occurs from remnant cells that escape the lethality of the
platinum agent. 

MF inhibits cell cycle progression inducing S+G2/M phase
arrest in ovarian cancer cells following CDDP exposure. To
examine the effect of MF on the kinetics of the cell cycle
following CDDP treatment, the proportion of cells cycling
was assessed by analyzing DNA synthesis using BrdUrd
labeling in OV2008 cell cultures. Cells were exposed to 20 μM
CDDP for 1 h and then incubated in the presence of 0, 5,
10 or 20 μM MF for 10 days. Six hours before the end of
the experiment, the cells were pulsed with 10 μM BrdUrd
and the incorporation of BrdUrd into newly synthesized
DNA was assessed by immunocytochemistry. Fig. 5 shows
that the percentage of BrdUrd-labeled nuclei significantly
increased in the cultures that had received CDDP compared
to untreated OV2008 cells growing exponentially. MF

significantly reduced, in a dose-dependent manner, the
percentage of BrdUrd-labeled nuclei when compared to
cultures receiving only CDDP. Presence of 20 μM MF for
10 days in cells not receiving CDDP also led to a significant
inhibition of DNA synthesis, similar to what we observed
when OV2008 cells were exposed to MF for only 24 h (23).
To further evaluate the effect of MF on cell cycle traverse in
cells pre-treated with CDDP, OV2008 cells were exposed to
CDDP for 1 h and then to CDDP-free medium containing
20 μM MF for 4 or 8 days. The cell cycle distribution of
OV2008 cells untreated or exposed to only MF was also
included in the study. At the end of the experiment the cells
were stained with propidium iodide and the allocation of
cells within the cell cycle was analyzed by microcytometry.
Results in Table II indicate that MF-only treatment for 4 or
8 days induced an accumulation of cells in G1 confirming
our previous observation after 3-day exposure (23). Four
days after the 1-h CDDP exposure there was a significant
increase in sub-G1 DNA content, a large decline in the fraction
of cells transiting G1, and an increase in the proportion of
cells with hyperploid DNA content. Eight days after CDDP
treatment, although the proportion of cells with hypodiploid
and hyperploid DNA contents were still elevated when
compared to untreated cultures, there was a significant

FREEBURG et al:  MIFEPRISTONE INHIBITS OVARIAN CANCER REPOPULATION AFTER CISPLATIN750

Figure 5. Effect of cytostatic concentrations of MF on DNA synthesis in OV2008 cells studied 10 days after being exposed to a lethal concentration of CDDP
for 1 h. Cells were seeded and allowed to attach to the plate surface for 48 h, and exposed to vehicle (0.9% NaCl) or 20 μM CDDP for 1 h. The treatment was
then removed and fresh media without or with 5, 10, or 20 μM MF was replaced every 2 days. Ten days after CDDP exposure, the cells were pulsed with
10 μM BrdUrd for 6 h, washed with PBS, fixed with 4% paraformaldehyde, and subjected to immunocytochemistry using an anti-BrdUrd antibody (A).
BrdUrd positive nuclei were quantified using a microscope with magnification x400 and at least 500 cells were counted for each sample (B). The arrow
indicates a scattered BrdUrd positive cell in the culture receiving CDDP plus 20 μM MF. Untreated cells in their logarithmic phase of growth, and cells that
received only 20 μM MF for 10 days were also included in the study. The experiment was done in triplicates and the results are expressed as percentage of
BrdUrd positive cells. Scale bar, 20 μm. Bars, mean ± SEM. *P<0.05 compared to untreated; †P<0.05 compared to CDDP.
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proportion of cells transiting G1 compared to the values
observed on day 4. When MF followed CDDP, there was a
higher proportion of cells transiting G1 compared to cultures
receiving only CDDP 4 days after cisplatin removal. On
day 8, however, the proportion of cells transiting G1 in the
CDDP plus MF group was lower compared to the CDDP-only
counterpart, and most notably, the combination treatment
was characterized by a robust increase in the number of cells
allocated to the S+G2/M phases of the cell cycle. Together,
DNA synthesis studies and cytometry data demonstrate
that abrogation by MF of the repopulation following
CDDP-induced lethality associates with inhibition of DNA
synthesis and accumulation of the ovarian cancer cells at the
S+G2/M transit. 

Chronic exposure to MF enhances the lethality of CDDP in
association with accumulation of cells transiting mitosis.
Results in Fig. 3 show that OV2008 cultures exposed to
CDDP for 1 h followed by chronic exposure to 20 μM MF
did not have sufficient remaining viable cells to allow
performing a second treatment with CDDP, suggesting an
added lethality to the cytostatic effect of MF. To study whether
the abrogation by MF of cell repopulation that followed
CDDP-induced lethality is only limited to a cytostatic effect
of the antiprogestin that prevents the cells from reproducing,
or there is an added lethality of MF when it follows CDDP,
OV2008 cells were either cultured in the presence of vehicle
for 8 days, treated with only 20 μM MF for 8 days, treated
with CDDP for 1 h and then in CDDP-free media for 8 days,
or exposed to CDDP for 1 h followed by 20 μM MF for 8 days.
At the end of the experiment the cells were subjected to
immunocytochemical analysis for cleaved poly(ADP-ribose)
polymerase (PARP), a widely accepted marker for cell death
(29). Results displayed in Fig. 6A and B show that untreated
cultures do not have cells expressing cleaved PARP and
that cultures receiving MF-only treatment for 8 days show
rare cells labeled for the marker. Instead, in CDDP-treated
cultures, ~10% of the cells labeled for cleaved PARP. This

labeling appears to be limited to the large vacuolated cells
previously described by phase contrast and shown in Fig. 1D.
Remarkably, cultures exposed to MF following CDDP show
a highly significant ~4-fold increase in the percentage of
cleaved PARP positive cells, which was not limited to the large
vacuolated cells, but also observed in cells of intermediate and
apparently normal sizes. There is evidence in the literature
for a targeted compound which when acting individually
induces G1 cell cycle arrest, but when given after another drug
that causes genotoxic stress - such as CDDP - it programs the
cell to bypass the G2 DNA damage checkpoint, triggering an
unscheduled mitosis (30). Thus, we evaluated whether the
observed increase in the proportion of cells with DNA content
consistent with S+G2/M involved an increased percentage of
cells within the mitotic phase. Normally growing OV2008
cells, cells receiving 20 μM MF for 10 days, cells receiving
CDDP for 1 h and then CDDP-free media for 10 days, or
cells treated with the combination of CDDP for 1 h followed
by 20 μM MF for 10 days were studied for their immuno-
cytochemical expression of Ser-10 phosphorylated histone
H3, a hallmark for mitotic transit (31,32). Results depicted in
Fig. 6C and D show that, as expected, the percentage of
cells transiting mitosis in an untreated unsynchonized culture
is ~2%. This value does not change with MF and slightly
increases with CDDP exposure alone, suggesting that the
cells may be undergoing accelerated repopulation (8). Most
interestingly, when MF treatment followed CDDP exposure,
the percentage of cells expressing phosphorylated histone H3
increased ~30-fold compared to untreated controls, suggesting
that the vast majority of cells that still remain adherent to
the culture plate are transiting mitosis. The remarkable
accumulation of cleaved PARP positive cells and the increase
in percentage of cells expressing phosphorylated histone H3
(Fig. 6), together with the reduced clonogenic capacity of
the surviving cells (Fig. 3B), suggest that when MF treatment
follows CDDP exposure, it potentiates CDDP-induced lethality
and the cells die most likely as a consequence of an abnormal
mitosis. 
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Table II. Effect of MF on cell cycle kinetics in OV2008 cells repopulating after CDDP exposure.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Day 4 Day 8
––––––––––––––––––––––––––––––––––––– ––––––––––––––––––––––––––––––––––––

Untreated MF CDDP CDDP + MF MF CDDP CDDP + MF
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

% Sub-G1 2.03±0.14 2.23±0.18 52.3±1.67a 20.6±1.45a,b 15.7±4.93a 48.7±1.58a 19.8±1.56a,b

% G1 56.1±1.72 66.1±0.92a 3.22±0.37a 48.8±1.32a,b 65.1±2.46a 17.1±1.89a,c 7.98±1.60a,b

% S+G2/M 33.5±1.21 25.3±0.90a 21.6±1.67a 21.8±1.61a 14.8±0.79a 19.5±1.31a 53.3±1.73a,b

% >4N 8.13±0.61 6.40±1.04 22.9±1.44a 8.95±0.86 4.43±2.15 14.7±0.81a 21.6±2.05a,b

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cells were treated with vehicle (0.9% NaCl) or 20 μM CDDP for 1 h. The treatment was removed and fresh media without (untreated) or
with 20 μM MF was replaced every 2 days. Four or 8 days after CDDP exposure, the cells were analyzed for the capacity of their DNA to
bind propidium iodide by microcytometric analysis. In the groups receiving CDDP + MF we were unable to discriminate with certainty the
cells that uptake propidium iodide with intensity consistent with DNA content pertaining the S or the G2/M phases of the cell cycle.
Consequently, the two cell populations were measured as a whole in all experimental groups to allow comparisons. Data are mean ± SEM
(n=6, except for the group receiving MF alone with n=3). aP<0.05 compared to untreated; bP<0.05 compared to the time-matched CDDP.
cP<0.05 compared to CDDP on day 4. The experiment was repeated twice with similar outcomes. 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Discussion

We have established an in vitro approach whereby repopulation
of ovarian cancer cells following multiple rounds of CDDP
therapy ensues. We also confirmed our hypothesis by demon-
strating that MF was efficacious in preventing the repopulation
of ovarian cancer cells occurring between platinum treatment
intervals. In addition, we found that chronic exposure to MF
after platinum treatment seems to enhance platinum killing
efficacy.

The majority of in vitro studies reported in the literature
involving treatment of ovarian cancer cells with CDDP were
performed analyzing the response to one-time exposure to

the drug (26,33-36). An array of doses and exposure times
can be found in those studies. Whereas some investigators
exposed ovarian cancer cells to CDDP for 24, 48 or 72 h
(34-36), others intended to mimic the in vivo therapeutic
approach in humans by exposing ovarian cancer cells to
CDDP for only 1 h (26,33). Even though this second approach
appears closer to in vivo therapy, it does not allow determining
if tumor repopulation occurs in between successive treatments
with CDDP. Thus, our objective was first to determine if
tumor cell repopulation occurred between CDDP rounds.
To model repopulation of ovarian cancer cells in vitro we
selected the OV2008 cell line, which has been reported to
be highly sensitive to CDDP (25,33,37), and the SK-OV-3, a
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Figure 6. Effect of a cytostatic concentration of MF on the expression of cleaved poly(ADP-ribose) polymerase (PARP) and phospho-histone H3 in OV2008
cells studied respectively 8 or 10 days after being exposed to a lethal concentration of CDDP for 1 h. Cells were seeded for 48 h, and then treated with vehicle
(0.9% NaCl) or 20 μM CDDP for 1 h. CDDP was then removed and fresh media without or with 20 μM MF was replaced every 2 days. As control groups,
untreated cells in their logarithmic phase of growth, and cells that received only 20 μM MF for 8 or 10 days were included in the study. At the end of the
experiment, adherent cells were washed, fixed with 4% paraformaldehyde, and subjected to immunocytochemistry using an antibody that recognizes only the
cleaved form of PARP (A), or phospho-histone H3 (C). Quantitation of cleaved PARP (B) and phospho-histone H3 (D) positive nuclei was performed using a
microscope with magnification x400 and at least 500 cells were counted for each sample. The experiment was done in triplicates and the results are expressed
as percentage of cleaved PARP or phospho-histone H3 positive cells. Arrows indicate examples of positive labeling. In (A) notice that in cultures receiving
CDDP + MF 20 μM, cleaved PARP positive staining is observed not only in large degenerated cells, but also in smaller cells. In (C), arrowheads represent
figures of mitosis. Bars, mean ± SEM. Scale bar, 20 μm. *P<0.05 compared to untreated; †P<0.05 compared to CDDP. 
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cell line less sensitive to CDDP (27). We utilized the 1-h
exposure paradigm and a previously established lethal dose,
which was, as expected, higher for SK-OV-3 cells than for
OV2008 cells. The results show that 1-h exposure to CDDP
was sufficient to induce lethal damage as demonstrated by
morphological and biochemical features of apoptotic cell
death displayed by OV2008 and SK-OV-3 cultures within
96 h following CDDP removal. Although the majority of the
cells in the culture succumbed to the lethality of CDDP, there
were isolated cells that survived the treatment. These cells,
because of their scarcity on the culture plate, may be easily
missed in routine cell cultures if long-term follow-up is
not conducted. When such a population of remnant cells is
exposed to normal culture conditions, they reproduce and
repopulate the culture. We were able to document repopulation
of highly sensitive OV2008 cells after 3 episodes of CDDP
treatment and of less sensitive to CDDP, SK-OV-3 cells
after 2 episodes of drug exposure. This is the first study to
document a model system of ovarian cancer cell repopulation
in vitro following CDDP treatment. Very recently repopulation
of SK-OV-3 ovarian cancer cells in response to 3 intermittent
doses of paclitaxel was reported (38). An increase in cell
proliferation and clonogenic survival was observed in the
intermittent group with each treatment gap, indicating a
gradual acceleration in repopulation rate. In our study,
OV2008 cells repopulating after CDDP exposure show an
apparent increased ability to incorporate BrdUrd into their
DNA when compared with exponentially growing, untreated
control cells. These data suggest that in this model system
there is either a synchonization of the cells in culture after the
CDDP exposure, which could explain the large number of
cells synthesizing DNA at the same time, or instead, the
increased number of cells synthesizing DNA is a product of
accelerated cell repopulation. The nature of the cells that
escape CDDP lethality remains to be determined. When
repopulation is studied in vivo, the regrowth phenomenon
is usually attributed to cells that are more distant from the
tumor blood supply, consequently being exposed to lower
concentration of the drug compared to cells closer to blood
vessels (8). In a cultured cell line, however, because cells
usually grow in a monolayer, it is difficult to utilize such an
explanation to account for cellular repopulation considering
that we utilized a concentration of CDDP several fold higher
than the IC50 documented for this cell line (25). Another
possibility is that cells escaping platinum toxicity are indeed
resistant to the drug. The short experimental time (a total of
36 days for OV2008 cells and of 48 days for SK-OV-3 cells),
however, makes the repopulation as a consequence of emerging
clones that resist CDDP very unlikely. It has been amply
documented that development of CDDP resistance in vitro
occurs when cells are exposed intermittently to CDDP over
several months (24). Another explanation for the repopulation
of ovarian cancer cells post-CDDP that we observed in vitro
is based on the fact that the culture was not synchonized and
that cells are more prone to CDDP killing at particular times
during the cell cycle. For instance, tumor testicular germ
cells in vitro are more sensitive to the lethality induced by
CDDP during the G2/M phase of the cell cycle than in
other phases (39). Finally, there is a possibility that indeed
CDDP is killing the population of differentiated cancer cells

representing the bulk of the culture, but not the scarce tumor
initiating cells with the capacity to regenerate the culture, and
that appear to be resistant to most common DNA damaging
agents (40). The presence of tumor initiating cells in ovarian
cancer cell lines, however, has yet to be determined. It is
interesting to note that the cells repopulating the culture after
being exposed to 3 rounds of CDDP treatment in our model
system grow at the same pace as cells never exposed to
CDDP, indicating that the cells do not seem to be genetically
damaged by previous CDDP treatment. 

MF has been known for displaying anti-growth properties
in different human cell types (15-17,19-22). We recently
began to elucidate the molecular mechanisms involved in
this effect on ovarian cancer cell growth (23). We have
shown that exposure of OV2008 cells to 20 μM MF for 24 h
reduced synthesis of DNA more than 10-fold (23). A similar
concentration of MF utilized chronically in between CDDP
treatment intervals was sufficient to abrogate DNA synthesis
occurring in repopulating cells that had been exposed to CDDP.
The efficacy of MF preventing repopulation following CDDP
was also manifested by reduced cell number and reduced
clonogenic survival in both, the more sensitive to CDDP
OV2008 cells, and the less sensitive to CDDP, SK-OV-3 cells.
When ovarian cancer cells are exposed to only MF, the cell
cycle is arrested in the G1 phase (22,23). In this study we
confirm this assumption, yet it is noticeable that when MF
was added to cells previously treated with CDDP, they tended
to accumulate at the S+G2/M phases rather than in G1. This
is interesting because the result may provide the rationale
for a drug interaction between CDDP and MF, leading to a
potentiation of platinum therapy by the antiprogestin. It is
known that CDDP treatment leads to a transitory G2 cell
cycle arrest, which is utilized by the cells as an opportunity
to repair any damaged DNA. However, if the DNA damage
is significant and the DNA repair mechanism cannot operate,
the cells usually trigger their own demise (41). Thus, MF
may be a disruptor of the DNA damage and repair pathways
operating after CDDP exposure. Consequently the cells
would enter an unscheduled mitosis with damaged DNA,
which usually would trigger a cell death mechanism due to
mitotic failure (42). Partial support for this hypothesis is that
cells receiving the combination treatment of CDDP followed
by MF show an elevated percentage of cells allocated to the
M phase of the cell cycle suggested by 6-fold overexpression
of the mitotic marker, phospho-histone H3, when compared
to CDDP-only treated cultures. This result, together with
the data showing that the cultures receiving CDDP followed
by MF express 4-fold more cleaved PARP compared with
cultures receiving only CDDP, suggest that cells chronically
exposed to MF after receiving lethal platinum therapy not
only are unable to repopulate, but also are likely to die by
transiting into an unscheduled mitosis that could trigger
death (i.e., mitotic death) by either apoptosis or necrosis.
These two modalities of cell death have been recently
reported to occur in ovarian carcinoma cell lines in response
to DNA damaging agents (43). Thus, it is apparent that the
cell death pathway triggered by the combination of CDDP
plus MF needs further investigation. 

MF may be interfering with early steps in the DNA damage
response pathway that lead to a failure of cells to arrest in
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the G2 phase when challenged with CDDP. This rationale is
supported by data generated utilizing the kinase inhibitor
UCN-01 (7-hydroxystaurosporine), which as a single agent
is able to induce G1 growth arrest in non-small cell lung
carcinoma similar to the effect observed in ovarian cancer
cells treated with MF (23). When UCN-01 was used after
CDDP, however, the combination was synergistic in terms of
growth inhibition likely by reducing the time cells spend in
the S or G2 phases to operate the DNA damage check point
in order to allow for repair of the DNA damage induced by
platinum (30). 

We demonstrated that the cytostatic effect of MF in ovarian
cancer cells associates with an abrupt reduction in the activity
of Cdk2 (23). One of the most well-studied and accepted
effects of Cdk2 is its critical involvement in promoting the
transition of the cells in the cell cycle from G1 to the S-phase
(44). However, Cdk2 has also been implicated in DNA repair.
For instance, the DNA repair machinery is dysfunctional
in Cdk2 deficient cells and cells lacking the DNA repair
component of BRCA1 are prone to cell death in response
to Cdk2 inhibition (45). This role played by Cdk2 in the
DNA repair process provides the rationale for a synergistic
interaction of Cdk2 inhibition and DNA damaging agents
in the killing of cancer cells and could also explain the
potentiation by MF of CDDP-induced lethality of ovarian
cancer cells. Another hypothesis as to how MF could facilitate
the lethal effects of CDDP is based upon its capacity to
abrogate the expression of the E2F1 transcription factor as
recently reported by our laboratory (23). E2F1 is needed to
regulate the expression of genes involved in the nucleotide
excision DNA repair pathway (NER) (46), which is one
major mechanism involved in the repair of CDDP-DNA
adducts (6,7,47,48). Because in ovarian cancer increased
expression of the endonuclease ERCC1 (excision repair
cross-complementing-1) involved in NER has been correlated
with CDDP resistance (49) and antisense RNA against
ERCC1 sensitizes ovarian cancer cells to the lethality of
CDDP (50), it is possible that MF potentiates CDDP lethality
by interfering with the operation of the NER pathway. 

The remarkable accumulation of cleaved PARP positive
cells and the increase in percentage of phospho-histone H3
positive cells when MF follows CDDP, together with the
reduced clonogenic capacity of surviving cells, suggests
that MF potentiates CDDP lethality and that the combination
of CDDP followed by MF triggers cell death as consequence
of a failed mitosis. If our hypothesis holds true in vivo, the
strategy of adding MF to the CDDP chemotherapeutic
schedule in ovarian cancer should allow reducing either the
number of CDDP cycles or the dose of CDDP without losing
efficacy in terms of inhibition of tumor growth. Consequently,
the scheduling of MF between courses of platinum-based
therapy for human ovarian cancer has reasonable potential
for improving treatment success.
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