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Cyclin-dependent kinases (CDKs) have recently raised considerable in-
terest in view of their key role in the regulation of the cell cycle progression.
In proliferating cells, distinct CDKs associated with specific cyclins coordi-
nate in an orchestrated way the appropriate transition between different
phases of the cell cycle. Mutations and/or aberrant expression of distinct
CDKs and their regulatory components lead to uncontrolled proliferation
and finally to carcinogenesis. However, in post-mitotic neurons, all CDKs
with the exception of CDK5 are silent. CDK5, a proline-directed serine/
threonine kinase exhibiting a close structural homology to the mitotic CDKs,
binds to p35, the neuron-specific regulatory subunit of CDK5. CDK5 is very
abundant in mature neurons and seems to regulate neurotransmitter release
through phosphorylation and down-regulation of calcium channel activity.
Therefore, the inhibition of CDKs in neurons after oxidative stress and in
neurodegenerative disorders has a protective action.

Selective CDKs inhibitors were developed as promising drugs for cancer
therapy due to their ability to arrest cell cycle progression. The aim of this
study was to compare the anti-proliferative effect of roscovitine (ROSC),
a potent CDKs inhibitor, with that of cisplatin (CP) on human breast cancer
MCF-7 cells. ROSC exerted stronger inhibitory effect on proliferation and
cell cycle progression of MCF-7 than CP. Accumulation of G

�
/M arrested

cells starting 6 h after onset of ROSC treatment coincided with a strong up-
regulation of the p53. Reconstitution with caspase-3 sensitized MCF-7 cells
to CP action. It implicates that ROSC inhibits more selectively and effica-
ciously the proliferation of human breast carcinoma cells.
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Abbreviations: CDK – cyclin-dependent kinase,
CP – cisplatin, PARP-1 – poly(ADP-ribose)poly-
merase-1, PBS – phosphate-buffered saline, PMSF
– phenylmethylsulfonyl fluoride, PVDF – poly-
vinylidene difluoride, ROSC – roscovitine, WCL –
whole cell lysate, wt – wild-type

INTRODUCTION

Proliferation of normal cells is properly regu-
lated by a variety of activating and inhibiting pro-
teins [20]. Cyclin-dependent kinases (CDKs) are
highly conservative serine/threonine protein kina-
ses that become active upon complexing with their
corresponding cyclin component [20]. Whereas the
expression of cyclins fluctuates during the progres-
sion of cell cycle, levels of CDKs, their catalytic
partners, remain largely constant [20]. The proper
cell cycle progression is ensured by transient acti-
vation and deactivation of distinct tumor suppres-
sors and transcription factors involved in the DNA
replication and mitosis [20]. The temporally limi-
ted activation of the cellular targets is regulated by
CDKs-catalyzed phosphorylation. Escape of cells
from the exact regulation of cell cycle progression
leads to malignant transformation [20]. Transfor-
med cells, in contrast to their normal counterparts,
proliferate very rapidly [5]. Therefore, the inhibi-
tion of CDK/cyclin complexes offers a new thera-
peutic strategy in the defense against cancer [5]. In
general, pharmacological inhibitors of CDKs dis-
play selective anti-proliferative effects on cycling
cells, especially malignant cells [5, 12]. Depending
on the selectivity profile of these novel drugs,
growth inhibition in different phases of the cell cy-
cle is observed [12]. Compounds targeting the ac-
tivity of CDK4/6 block cells in early G�, whereas
selective inhibitors of CDK1/2 arrest cell cycle in
G�/S and G+/M [12]. Interestingly, some inhibitors,
especially those targeting the activity of CDK2, are
able to selectively induce apoptosis in cancer cells
[11, 12, 18].

CDK inhibitors representing a well-defined group
of biologically active compounds are structurally
related to adenosine-5’-triphosphate (ATP) [10, 12,
18]. They antagonize binding of kinases to ATP.
Differentially substituted adenines yielded a group
of inhibitors, such as olomoucine, roscovitine
(ROSC) and purvalanol [12]. These close analogs
characterized by increasing potency differ in their
selectivity. ROSC inhibits cyclin complexes with

CDKs 1, 2, 5, 7 and 9 with low IC,� values and ex-
hibits much weaker effect on CDKs 4 and 6 [18].
On the basis of its selectivity and relatively low di-
rect cytotoxicity, ROSC clearly provides a useful
anti-cancer drug and offers an alternative to classic
cytostatic agents. We have recently reported that
ROSC induced cell cycle arrest and apoptosis in
human breast cancer MCF-7 cells [27]. MCF-7
cells which are known to be caspase-3 deficient
[14], are relatively resistant to chemotherapy [6]. In
the present paper, we compared the effect of ROSC
on proliferation and cell cycle progression of
MCF-7 cells with that of cisplatin (CP). ROSC
stronger affected proliferation of MCF-7 cells than
CP and arrested cells in G+/M. Reconstitution with
caspase-3 sensitized MCF-7 cells to CP action. It
implicates that ROSC inhibits more selectively and
efficaciously the proliferation of human breast car-
cinoma cells.

MATERIALS and METHODS

Cell culture

Human breast cancer MCF-7 cells were grown
up to 60–70% confluence as a monolayer in Dul-
becco’s medium without phenol red supplemented
with 10% fetal calf serum in an atmosphere of 8%
CO+. In some experiments, the MCF-7.3.28 cell line
reconstituted with human caspase-3 was used [14].
Cells were treated with ROSC at a final concentra-
tion ranging between 1–20 �M or with CP (Lache-
ma-PLIVA, Brno, Czech Republic) at a final con-
centration of 5–40 �M for indicated periods of time.

Antibodies

We used the following antibodies: monoclonal
anti-p53 DO-1 antibody was a kind gift from Dr.
B. Vojtesek (Masaryk Memorial Cancer Institute,
Brno), monoclonal anti-PARP-1 antibody (C-2-10)
was from Dr. G. Poirier, (Laval University, Quebec,
Canada), monoclonal anti-actin antibody (Clone
C4) was from ICN Biochemicals (Aurora, Ohio,
USA) and polyclonal anti-caspase-3 antibodies were
from DAKO (Glostrup, Denmark).

Drug cytotoxicity in vitro

Sensitivity of MCF-7 cells to the drug was de-
termined by proliferation assay to measure the drug
effect on the cell ability to divide and by dye exclu-
sion test to assess the direct cytotoxicity [17, 27].
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The cell proliferation was assessed using a micro
titer plate CellTiter-Glo luminescent cell viability
assay (Promega Corporation, Madison, WI, USA).
This is a method for determining the number of vi-
able cells in a culture based on quantification of the
ATP level. The assay involves adding a reagent
which in a single step generates a luminescent sig-
nal proportional to the amount of ATP present in
cells. Cells were plated at the appropriate density
(1 × 10- cells per well) in a 96-well multiwell plate.
Twenty four hours after plating, cells were exposed
to various concentrations of the drugs for 24 h.
0.1% DMSO in phosphate-buffered saline (PBS)
was used as a solvent control. After treatment, the
medium was removed and replaced with 100 �l of
drug-free medium and cells were incubated for
further 48 h. For detection of luminescent signal
CellTiter-Glo reagent was added and luminescence
was measured in the Wallac 1420 Victor, a multila-
bel, multitask plate counter. Each point represents
the mean of seven values from one representative
experiment. At least three independent experiments
were performed.

Measurement of DNA of single cells by flow cyto-

metry

The measurement of DNA content was performed
by flow cytometric analysis based on a slightly
modified method [25] described previously by Vin-
delov et al. [22]. Propidium iodide stained cells
were measured using the Becton Dickinson fluo-
rescence activated cell sorter (FACScan). Distribu-
tion of cells in distinct cell cycle phases was deter-
mined using ModFIT cell cycle analysis software.
DNA histograms were obtained by CellQuest eva-
luation program.

Cell fractionation

Subfractionation of cells and isolation of nuclei
was performed from cells in logarithmic growth
phase as previously described in details [27].

Electrophoretic separation of proteins and im-

munoblotting

Total cellular proteins or proteins of the distinct
subcellular fractions dissolved in SDS sample buffer
were separated on 10% SDS slab gels and trans-
ferred electrophoretically onto polyvinylidene di-
fluoride (PVDF) membrane (Amersham Internatio-
nal, Little Chalfont, Buckinghamshire, England).
Equal protein loading and protein transfer was con-

firmed by Ponceau S staining. Blots were incubated
with specific primary antibodies at appropriate final
dilution and the immune complexes were detected
autoradiographically using appropriate peroxidase-
conjugated secondary antibodies and enhanced
chemiluminescent detection reagent ECL+ (Amer-
sham International, Little Chalfont, Buckingham-
shire, England). In some cases, blots were used for
several sequential incubations. Incubation with
anti-actin antibodies confirmed additionally equal
protein loading [25, 26].

RESULTS

ROSC inhibits proliferation of human

breast carcinoma MCF-7 cells

To compare the inhibitory effect of ROSC and
CP on proliferation of human breast carcinoma
MCF-7 cells, we performed Cell Titer-Glo luminis-
cent cell viability assay. As shown in Figure 1,
ROSC at low concentrations did not affect prolif-
eration of MCF-7 cells. However, an anti-prolifera-
tive effect of ROSC became evident after exposing
of MCF-7 cells to 10 �M and 20 �M ROSC. The
number of cells was reduced by about 50% or 70%,
respectively, as compared to the control. In the
same experiment, the cytotoxic effect of CP was
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Fig. 1. Stronger inhibition of the proliferation of MCF-7 cells
after ROSC treatment. MCF-7 cells were exposed for 24 h to in-
creasing concentrations of ROSC or CP. After 24 h the medium
was changed and cells were cultivated for additional 48 h in
drug-free medium. Thereafter the ATP concentrations were
measured using the CellTiter-Glo luminescent cell viability
assay. Each column represents a mean of seven values from one
representative experiment



examined. MCF-7 cells seem to be more resistant
to action of CP than to ROSC. About two-fold
higher concentration of CP was necessary to inhibit
MCF-7 cell proliferation by 50% (IC,� for CP =
31 �M vs. 14 �M for ROSC).

G2/M block in response to ROSC

treatment

To assess the effect of the tested drugs on the
cell cycle, we stained with propidium iodide nuclei
obtained from untreated controls and cells exposed
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Fig. 2. Differential effects of CP and ROSC on the cell cycle progression of human breast carcinoma MCF-7 cells. DNA histograms
were prepared using CellQuest software. The distribution of cells in distinct phases of the cell cycle was determined using ModFIT
software



to 20 �M ROSC or to 40 �M CP for various peri-
ods of time and measured the intensity of fluores-
cence. Interestingly, upon ROSC treatment an ac-
cumulation of MCF-7 cells in the G+/M phase was
observed (Fig. 2). Exposure of MCF-7 cells to CP
resulted in a transient accumulation of the cells in
the S-phase. The frequency of the G+/M cell popu-
lation did not essentially change. To directly com-
pare the action of both drugs, we determined the
G+/S ratio. As illustrated in Figure 3, the G+/S ratio
increased 2-fold or 3-fold within 15 h and 24 h
ROSC treatment, respectively. These results con-
firm the results of proliferation assay and explain
by which mechanism ROSC inhibits the growth of
dividing cells.

Up-regulation of p53 protein after ROSC

and CP

In the next step we examined by immunoblot-
ting the effect of both drugs on the expression of wt
p53 protein in MCF-7 cells. We analyzed on blots
proteins of whole cell lysates (WCLs) as well as of
isolated nuclei prepared from controls and cells ex-
posed to ROSC for indicated periods of time. As il-
lustrated in Figure 4A, in both control cells and nu-
clei wt p53 protein was reduced to a barely detect-
able level. However, after administration of ROSC
the expression of p53 markedly increased and al-
ready 6 h after ROSC reached a high concentration.
The up-regulated wt p53 was accumulated in the

nuclei. The sequential incubation of the blot with

antibodies against poly(ADP-ribose)polymerase-1

(PARP-1) revealed an appearance of a 89 kD apop-

totic fragment in samples obtained from ROSC-

treated cells. MCF-7 cells are caspase-3 deficient

[14]. To examine whether the reconstitution of the

MCF-7 cells with caspase-3 will affect their sus-

ceptibility to CP, we exposed mother cells and

caspase-3 proficient cell line MCF-7.3.28 to CP for

increasing periods of time. Remarkably, CP in-

duced wt p53 in both cell lines with different kine-

tics and efficiency (Fig. 4B). In the mother cell

line, a strong p53 band appeared at 15 h after onset
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Fig. 3. ROSC- but not CP-induced accumulation of MCF-7
cells in G� cell cycle phase Comparison of the G�/S ratio after
exposure of cells to ROSC and CP. The diagram represents val-
ues of three independent experiments, each performed at least in
duplicate
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Fig. 4. (A) Nuclear accumulation of p53 protein in response to
ROSC treatment. Cellular (WCL) and nuclear proteins (30
�g/lane) were separated on 10% SDS slab gel. The equal protein
loading and protein transfer was checked by Ponceau S staining
of the membrane. The blot was incubated with anti-p53 antibo-
dies DO-1 and sequentially with anti-PARP-1 antibody C-2-10
and anti-actin antibodies. (B) Caspase-3 sensitizes MCF-7 cells
to CP action. Proteins of whole cell lysates (WCL) (30 �g/lane)
were separated on 10 or 15% SDS slab gels. The conditions of
the immunoblotting as in A



of CP treatment, whereas in caspase-3 proficient
cells, the up-regulation of p53 was observed at 24 h
post-treatment. In the latter cells, the intensity of
p53 signal was markedly diminished as compared
with the mother cells.

Reconstitution with caspase-3 sensitizes

MCF-7 cells to action of CP

Clinical efficacy of CP relies primarily on its
ability to induce apoptosis. The analysis of the ef-
fects exerted by CP in MCF-7 cells and the caspa-
se-3-proficient cell line MCF-7.3.28 revealed in the
latter a strong activation of the effector caspase-3
and its downstream targets. As depicted in Figure
4B, exposure of MCF-7.3.28 cells for 24 h to CP
fully activated caspase-3. This observation con-
firms previous report [6]. The reduced intensity of
the prozymogen signal after exposure of cells to CP
for 24 h was accompanied by an appearance of the
activated form of caspase-3 which is generated by
proteolytic cleavage. This coincided with the apop-
totic degradation of PARP-1, the nuclear target of
caspase-3. At 24 h post-treatment the full length
PARP-1 protein was almost completely cleaved
generating a truncated 89 kD amino-terminal frag-
ment. These results implicate that the weaker cyto-
toxic action of CP on MCF-7 as compared with
ROSC might be, at least partially, related to the
lower susceptibility of MCF-7 cells to induction of
apoptosis.

DISCUSSION

CP, a relatively simple inorganic compound, is
a potent anti-cancer drug that has been successfully
used to treat some types of tumors, especially tu-
mors of genitourinary tract [for reviews, see 7, 15].
However, dose-limiting side-effects or low sensi-
tivity of tumor cells limited its application against
a broader range of cancers [7]. CP cross-links to
DNA and forms intra-and inter-strand adducts,
which bend und unwind the double stranded DNA
[7, 15]. The CP-cross-linked and damaged DNA
interacts very efficiently with different proteins.
High mobility protein groups show increased bind-
ing to CP-damaged DNA, thereby interfering with
the recognition of DNA damage and DNA repair.
The accumulation of cross-linked DNA impairs
DNA replication and chromatid segregation. How-

ever, the therapeutic efficacy of CP is largely based
on its capability to induce apoptosis in cancer cells
[15, 24]. To succeed in the therapy, the increased
susceptibility of malignant cells to pro-apoptotic
action of CP exceeding that of normal counterparts
would be necessary. Unfortunately, in tumor cells
the apoptotic pathways are frequently misregulated
due to inactivation or down-regulation of pro-apop-
totic genes, e.g. inactivation of caspase-3 [14], or
as a consequence of overexpression of anti-apop-
totic factors. Therefore, the application of new
agents possessing higher selectivity towards malig-
nant cells is necessary.

CDKs are essential players in the intracellular
control of the cell cycle [20]. Since the CDKs and
their regulatory partners are frequently deregulated
in human cancers and exhibit enhanced activity
[21], their inhibition by selectively acting drugs of-
fers a new concept in the therapeutic strategy [3, 5].
Recently, a number of pharmacological inhibitors
of CDKs was developed [10, 18]. One efficient
group of these compounds is based on the substitu-
tion of purines and pyrimidines [10, 12, 18]. Sub-
stituted purines represent CDK inhibitors that are
most structurally similar to ATP, whose binding
they antagonize. Among a series of C2, N6, N9-sub-
stituted adenines, ROSC displays high efficiency
and selectivity towards some CDKs [18]. From
about 25 investigated kinases, only a few were sig-
nificantly inhibited by ROSC with IC,� values
lower than 1 �M [22]. CDK2/cyclin B and CDK2/
cyclin A were identified as the best targets [18].
Through its high selectivity ROSC is predestinated
to be a potent anti-mitotic drug, especially for che-
motherapy of multidrug resistant cancer cells. It
has been previously shown that ROSC inhibits tu-
mor cells in G� and G+ phases of the cell cycle [8,
9, 27]. The inhibitory effect of ROSC on the cell
cycle progression did not depend on tumor sup-
pressor protein p53, because a cell cycle block was
observed irrespective of p53 status, normal vs. mu-
tated. Remarkably, ROSC acts not only as a cell cy-
cle blocker [8, 9, 23, 27], but seems also to induce
apoptosis [11, 19, 27, 28]. ROSC has been shown
to drive the estrogen-negative MDA-MB231 hu-
man breast cancer cells in apoptosis [19]. The capa-
bility to induce apoptosis by ROSC does not de-
pend on the estrogen-receptor status. We observed
recently that ROSC initiated apoptosis in estro-
gen-receptor-positive breast cancer MCF-7 cells
[27]. Distinct cellular processes, such as segrega-
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tion of nucleoli and G+ cell cycle arrest preceded

the main wave of apoptosis [27]. Inhibition of DNA

replication and accumulation of G+ arrested cells

starting 6 h post-treatment coincided with a strong

increase in p53 protein [27]. Interestingly, reconsti-

tution of MCF-7 cells with caspase-3 did not change

the kinetics of ROSC-induced apoptosis [27]. Our

present results evidence that ROSC stronger inhi-

bited the proliferation of MCF-7 than CP. These

data confirm previous reports [6, 7, 13]. About

two-fold higher CP concentration was necessary to

reduced the cell number by 50%. Interestingly, re-

constitution with caspase-3 sensitized MCF-7 cells

to CP-induced apoptosis. This observation remains

in concordance with reports of Blanc et al. [6].
Both drugs, ROSC and CP, up-regulated in

MCF-7 cells wt p53 protein. The p53, a product of

tumor suppressor gene plays an essential role in the

cellular response to a variety of stress stimuli [1, 2].

Activated p53 protein targets a variety of down-

stream genes responsible for cell cycle regulation

as well as induction and execution of apoptosis.

Thus, induction of cellular p53 response by distinct

anti-cancer drugs [3, 4, 16] is thought to induce

a transient or permanent cell cycle arrest or to ini-

tiate apoptosis, thereby eliminating the malignant

cells. In this context is the ROSC- and CP-media-

ted activation of p53 in MCF-7 cells of importance

and evokes the question whether up-regulated p53

is involved in the induction of cell cycle arrest and

apoptosis in human breast cancer cells. It is obvi-

ous that the up-regulation of p53 preceded the on-

set of cell cycle arrest and apoptosis. However, to

unequivocally address this issue additional experi-

ments with pifithrin-�, a blocker of transcriptional

p53 activity, are necessary. Our preliminary results

performed with pifithrin-� showed that transcrip-

tional competence of p53 is important for ROSC-

induced effect in MCF-7 cells.
Our results substantiate previous observations

that the kinetics and rate of apoptosis in cancer

cells depends not only on caspase status but is

closely related to the type of drugs and intracellular

pathways targeted by them.
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