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Cell cycle arrest induced in human breast cancer cells by cyclin-dependent kinase in-
hibitors: a comparison of the effects exerted by roscovitine and olomoucine.
J. WÊSIERSKA-G¥DEK, M. GUEORGUIEVA, J. WOJCIECHOWSKI, M. HORKY. Pol.
J. Pharmacol., 2004, 56, 635–641.

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that play a key role in
the regulation of the cell cycle progression. In proliferating cells, distinct CDKs activated
upon complexing with specific cyclins and upon site-specific phosphorylation coordinate
in an orchestrated way the appropriate transition between consecutive phases of the cell
cycle. Aberrant expression or altered activity of distinct CDK complexes results in escape
of cells from the cell cycle control and leads to malignant transformation. Therefore, the
inhibition of CDKs in malignant cells provides a new strategy in the fight against cancer.
Recently, selective CDK inhibitors targeting distinct CDKs were developed. They repre-
sent promising anti-cancer drugs due to their strong anti-proliferative efficacy combined
with a relative low direct cytotoxicity.

The aim of this study was to compare the effect of two related CDK inhibitors: rosco-
vitine (ROSC) and olomoucine (OLO) on the cell cycle progression in human breast can-
cer MCF-7 cells. Both examined CDK inhibitors differentially affected the cell cycle pro-
gression in MCF-7 cels. Whereas ROSC arrested cells in G�/M, OLO inhibited cells at S
to G� transition and increased the number of cells residing in the S-phase. Moreover, both
CDK inhibitors modulated the cell cycle progression with distinct kinetics. Accumulation
of G�/M-arrested cells beginning 6 h after exposure of cells to ROSC coincided with a
strong up-regulation of the p53. Interestingly, ROSC triggered apoptosis in MCF-7 cells
by activation of mitochondrial pathway. Loss of the integrity of mitochondrial membrane
observed after exposure of cells to ROSC for 6 h led to release of distinct mitochondrial
proteins, e.g. apoptosis inducing factor (AIF). In contrast to ROSC, OLO-induced cell cy-
cle changes could be detected after 12 h of the treatment. OLO did not up-regulate p53
protein. It indicates that both examined CDK inhibitors are selective and block the cell
cycle progression of human breast carcinoma cells at different phases.
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Abbreviations: AIF – apoptosis inducing factor,
APAF-1 – apoptosis-protease-activating factor-1,
CDK – cyclin-dependent kinase, CDKI – inhibitor
of cyclin-dependent kinase, OLO – olomoucine,
PARP-1 – poly(ADP-ribose)polymerase-1, PBS –
phosphate-buffered saline, PMSF – phenylmethyl-
sulfonyl fluoride, PVDF – polyvinylidene difluor-
ide, ROSC – roscovitine, WCL – whole cell lysate,
wt – wild-type

INTRODUCTION

Remarkable advances have been achieved in
cancer therapy during the past few decades. Our
better understanding of the pathobiology of malig-
nant cells essentially contributed to the develop-
ment of new therapeutic strategies. In particular, re-
cent advances in the knowledge of basic mecha-
nisms regulating the proper progression and control
of the cell cycle have made possible to design ap-
propriate drugs targeting specific genetic profiles
or products of distinct genes. Thus, new agents
were developed that strongly affect the cell cycle
[8, 11]. Malignant transformation, tumor develop-
ment and progression depend on some combina-
tions of aberrant cell cycle regulation, enhanced
growth factor pathway activation and decreased
rate of apoptosis [5]. Cyclin-dependent kinases
(CDKs) are serine/threonine kinases that in highly
coordinated way regulate cell cycle progression
[17]. A CDK enzyme complex becomes fully ac-
tive after binding of its proper cyclin and finally, if
the CDK is phosphorylated, at specific activating
residues. The progression through the cell cycle is
mediated by orchestrated activation and breakdown
of CDK complexes [17]. Transformed cells, in con-
trast to normal counterparts, proliferate very ra-
pidly due to enhanced activity of CDKs [5]. There-
fore, the inhibition of CDK/cyclin complexes of-
fers a promising therapeutic strategy in the defense
against cancer [5]. Recently, new inhibitors of
CDKs, e.g. roscovitine (ROSC), olomoucine (OLO)
or purvanalol, were developed [8, 11]. According
to the predictions, pharmacological inhibitors of
CDKs display selective anti-proliferative effects on
cycling cells, especially malignant cells [5, 11]. De-
pending on the selectivity profile of these novel
drugs, growth inhibition in different phases of the
cell cycle is observed [15]. Compounds targeting
the activity of CDK4/6 block cells in early G�,
whereas selective inhibitors of CDK1/2 arrest cell

cycle in G�/S and G�/M [15]. Interestingly, some

inhibitors, especially those targeting the activity of

CDK2, are able to selectively induce apoptosis in

cancer cells [9, 16].
CDK inhibitors (CDKIs), representing a well-

defined group of biologically active compounds,

are structurally related to adenosine-5’-triphosphate

(ATP) [8, 11, 15]. They antagonize binding of ki-

nases to ATP. Differentially substituted adenines

yielded a group of inhibitors such as OLO, ROSC

and purvalanol [11]. These close analogs character-

ized by increasing potency differ in their selectiv-

ity. Due to their selectivity and relative low direct

cytotoxicity, CDKIs clearly provide useful anti-

cancer drugs and offer an alternative to classic che-

motherapeutics. ROSC and OLO were found to ex-

ert strong inhibitory effect on the CDK2/cyclin A

and CDK1/cyclin B kinase [15].
We have recently reported that ROSC induced

cell cycle arrest and apoptosis in human breast can-

cer MCF-7 cells [25]. ROSC arrested human breast

cancer cells in G�/M phase of the cell cycle. The

anti-mitotic efficacy of ROSC was encouraging be-

cause MCF-7 cells which are known to be cas-

pase-3 deficient [12], are relatively resistant to che-

motherapy. This was recently confirmed by our ob-

servations that ROSC inhibited more efficaciously

the proliferation and the progression of the cell cy-

cle in breast cancer cells than cisplatin [21].
In the present study, we compared the effect of

two closely related CDKI analogs: ROSC and OLO

on proliferation and cell cycle progression of MCF-7

cells. Both tested CDKIs differentially affected the

cell cycle progression of MCF-7 cells. Whereas

ROSC arrested human breast cancer cells in G�/M,

OLO inhibited cells at S/G� transition and in-

creased the number of cells residing in the S-phase.

Moreover, both CDKIs modulated the cell cycle

progression with distinct kinetics. Accumulation of

G�/M-arrested cells beginning 6 h after exposure of

cells to ROSC coincided with a strong up-regu-

lation of the p53. Interestingly, ROSC induced

apoptosis in MCF-7 cells. Disruption of the mito-

chondrial transmembrane potential detected after

exposure of cells to ROSC for 6 h led to accumula-

tion of distinct mitochondrial proteins, e.g. apopto-

sis inducing factor (AIF) in cytosol. In contrast to

ROSC, OLO-induced cell cycle changes could be

detected after 12 h treatment. OLO did not up-

regulate p53 protein. It indicates that both exam-

ined CDKIs are selective and block the cell cycle
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progression of human breast carcinoma cells at dif-
ferent phases.

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� [25]. Cells were treated with ROSC and OLO
at a final concentration of 20 �M for indicated peri-
ods 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,
Czech Republic), monoclonal anti-PARP-1 antibody
(C-2-10) was from Dr. G. Poirier, (Laval Univer-
sity, Quebec, Canada), monoclonal anti-actin anti-
body (Clone C4) was from ICN Biochemicals
(Aurora, Ohio, USA). Monoclonal anti-APAF-1
antibodies (clone 2E12) were from Chemicon In-
ternational Inc. (Temecula, CA) and anti-AIF anti-
bodies (clone E-1) were from Santa Cruz Biotech-
nology (Santa Cruz, CA).

Measurement of DNA content in single cells by

flow cytometry

The measurement of DNA content was per-
formed by flow cytometric analysis based on a slight-
ly modified method [23, 25] described previously
by Vindelov et al. [19]. Propidium iodide stained
cells were measured by flow cytometry using the
Becton Dickinson fluorescence activated cell sorter
(FACScan). Distribution of cells in distinct cell cy-
cle phases was determined using ModFIT cell cycle
analysis software. DNA histograms were obtained
by CellQuest evaluation program.

Subcellular fractionation of cells

In experiments designed to examine the release
of distinct proteins from mitochondria during the
execution of apoptosis, buffer containing 250 mM
sucrose and low concentration of digitonin was
used for cell fractionation [10].

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
transferred electrophoretically onto polyvinylidene
difluoride (PVDF) membrane (Amersham Interna-
tional, Little Chalfont, Buckinghamshire, Eng-
land). Equal protein loading and protein transfer
was confirmed by Ponceau S staining. Blots were
incubated with specific primary antibodies at ap-
propriate final dilution and the immune complexes
were detected autoradiographically using appropri-
ate peroxidase-conjugated secondary antibodies
and enhanced chemiluminescent detection reagent
ECL+ (Amersham International, Little Chalfont,
Buckinghamshire, England). In some cases, blots
were used for several sequential incubations. Incu-
bation with anti-actin antibodies confirmed addi-
tionally equal protein loading [22, 24].
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Fig. 1. Strong inhibition of the cell cycle in MCF-7 cells after
ROSC treatment. MCF-7 cells were exposed to 20 �M OLO or
to 20 �M ROSC for indicated periods of time. Thereafter, cells
were stained with propidium iodide and the DNA content was
measured by flow cytometry. DNA histograms were prepared
using CellQuest software. The distribution of cells in distinct
phases of the cell cycle was determined using ModFIT software



RESULTS

ROSC and OLO block MCF-7 cells at different

phases of the cell cycle

The action of the tested drugs on the cell cycle
was assessed by flow cytometry. The fluorescence
intensity of propidium iodide-stained nuclei ob-
tained from untreated controls and cells exposed to
20 �M ROSC or 20 �M OLO was measured. After
exposure of MCF-7 cells to ROSC a time-de-
pendent accumulation of MCF-7 cells in the G�/M
phase was observed (Fig. 1, 2A). After 24 h the
population of G� arrested cells increased about
five-fold as compared with untreated controls. In
contrast to ROSC, OLO did not affect the fre-
quency of G� cell population. However, exposure
of MCF-7 cells to OLO resulted in a block of the S
to G� progression in a time-dependent manner and
led to the accumulation of cells residing in the S-
phase.

To directly compare the action of both CDKs,
we determined the G�/G� ratio. As illustrated in
Figure 2B, the G�/G� ratio remained almost un-
changed after OLO and increased 4-fold or 10-fold

within 6 h and 24 h of ROSC treatment, respec-
tively. These results show that both examined
CDKIs are highly specific and by targeting differ-
ent active CDK complexes, they block human
breast cancer cells at distinct stages of the cell cy-
cle.

Weak increase in cellular p53 protein in response

to OLO treatment

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) prepared
from controls and cells exposed to CDKIs for the
indicated periods of time. As illustrated in Figure 3,
in control cells wt p53 protein was reduced to
a barely detectable levels. After administration of
ROSC the expression of p53 markedly increased
and after exposure to ROSC for 15 h p53 protein
reached a high concentration. However, OLO af-
fected p53 protein weakly and elevated moderately
its cellular levels.

ROSC-induced apoptosis is associated with dis-

ruption of the potential of mitochondrial mem-

brane

The sequential incubation of the blot with antibod-
ies against poly(ADP-ribose)polymerase-1 (PARP-1)
(Fig. 3) revealed an appearance of a 89 kD apoptotic
fragment in WCLs obtained from cells treated with
ROSC but not in samples after OLO treatment. The
stronger intensity of the 89 kD PARP-1 fragment
occurring at 6 h of ROSC treatment coincided with
the onset of apoptotic changes such as loss of
asymmetry of phosphatidylserine residues detected
by Annexin-V binding [25] and changes in the
membrane potential of mitochondria (paper in
press). MCF-7 cells are caspases-3 deficient [12].
To examine the functional consequences of the dis-
sipation of DeltaPsim, we isolated cytosol fraction
from untreated and ROSC-treated MCF-7 cells. To
avoid artificial disruption of mitochondrial mem-
brane during the fractionation of cells, we per-
formed the isolation procedure recommended by
Fiskum et al. [10]. This method is based on the use
of low concentration of digitonin. As shown in Fi-
gure 4, AIF was stepwise released from mitochon-
dria and accumulated in cytosol. Interestingly, the
accumulation of AIF in cytosol preceded slightly
the increase in apoptosis protease activating fac-
tor-1 (APAF-1) protein (Fig. 4).
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Fig. 2. ROSC and OLO block MCF-7 cells at different phases of
the cell cycle. A. Effect of CDKIs on the distribution of cells in
distinct phases of the cell cycle. B. Comparison of the G�/G� ra-
tio after exposure of cells to ROSC and OLO. The diagram
represents values normalized to the control



DISCUSSION

In general, human breast carcinoma MCF-7
cells exhibit a reduced sensitivity to a variety of
anti-cancer drugs. The resistance of MCF-7 cells to
a number of chemotherapeutic agents seems to be,
at least partially, a consequence of the misregula-
tion of the apoptotic pathway. MCF-7 cells lack
caspase-3 activity due to a 47-base pair deletion
within exon 3 of the caspase-3 gene [12].

Recent studies showed the increased anti-
mitotic efficacy of ROSC in MCF-7 cells [6, 7, 21,
25]. These observations were encouraging because
ROSC was more efficacious in MCF-7 cells than
cisplatin, a widely used anti-cancer drug [21].
A comparison of the action of both drugs on the
proliferation and cell cycle progression revealed
a clearly stronger inhibitory effect of ROSC. Inter-
estingly, synchronized cells responded quite differ-
ently to the ROSC action than naive, randomly
growing cells. MCF-7 cells synchronized by action
of nocodazole were primarily arrested in G� phase
of the cell cycle after exposure to ROSC [6, 7]. In
contrast, a naive, asynchronous population of
MCF-7 cells was inhibited by ROSC in the transi-
tion between G� and M cell cycle phases [21, 25].
A marked increase in a number of G�-arrested cells
was accompanied by the diminution of the number
of S-phase cells [25].

In the present paper, we compared the anti-
proliferative and pro-apoptotic action of OLO and
ROSC on human breast cancer cells. Since OLO is
a much weaker CDKI, it is usually used at higher

concentrations than ROSC. However, to directly

compare the effect of both drugs on the cell cycle

and to eliminate potential cytotoxicity of higher

OLO concentrations, we decided to use the drugs at

equimolar concentrations. In contrast to ROSC,

OLO modulated the cell cycle progression in

MCF-7 cells with distinct kinetics and targeted

other active CDK complexes thereby blocking the

progression from S to G� phase. The changes could

be detected after 12 h of the treatment with OLO. It

indicates that both examined CDKIs are specific

and block the cell cycle progression of human

breast carcinoma cells at different phases. It be-

came evident that CDKIs did not induce G� arrest

in asynchronous MCF-7 cells.
Moreover, the exposure of asynchronously

growing MCF-7 cells to ROSC induced apoptosis.

The onset of G�/M arrest and of an increase in cel-

lular levels of tumor suppressor protein p53 pre-

ceded the beginning of the process of programmed

cell death. A few independent lines of evidence

showed that ROSC-induced apoptosis in MCF-7

cells beginning at 6 h after drug administration pro-

ceeded slowly and the increased frequency of

apoptotic cells was detected between 15 h and 24 h.

The early stages of ROSC-induced cell death were

characterized by loss of phosphatidylserine asym-

metry [25]. At 6 h of the treatment, activation of

caspase-7 and appearance of a 89 kD fragment of

PARP-1 was observed. At this time point, chroma-

tin condensation indicative of apoptosis was de-

tected in a number of nuclei. In the later phase of

apoptosis beginning 12 h after ROSC treatment,
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Fig. 3. The increase in cellular levels of p53 protein in response
to ROSC treatment. Proteins of whole cell lysates (WCLs) (30
�g/lane) were separated on 10% SDS slab gel. The equal protein
loading and quality of protein transfer was checked by Ponceau
S staining of the membrane. The blot was incubated with mono-
clonal anti-p53 antibodies DO-1 and sequentially with anti-
PARP-1 antibody C-2-10 and anti-actin antibodies

Fig. 4. Release of mitochondrial proteins after exposure of
MCF-7 cells to ROSC. WCLs and proteins of cytosol (30
�g/lane) were separated on 10% SDS slab gels. The blot was in-
cubated with monoclonal anti-APAF-1 antibodies and sequen-
tially with anti-AIF antibodies and anti-actin antibodies. The
conditions of the immunoblotting as in Figure 3. Incubation
with anti-actin antibodies revealed a strong actin expression in
WCLs. Cytosol fraction obtained after ultracentrifugation step



DNA fragmentation was observed as assessed by
TUNEL assay [25].

Moreover, ROSC but not OLO induced the de-
gradation of PARP-1 that is a major nuclear target
of caspases. The generation of a 89 kD degradation
product of PARP-1 in cells lacking caspase-3 activ-
ity could be surprising. However, deficiency in cer-
tain caspases may be compensated by the activation
of other caspases [27]. The activated caspase-7 could
be a potential executor of the PARP-1 cleavage oc-
curring in ROSC-treated MCF-7 cells.

CDKs are essential players in the intracellular
control of the cell cycle [17]. Since the CDKs and
their regulatory partners are frequently deregulated
in human cancers [18] and exhibit enhanced activity
[5], 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 [8, 15]. One efficient group
of these compounds is based on the substitution of
purines and pyrimidines [8, 11, 15]. Substituted pu-
rines represent CDKIs that are most structurally simi-
lar to ATP, whose binding they antagonize. Among
a series of C2, N6, N9-substituted adenines, ROSC
displays high efficiency and selectivity towards
some CDKs [15]. From among about 25 investi-
gated kinases, only a few were significantly inhib-
ited by ROSC with IC�� values lower than 1 �M
[15]. Cdc2/cyclin B and cdk2/cyclin A were identi-
fied as the best targets [15]. Due to its high selec-
tivity, ROSC is predestined to be a potent anti-
mitotic drug, especially for chemotherapy of mul-
tidrug resistant cancer cells. It has been previously
shown that ROSC inhibits tumor cells in G� and G�

phases of the cell cycle [8, 9, 27].
ROSC strongly up-regulated wt p53 protein in

MCF-7 cells. This is in concordance with previous
reports [6, 7, 13, 25]. The p53, a product of tumor
suppressor gene, plays an essential role in the cellu-
lar response to a variety of stress stimuli [1, 2]. Ac-
tivated p53 protein targets a variety of downstream
genes responsible for cell cycle regulation as well
as induction and execution of apoptosis. Thus, in-

duction of cellular p53 response by distinct anti-
cancer drugs [3, 4, 14] is thought to induce a tran-

sient or permanent cell cycle arrest or to initiate
apoptosis thereby eliminating the malignant cells.
In this context, the ROSC-mediated activation of
p53 in MCF-7 cells is of importance and provokes
the question of whether the up-regulated p53 is in-

volved in the induction of G2 arrest and apoptosis.

Considering the fact that the up-regulation of p53
preceded the onset of cell cycle arrest and apopto-
sis, one might speculate that the induced p53 could
positively regulate both processes by transcrip-
tional activation of specific downstream targets
such as APAF-1, caspase-9, bax or GADD-45.

Our results substantiate previous observations
that the CDKIs are potent anti-mitotic drugs [16,
20, 25, 26] and work efficaciously also in chemore-
sistant cells.
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