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a b s t r a c t

Escape from the proper control of the cell cycle by up-regulation of cyclins or aberrant

activation of cyclin-dependent kinases (CDKs) as well as by inactivation of cellular inhibitors

of CDKs (CKI) leads to malignant transformation. Loss of cellular CKIs in cancers provided a

rationale for development of pharmacological inhibitors of CDKs. Recently synthesized

CKIs, e.g., purine derivatives such as olomoucine (OLO) and roscovitine (ROSC) are non-

genotoxic and exhibit increased selectivity towards CDK2 and CDK7/9. Interestingly, both

drugs induce additional effects. Recently, a new, unexpected action of OLO on normal

human cells was observed. OLO strongly up-regulates CLIMP-63, a 65 kD protein that

mediates the anchoring of the ER to microtubules. Moreover, ROSC induces in human

MCF-7 cells phosphorylation of p53 protein at Ser-46 which in turn initiates caspase-

independent apoptosis.

In the present contribution we raised the question whether both CKIs would be able to

block cell cycle progression and to reactivate p53 protein in human HPV-positive HeLa cervix

carcinoma cells. We also addressed the question whether exponentially growing cancer

cells are more susceptible to the inhibitory action of CKIs than normal cells. Our results

show that HeLa cells are much more sensitive to ROSC than normal fibroblasts. ROSC

induces G2 arrest and apoptosis in HeLa cells. It also reactivates and stabilizes wt p53

protein. The increase of p53 protein coincides with down-regulation of E6 oncoprotein.

Thus, the biological action of substituted purines is not restricted to the inhibition of

CDKs and open new perspectives for their therapeutic applications.
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1. Introduction

The progression of the mammalian cell cycle is driven by

transient activation of complexes consisting of cyclins and
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t kinase inhibitor; CKAP4/p63, cytoskeleton-associated protein 4/
asmic reticulum; FACS, fluorescence-activated cell sorting; HIPK2,
bling level; PI, propidium iodide; PVDF, polyvinylidene difluoride;
trometry.
.

mailto:Jozefa.Gadek-Wesierski@meduniwien.ac.at
http://dx.doi.org/10.1016/j.bcp.2008.07.040


b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 5 0 3 – 1 5 1 41504
suppressor proteins such as pRb and p53 leads to development

of cancer [for reviews, see Refs. [4–8]]. For these reasons the

activated cyclin–CDK complexes have been considered as very

promising therapeutic targets in human malignancies [9].

Moreover, loss of cellular CKIs in cancers provided a rationale

for development of pharmacological inhibitors negatively

affecting the activity of CDKs. Furthermore, it has also been

recognized that the (re)activation of the endogenous wt p53 in

cancer cells may substantially contribute to the positive

outcome of chemotherapy [10,11]. In the mid 90s first pharma-

cological inhibitors of CDKs were generated by a Czech group

[12]. They had a relatively low specificity and inhibited a broad

range of cellular kinases. Later, more selective compounds

were synthesized [13–15]. Currently available pharmacological

CDK inhibitors represent a few distinct classes of compounds

and exert different target specificity [16,17]. Some of them, e.g.,

flavopiridol and roscovitine (ROSC) have been found to

markedly increase levels of p53 tumor protein suppressor

protein [18,19]. Considering the fact that rapidly dividing

cancer cells and normal, healthy cells differ in the pattern of

the expression of cell cycle regulators, in CDK activities, and in

the p53 status, one might expect that anti-proliferative effi-

ciency of the pharmacological CDK inhibitors would depend

on the mitotic index of treated cells.

Pharmacological inhibitors of CDKs belonging to purine

derivatives such as ROSC and olomoucine (OLO) are non-

genotoxic and exhibit increased selectivity towards CDK2 and

CDK7/9 [13–15]. Interestingly, both drugs exert additional

effects [20–22]. We studied recently the effects of ROSC and

OLO on asynchronously growing human MCF-7 breast cancer

cells that express wt p53 protein. In these cells effector

caspase-3 is inactivated due to a deletion of a 47-bp fragment

within exon 3 of the caspase-3 gene [23]. As a consequence

MCF-7 cells are resistant to the action of a variety of

conventional cytostatic drugs [24,25]. We observed that ROSC

inhibited proliferation and induced a strong cell cycle arrest

of the human asynchronously growing MCF-7 breast cancer

cells beginning at 6 h after onset of the treatment [21,26].

Inhibition of DNA replication and accumulation of G2/M

arrested cells coincided with a marked up-regulation of p53

protein and with the appearance of a few Annexin-V positive

cells and preceded the main wave of apoptosis occurring after

exposure of MCF-7 cells to ROSC for 24 h [21]. Moreover, ROSC

resulted in the nuclear accumulation of p53 protein and its

significant stabilization [21,26]. Interestingly, ROSC-induced

site-specific phosphorylation of p53 protein [26]. Unlike other

agents, ROSC did not induce phosphorylation of p53 protein at

Ser-15 and Ser-20 [22,26], but modified p53 at the serine

residue at position 46 [26]. The onset of phosphorylation of

Ser-46 preceded the appearance of p53AIP1 protein [26], a

specific downstream target of site-specifically phosphory-

lated p53 transcription factor [27]. p53AIP1 protein, induced

by the p53 isoform phosphorylated at Ser-46, accumulated

after de novo synthesis in the cytosol and then moved into the

mitochondria [26]. Analyses of the enzymatic activity

revealed that homeodomain-interacting protein kinase-2

(HIPK2) but not ATM kinase was activated by ROSC in MCF-

7 cells [28]. The overexpression of wt but not mutant HIPK2

increased the basal and ROSC-induced level of p53 phos-

phorylation at Ser-46 and strongly enhanced the rate of
apoptosis in cells exposed to ROSC [28]. These observations

raised the question whether ROSC would also be efficient in

the treatment of cancers with viral etiology, e.g., HPV-positive

cervix carcinoma. Considering the fact that cellular CDKs are

required for nuclear viral DNA replication and transcription,

pharmacological inhibitors of CDKs also possess anti-viral

activities [29,30].

Therefore, in the present paper we examined the suscept-

ibility of virally transformed human cancer cells to two related

purine-based inhibitors namely OLO and ROSC, and compared

with that of normal human fibroblasts. Unlike ROSC, OLO is a

much weaker inhibitor of CDKs. Both inhibitors inhibited

proliferation of human HeLa cervix carcinoma cells. However,

much higher concentration of OLO was necessary to reduce

the number of living cells by 50%. Exposure of HeLa cells to

ROSC resulted in a marked increase of cellular p53 protein

levels due to its stabilization that coincided with a decrease of

the level of E6 oncoprotein. As expected, both CDK inhibitors

showed a weak anti-proliferative effect on non-transformed

human fibroblasts. Surprisingly, their exposure to OLO but not

to ROSC resulted in an induction of a protein with 65 kD in a

dose- and time-dependent manner. Mass spectrometric

analysis of the Coomassie-blue-stained up-regulated protein

revealed that the cytoskeleton-linking membrane protein-63

(CLIMP-63) [20] is a major component of the strong protein

band. The identity of this protein was confirmed by immuno-

blotting experiments. These results clearly demonstrate that

even less potent pharmacological CDK inhibitors exert strong

biological effects on normal tissues.

Thus, CDK inhibitors exert pleiotropic effects on normal

and cancer cells and they interact with cell specific targets.
2. Material and methods

2.1. Cell culture

Normal human MRC-5 skin and F2000 lung fibroblasts, as well

as human HeLa cervix carcinoma cells were used in this

study. MRC-5 and F2000 cells were grown up to 60–70%

confluence as a monolayer in Dulbecco’s medium supple-

mented with 10% fetal calf serum in an atmosphere of 8% CO2.

HeLa cells were grown as suspension culture in RPMI medium

with 10% fetal calf serum in an atmosphere of 5% CO2. Cells

were treated with ROSC and OLO at a final concentration

ranging from 1 to 150 mM for indicated periods of time.

2.2. Antibodies

We used the following antibodies: monoclonal anti-CLIMP-63

(G1/296) (Alexis Biochemicals, San Diego, CA) and polyclonal

antibody (a kind gift from Dr. J. Rohrer) [31], monoclonal anti-

PCNA (clone PC-10) antibody (Oncogene Research Products,

Cambridge, MA), monoclonal anti-MCM-7 (clone DCS141.2)

antibody and anti-Rb antibody (IF-8) (Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA), p53 DO-1 antibody which was a kind

gift from Dr. B. Vojtesek (Masaryk Memorial Cancer Institute,

Brno), and monoclonal anti-actin antibody (Clone C4) from ICN

Biochemicals (Aurora, OH, USA). Polyclonal antibodies recog-

nizing site-specific phosphorylation of CDKs and of Rb protein
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as well as total CDKs were from New England Biolabs (Beverly,

MA). Fluorescein-conjugated monoclonal mouse antibodies

M30 CytoDEATH, recognizing only caspase-3 cleaved cytoker-

atin 18, were from Roche Applied Science (Penzberg, Ger-

many).

2.3. Determination of the number of viable cells

Proliferation of human cells and their sensitivity to increasing

concentrations of drugs were determined by the CellTiter-

Glo1 Luminescent Cell Viability Assay (Promega Corporation,

Madison, WI). As described recently in more detail [32], the

CellTiter-Glo1 Luminescent Cell Viability Assay, generating

luminescent signals, is based on quantification of the cellular

ATP levels. Tests were performed at least in quadruplicates.

Luminescence was measured in the Wallac 1420 Victor, a

multilabel, multitask plate counter. Each point represents the

mean � S.D. (bars) of replicates from at least three experi-

ments.

2.4. Measurement of the caspase-3 activity

Activity of the caspases 3/7 was determined in multiwell

plates using the homogeneous, luminescent Caspase-GloTM 3/

7 assay (Promega Corp., Madison, WI) as described previously

in more detail [33,34]. The Caspase-GloTM 3/7 assay provides a

proluminescent caspase-3/7 substrate, which contains the

tetrapeptide sequence DEVD that is recognized by both

effector caspases. The addition of a single Caspase-GloTM 3/

7 reagent in an ‘‘add-mix-measure’’ format results in cell lysis,

followed by caspase-mediated cleavage of the DEVD motif.

This releases a substrate for luciferase (aminoluciferin) that

generates a ‘‘glow-type’’ luminescent signal. Luminescence is

proportional to the amount of caspase activity present in the

samples. Fresh medium (no cells = no caspase) was used as a

blank. The measured values (relative luminescence units,

RLU) were blank subtracted and normalized against the

number of viable cells present in the wells. The latter were

parallelly determined using CellTiterLumiGlo. Each point

represents the average of four replicates.

2.5. Measurement of DNA content in single cells by
flow cytometry

The measurement of DNA content was performed by flow

cytometric analysis based on a slightly modified method

[35] described previously by Vindelov et al. [36]. Propidium

iodide (PI)-stained cells were measured by flow cytometry

using the Becton Dickinson fluorescence-activated cell sorter

(FACScan). Distribution of cells in distinct cell cycle phases

was determined using ModFIT cell cycle analysis software.

DNA histograms were obtained by the CellQuest evaluation

program.

2.6. Detection of apoptotic cells by CytoDEATH staining

Apoptotic cells were detected by M30 CytoDEATH monoclonal

antibodies (Roche Molecular Biochemicals, Vienna, Austria)

recognizing caspase-3 cleaved cytokeratin 18. Apoptotic cells

were detected in situ by indirect immunofluorescence micro-
scopy and were additionally quantified by flow cytometric

analysis [34]. For microscopic analysis cells were plated on

slides in plastic chambers and appropriately cultivated. After

treatment for indicated time, cells were washed three times in

PBS, fixed and stained with the fluorescein-coupled M30

CytoDEATH monoclonal antibodies according to the manu-

facturer’s protocol. M30 CytoDEATH stained cells were

quantified by flow cytometric and inspected under a fluores-

cence microscope (inverted microscope Eclipse TE300, Nikon

Corporation, Tokyo) [33,34].

2.7. Quantitative analysis of the mitochondrial membrane
potential by flow cytometry

Depolarization of mitochondrial membrane was monitored

using the cationic carbocyanine dye JC-1 (Molecular Probes

Inc., Eugene, OR, USA) as previously described [26].

2.8. Mass spectrometric analysis

Unless otherwise noted, the various steps of the procedure

were performed at room temperature and all incubation steps

were performed under shaking. The protein band of interest

in the SDS-gel was excised, cut into small pieces, transferred

into a 0.25-ml polyethylene sample vial and washed twice

with 150 ml, 10 mM NH4HCO3, pH 8.9 (15 min at 30 8C). The

supernatant was discarded and the gel pieces were shrunk by

dehydration in 150 ml of 50% (v/v) acetonitrile/10 mM

NH4HCO3 (15 min at 30 8C). This step was performed twice

and, after removing all liquid, the gel pieces were dried in a

vacuum centrifuge. The gel pieces were swollen in a digestion

buffer containing 10 mM NH4HCO3 and 0.05 mg/ml of trypsin

(Roche, sequencing grade) at 4 8C for 20 min. The supernatant

was removed and replaced with 20 ml of the same buffer

without trypsin. Digestion took place overnight at 37 8C.

Peptides were extracted by adding 50 ml, 10 mM NH4HCO3

(37 8C, 15 min), and 50 ml acetonitrile (37 8C, 15 min). After

collecting the supernatant 100 ml, 10% formic acid/20%

acetonitrile/20% 2-propanol was added to the gel pieces

(37 8C, 10 min). The supernatants were combined, concen-

trated by drying to approximately 5 ml, and stored at –20 8C.

Tryptic protein digestions were analysed using capillary HPLC

connected on-line to an LCQ ion trap instrument (Thermo-

Finnigan, San Jose, CA, USA) equipped with a nanospray

interface. The nanospray voltage was set at 1.6 kV and the

heated capillary was held at 170 8C. MS/MS spectra were

searched against a human protein database using SEQUEST

(LCQ BioWorks; ThermoFinnigan).

2.9. Electrophoretic separation of proteins and
immunoblotting

Total cellular proteins dissolved in SDS sample buffer were

separated on 10% SDS slab gels and transferred electrophor-

etically onto polyvinylidene difluoride (PVDF) membranes

(Amersham International, Little Chalfont, Buckinghamshire,

England). Equal protein loading and protein transfer was

confirmed by Ponceau S staining. Blots were incubated with

specific primary antibodies at the appropriate final dilution

and the immune complexes were detected using appropriate



Fig. 1 – ROSC stronger reduces the number of viable human HeLa cervical cancer cells than OLO. Exponentially growing HeLa

cells plated in 96-well microtiter plates were treated for 24 h with increasing concentrations of ROSC and OLO. The number

of viable cells was determined directly after treatment (24 h) and additionally, after post-incubation for 48 h in a drug-free

medium (24 h/MC/48 h). The graph represents mean values W S.D. from three independent experiments, each performed at

least in quadruplicates. IC50 values for both drugs are indicated.
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peroxidase-conjugated secondary antibodies and the enhan-

ced chemiluminescent detection reagent ECL+ (Amersham

International, Little Chalfont, Buckinghamshire, England). In

some cases, blots were used for several sequential incuba-

tions. Incubation with anti-actin antibodies additionally

confirmed equal protein loading [32,33].

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism

and significance levels were evaluated using Dunnett’s

Multiple Comparison test.
3. Results

3.1. ROSC stronger inhibits proliferation of exponentially
growing HeLa than OLO

In agreement with our previous observations [37], treatment of

HeLa cells for 24 h with increasing ROSC concentrations

resulted in a clear reduction of the number of viable cells in a

concentration-dependent manner (Fig. 1). At a final concentra-

tion of 28.2 mM the number of viable cells was reduced by 50%.

We also checked whether the inhibitory effect of ROSC is

transient or may persist in the absence of the drug. For this

purpose we treated cells with ROSC for 24 h and then after

medium change cells were post-incubated in a drug-free

medium for the further 48 h. As depicted in Fig. 1, after post-

incubation the number of viable cells decreased. IC50 was

reduced by approximately 30% thereby evidencing that the

inhibition of CDKs in HeLa cells has long-term effects. Unlike

ROSC, OLO exerts a much weaker anti-proliferative effect. An

approximately seven-fold higher dose of OLO was necessary to

reduce the number of living HeLa cells by 50% (Fig. 1). Moreover,

the inhibitory effect of OLO was transient. Afterpost-incubation

of OLO-treated HeLa cell for 48 h in a drug-free medium the
number of HeLa cells slightly increased (IC50 = 273 mM). This

indicates that OLO-treated HeLa cells very rapidly re-entered

the active cell cycle.

3.2. Normal fibroblasts are less susceptible to the action
of pharmacological inhibitors of CDKs

It has been previously evidenced that ROSC and OLO affected

human MRC-5 cells only at high doses [20]. In the present

paper we examined additionally F2000 cells, normal human

fibroblasts. Treatment of human F2000 cells for 24 h with both

inhibitors slightly diminished their number (Fig. 2). However,

after post-incubation of OLO-treated F2000 cells for 48 h in a

drug-free medium the number of viable cells was markedly

diminished (Fig. 2). The difference between controls and cells

treated with 150 mM OLO was statistically very significant

( p < 0.01). Similar effects were observed after exposure of

MRC-5 cells to CKIs (not shown).

3.3. ROSC increases ratio of G2 arrested HeLa cells and
after longer time induces apoptosis

Determination of the DNA concentration in PI stained cells

revealed that ROSC primarily inhibits the cell cycle progres-

sion of HeLa cells (Fig. 3A), and at higher concentrations

induces apoptosis (Fig. 3B), but has a low effect, if any, on the

distribution of MRC-5 (Fig. 4) and F2000 cells (not shown) in

cell cycle phases. After exposure of HeLa cells to ROSC at

higher concentrations for 24 h an accumulation of the G2/M

cell population became evident (Fig. 3B). At a final concentra-

tion of 40 mM ROSC the ratio of hypoploid cells representing

cells undergoing apoptosis increased (Fig. 3B). The accumula-

tion of G2/M cells coincided with the increase of the inhibitory

phosphorylation of CDK1 (at Thr14/Tyr15) (not shown)

thereby indicating that ROSC arrested cells in the G2 phase

of the cell cycle. Unlike ROSC, OLO affected HeLa cells much

weaker. No accumulation of hypoploid cells and a slight



Fig. 2 – Long-term effect of OLO on the proliferation of human F2000 fibroblasts. Dividing human F2000 fibroblasts plated in

96-well microtiter plates were treated for 24 h with increasing concentrations of OLO and ROSC. The number of viable cells

was determined directly after treatment (24 h) and additionally, after post-incubation for 48 h in a drug-free medium (24 h/

MC/48 h). The graph represents mean values W S.D. from three independent experiments, each performed at least in

quadruplicates. IC50 = 182 mM OLO after treatment for 24 h, medium change and post-incubation for 48 h. Statistical

analyses were performed using GraphPad Prism and significance levels were evaluated using Dunnett’s Multiple

Comparison test. The reduction of the number of viable cells after exposure to 150 mM OLO for 24 h/MC/48 h was very

significant ( p < 0.01).
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increase of G2/M cells were observed 24 h after onset of

treatment (Fig. 3C).

The distribution of human MRC-5 cells in distinct cell cycle

phases was not changed after their exposure for 24 h to both

CKIs (Fig. 4). These observations are in concordance with the

results of cell proliferation assay (Fig. 2).

3.4. ROSC increases the concentration of p53 protein in
HeLa and in MRC-5 cells

Analysis of cell lysates by immunoblotting revealed that

cellular levels of p53 protein markedly increased in human

HeLa cells (Fig. 5) and MRC-5 cells (Fig. 6) exposed to ROSC.

Interestingly, OLO has much weaker effect on the cellular level

of p53 protein. OLO has no effect on p53 levels in HeLa cells

(Fig. 5) but resulted in a weak increase of p53 protein in MRC-5

cells (Fig. 6A). Unlike in HeLa cells, in human MRC-5 fibroblasts

the basal p53 expression is higher and even in untreated

control cells p53 protein is detectable (Fig. 6A and B).

Remarkably, ROSC is able to elevate the p53 concentration

not only in cycling but also in quiescent MRC-5 cells (Fig. 6).

The latter are characterized by a down-regulation of MCM-7

protein (Fig. 6B).

3.5. ROSC stabilizes p53 protein in HeLa cells

p53 protein is generally a short-lived protein and in HeLa cells

its half-life is additionally shortened by the inactivating

interaction with HPV-encoded E6 oncoprotein. Therefore,

the question appeared whether ROSC would be able to prevent

the accelerated p53 degradation. For this purpose the stability

of p53 protein was examined in control cells and cells exposed

to ROSC for 15 h. To determine the half-life of proteins, their

synthesis was blocked by addition of emetine to cell culture

and then after post-incubation for different periods of time

cells were lysed. WCLs from control and ROSC-treated cells

were loaded on the same slab gel, and after electrotransfer
onto PVDF membrane p53 protein was detected by immuno-

blotting. As shown in Fig. 7A, in control cells p53 signal was

very weak. In contrast, the intensity of p53 protein band was

very strong in ROSC-treated samples and it only slightly

decreased after post-incubation for 60 min (Fig. 7A). This

clearly evidences that ROSC markedly increased the stability

of p53 protein. This observation evoked the question how does

it work? Is ROSC able to prevent p53 targeting by E6-AP

ubiquitin ligase recruited by E6 oncoprotein or does ROSC

inhibit the transcription of the virally encoded E6 protein. Our

preliminary results (Fig. 7B) indicate that ROSC repressed the

E6 protein. After 12 h ROSC the intensity of E6 protein band

was clearly diminished.

3.6. Reduced activity status of CDKs in cells exposed
to ROSC

To evaluate the real effect of ROSC on the activity status of

CDKs, we examined its action on the site-specific phosphor-

ylation of CDK2 and CDK7. As depicted in Fig. 7C and D, after

administration of ROSC at a final concentration of 40 mM the

activating phosphorylation of CDK2 at Thr160 and of CDK7 at

Ser167/Thr170 was abolished. The lack of the activating

phosphorylation of CDK2 correlated with the appearance of

Rb protein that was unphosphorylated at Ser780 (Fig. 7D).

Interestingly, the prevention of the phosphorylation of CDK7

has implications not only for the cell cycle progression but also

for transcription of both cellular and virally encoded genes and

elucidates the mechanism of the ROSC-mediated repression of

E6 oncoprotein.

3.7. ROSC induces caspase-dependent apoptosis

Accumulation of sub-G1 cells after ROSC treatment focused

our attention on the pathway of programmed cell death.

Inspection of the reactivity pattern of anti-PARP-1 antibodies

on immunoblots (Fig. 5) revealed an appearance of an 89 kD



Fig. 3 – ROSC but not OLO induces cell cycle arrest and apoptosis in HeLa cells. The cells were treated with 20 mM ROSC or

20 mM OLO for the indicated periods of time. (A) Example FACS profiles of propidium iodide-stained control cells, and cells

treated with ROSC or OLO, respectively. (B) Effect of ROSC on the distribution of HeLa cells in distinct cell cycle phases. HeLa

cells were continuously exposed to ROSC at indicated concentrations for 24 h or 48 h. The graph represents mean

values W S.D. from three independent experiments. ROSC at higher concentrations blocks HeLa cells in G2 phase of the cell

cycle and induces apoptosis. Continuous treatment with 40 mM ROSC for 48 h did not increase apoptotic rate. (C) Effect of

b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 5 0 3 – 1 5 1 41508



Fig. 4 – ROSC and OLO do not affect the progression of cell cycle in human MRC-5 cells. MRC-5 cells were treated with 20 mM

ROSC or 20 mM OLO for the indicated periods of time. DNA histograms of propidium iodide-stained control cells, and cells

treated with ROSC or OLO, respectively are shown.
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band corresponding to the caspase-3 cleaved fragment of

PARP-1 in samples obtained from CKI-treated cells. The

monitoring of the activity status of caspase-9 (Fig. 5) shows

the appearance of a cleaved form of caspase-9 (p18) in cells

exposed to ROSC. After ROSC treatment for 24 h the intensity

of procaspase-9 strongly decreased. This correlates with the

major peak of the hypoplopid cells. Therefore, to unambigu-

ously prove the pro-apoptotic effect of ROSC on HeLa cells, we

performed a few experiments to find out whether ROSC

treatment has any effect on the potential of the mitochondrial

membrane and on the activity of effector caspases, e.g.,

caspase-3 and -7. The cytometric bivariate analysis of the

aggregation status of the cationic dye JC-1 revealed that

approximately 20% of HeLa cells lost the ability to aggregate
OLO on the distribution of HeLa cells in distinct cell cycle phase

independent experiments. HeLa cells were continuously expos
the dye upon treatment of cells with ROSC for 24 h (Fig. 8A). It

became evident that a higher dose of ROSC is necessary to

reduce the potential of the mitochondrial membrane (Fig. 8A).

Moreover, the activation of effector caspases in ROSC-treated

HeLa cells was evidenced by another test. Using for immuno-

fluorescence staining and flow cytometry specific antibodies

reacting solely with caspase-3 cleaved targets, strong signals

for cleaved PARP-1 (not shown) and cytokeratine 18 (M30

CytoDEATH, Fig. 8B) positive cells appeared after treatment

with ROSC. As depicted in Fig. 8B, in untreated controls

approximately 3% cells were stained and after exposure for

12 h to 40 mM ROSC the ratio of M30 CytoDEATH-stained cells

increased by 10%. We also determined the activity of caspase-

3/7 in HeLa cells exposed to ROSC. An eight-fold increase of the
s. The graph represents mean values W S.D. from three

ed to 20 mM OLO for indicated periods of time.



Fig. 5 – ROSC but not OLO reactivates p53 protein in HeLa

cells. Whole cell lysates (WCLs) were prepared from

control cells and cells exposed to 20 mM ROSC or to 20 mM

OLO for indicated periods of time. Proteins (30 mg protein/

well) were separated on 10% or 12% SDS polyacrylamide

gels and transferred onto PVDF membrane. WCL prepared

from human HTB31 cervix carcinoma cells, that express

mutated p53 protein, was loaded as a p53 positive control.

Blots were incubated with primary antibodies as

indicated. Proper transfer of proteins and equal protein

loading was checked by Ponceau S staining. Immune

complexes were labelled with appropriate secondary

antibodies coupled to HRP and finally detected using ECL+

as a substrate.

Fig. 6 – Effect of ROSC and OLO on cellular levels of p53

protein in MRC-5 cells. Whole cell lysates (WCLs) were

prepared from control cells and cells exposed to 20 mM

ROSC or to 20 mM OLO for indicated periods of time.

Proteins (30 mg protein/well) were resolved on 10% SDS

polyacrylamide gels and transferred onto PVDF

membrane. Blots were incubated with primary antibodies

as indicated. Conditions of immunoblotting as described

in detail in Fig. 5.
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caspase-3/7 activity was observed after treatment with 40 mM

ROSC for 18 h (Fig. 8C).

3.8. Increase of CLIMP-63 protein in OLO-treated human
MRC-5 fibroblasts

Human MRC-5 cells were exposed to both CKIs at a final

concentration of 20 mM. In concordance with our previous

report, OLO but not ROSC elevated the intensity of a protein

band at 65 kD (Fig. 9A). Using mass spectrometry for analysis

of the excised bands the CLIMP-63 protein was identified as its

major component. The identity of the protein was further

confirmed by immunoblotting (Fig. 9B). As shown in Fig. 9A, in

control MRC-5 cells and cells treated with ROSC signals for

CLIMP-63 protein were not detectable. In contrast, in cells

exposed to OLO for 24 h CLIMP-63 a strong signal appeared.

These results confirm our previous. However, the analysis of

the time course of the accumulation of CLIMP-63 protein of the

protein revealed that it is induced with varying kinetics.
4. Discussion

The human genome encodes for 13 putative CDKs [38]. Based

on their functions, CDKs can be classified in two major groups:

those involved in the control of the cell cycle and others

responsible for transcriptional regulation. Cell cycle regula-

tory CDKs 1, 2, 3, 4, and 6 associate with corresponding cyclins

drive the cell cycle progression and cell division. Transcrip-

tional kinases like CDK8 with cyclin C and CDK9 with cyclin T
(pTEFb), constitute a second non-overlapping group of the

CDKs. They promote initiation and elongation of nascent RNA

transcripts by phosphorylation of the largest subunit of RNA

polymerase II [39–42]. One CDK, namely CDK7 complexed with

cyclin H, also implicated in the regulation of transcription,

cannot be simply classified. It provides a direct link between

regulation of cell cycle and transcription, because it is both, a

CDK-activating kinase (CAK) and a constituent of the basal

transcription factor TFIIF, which phosphorylates the serine

residues within the heptapeptide repeat of the carboxy

terminal domain (CTD) of RNA polymerase II [39].

The selective, pharmacological CDK inhibitors (from the

purine family) compete with ATP and can be pan-specific and

oligo- or mono-specific. ROSC and OLO are oligo-specific and

preferentially inhibit only a subset of CDKs. Interestingly,

ROSC is non-toxic and in pre-clinical and in clinical trials its

high efficacy was so far attested [17]. Currently, ROSC is in

phase II clinical trials for breast cancer, small cell lung

carcinoma and glomerulonephritis [17]. Interestingly, phar-

macological inhibitors of CDKs exert additional, very promis-

ing activities. Since a number of viruses require cellular CDKs

for their DNA synthesis, the inhibition of CDKs might prevent

their replication and thereby would display anti-viral effects

[29]. Indeed, several purine-based CKIs including ROSC have

anti-viral activity [30]. It has been shown that ROSC blocks

replication of HIV, HCMV, EBV as well as of HSV-1 and -2 [30].

However, the exact mechanisms by which the CKIs prevent

the replication of the anti-viral but not cellular genome is still

not clear. Therefore, the anti-viral mechanisms and targets of

CKIs have to be carefully investigated and characterized.



Fig. 7 – ROSC stabilizes p53 protein in HeLa cells by

repression of E6 oncoprotein. (A) ROSC increases the half-

life of p53 protein in HeLa cells. Control cells and cells

exposed for 15 h to 20 mM ROSC were treated with

emetine, an inhibitor of protein synthesis. WCLs were

prepared immediately after addition of emetine and at

different time points after post-incubation as indicated.

Proteins were resolved on 10% SDS polyacrylamide gels

and transferred onto PVDF membrane. Blots were

incubated with antibodies as indicated. Proper transfer of

proteins and equal protein loading was checked by

Ponceau S staining. (B) Decrease of the levels of E6 protein

after exposure of HeLa cells to ROSC. WCLs were separated

on 15% SDS polyacrylamide slab gels. Blots were

incubated with antibodies as indicated. (C) ROSC abolishes

the activating phosphorylation of CDK2. WCLs prepared

from untreated controls (0 h) and cells exposed to ROSC at

indicated concentrations for 12 h were separated on 12%

SDS polyacrylamide slab gels. Blots were incubated with

antibodies as indicated. (D) ROSC inhibits site-specific

phosphorylation of CDK7 determining its transcriptional

activity. WCLs prepared from untreated controls (0) and

cells exposed to ROSC at indicated concentrations for 12 h

and 18 h were separated on 12% SDS polyacrylamide slab

gels. In the third lane of the lower gel a molecular weight

marker was loaded instead of WCL sample.

b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 5 0 3 – 1 5 1 4 1511
In this contribution we examined the action of two purine-

based CKIs: ROSC and OLO on the proliferation and cell cycle

progression of HeLa cells. Human HeLa cervical carcinoma

cells express E6 and E7 oncoproteins, products of the high-risk

HPV18. These small proteins exert profound effects on the

tumor suppressor proteins pRb and p53. E7 binds to pRb

resulting in destabilization and finally disruption of Rb/E2F

repressor complexes. E6 oncoprotein recruits cellular E6-AP

and targets p53 for ubiquitylation and enhanced proteasome-

mediated degradation [43,44]. These interactions disrupt the

restriction checkpoint between G1 and S phase. As a

consequence HPV-positive cells escape from the proper cell

cycle control and may acquire additional mutations driving

tumor progression. It has been recognized that repression of

HPV-encoded oncoproteins reactivates p53 and pRb proteins

and restores tumor suppressor pathways. Different strategies

were developed to eradicate both HPV-encoded oncoproteins

from HeLa cells [45,46]. Considering the anti-viral properties of

ROSC, one would expect that it would be able to restore normal

function of p53 and pRb. Our results show that ROSC blocks

cell cycle progression and reactivates p53 in HeLa cells. It

coincides with the repression of E6 protein. How to explain the

diminution of the cellular levels of E6 protein upon ROSC

treatment? As evidenced in this publication, ROSC abolished

the activating phosphorylation of CDK2 and CDK7. The

reduction of the site-specific phosphorylation at the T-loop

of CDK2 detected already after exposure to ROSC for 12 h

correlated with the decrease of the phosphorylation of Rb

protein. The prevention of phosphorylation of CDK7 is a

convincing proof of the effectiveness of ROSC treatment. CDK7

is at the crossroad between two processes: cell cycle and

transcription. The direct connection between regulation of the

activity status of CDKs and transcription machinery main-

tained by CDK7 implicates that it accepts two distinct

substrates. It is not clear how these two functions might be

timely and spatially coordinated. The question how CDK7 is

able to discriminate between two targets is partially eluci-

dated. It has been suggested that phosphorylation of Thr170

greatly stimulates the activity of the CDK7/cyclin H/MAT1

complex towards the C-terminal domain of RNA polymerase II

without significantly affecting activity towards CDK2. Thus,

these results indicate that the phosphorylation status of

Thr170 can modulate the substrate specificity of CDK7 to

favour CTD over CDKs. Considering the fact that active RNA

polymerase II is required for transcription of the viral genome,

the inactivation of CAK after administration of ROSC con-

tributes to the downregulation of E6 protein. The restoration of

the functional p53 seems to facilitate the induction and

execution of apoptosis.

Apart from the anti-viral action of ROSC, the effect of OLO

on normal, non-transformed cells is surprising. It increases

the cellular levels of the CLIMP-63, alternatively also termed

cytoskeleton-associated protein 4/p63 (CKAP4/p63) [31]. OLO

induced CLIMP-63 protein in normal, quiescent fibroblasts but

not in immortalized or transformed cells [20].

In this context it is worth to mention that CLIMP-63 protein,

a non-glycosylated type II integral endoplasmic reticulum (ER)

membrane component [47], is a phosphoprotein [48]. The

human CLIMP-63 protein, originally identified and cloned by

Schweizer and her colleagues [31] consists of 602 amino acids.



Fig. 8 – ROSC induces caspase-dependent apoptosis. Exponentially growing HeLa cells were exposed to ROSC as indicated.

The potential of the mitochondrial membrane (A), caspase-3-mediated cleavage of cytokeratin 18 (B), and activity of

caspase-3 (C) were independently determined. (A) Decrease of the mitochondrial membrane potential after exposure to

ROSC. Cytogram of green (FL1-H) and red (FL2-H) staining from untreated control and ROSC-treated HeLa cell samples. JC-1

labels mitochondria with high membrane potential (J-aggregates) red and mitochondria with low membrane potential

green (JC-1 monomers). The changes in the ratio of green stained cells appearing in the lower right quadrant are indicated.

(B) Generation of caspase-3 cleaved cytokeratin 18 during treatment of HeLa cells with ROSC. Cytograms of M30

CytoDEATH-stained cells are shown. (C) Activation of caspase-3/7 in HeLa cells upon treatment with ROSC. Twenty-four

hours after plating of HeLa cells into a multiwell plate, medium alone or with ROSC was added. After exposure for 18 h, the

numbers of living cells and the activity of caspase-3/7 were determined. Fresh medium (no cells = no caspase) was used as

a blank. The measured values (relative luminescence units [RLU]) were blank subtracted and normalized against the

number of viable cells present in the wells. Each point represents the average of four replicates. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of the article).
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It contains three main domains: a short NH2-terminal cyto-

plasmic segment, a single transmembrane domain, and a

large extra-cytoplasmic luminal fragment [31,49]. The cyto-

plasmic segment binds to microtubules (MTs) [47]. CLIMP-63

protein was first localized to the rough ER of fibroblast-like,

epithelial and plasma cells [47]. A few years later it has been

reported that CLIMP-63 is also anchored to the cell membrane

and may serve as a functional receptor for tissue plasminogen

activator [50] and for the frizzled-8 protein-related anti-

proliferative factor (AIF) [51].

Interestingly, it has been reported that phosphorylation

status of CLIMP-63 protein is regulated in a cell cycle-

dependent manner and that the extent of its phosphorylation

increases during mitosis [48,52]. The cytosolic segment of

CLIMP-63 protein contains four typical motifs for phosphor-

ylation, three of which (Ser3, Ser19, and Ser101) are char-

acteristic protein kinase C sites, and one (Ser17) is a casein
kinase II site. Phosphorylation of CLIMP-63 protein seems to

control CLIMP-63-mediated anchoring of the ER to micro-

tubules [48]. In the light of these observations one might

speculate that OLO could reduce the phosphorylation state of

CLIMP-63 protein or of microtubules and thereby contribute to

its redistribution [48,53]. It could be a result of a changed

balance between kinase and phosphatase activities. Since

CLIMP-63 protein during interphase links ER membranes to

MTs, it is conceivable that changes of the phosphorylation

status of MTs could affect their binding to CLIMP-63. Given the

possibility that OLO affects the activity of a distinct kinase or

phosphatase that directly or indirectly regulates the phos-

phorylation status of CLIMP-63 protein or MTs, this effect

seems to be specific for OLO, because ROSC did not change

expression of CLIMP-63 protein. However, this does not

explain how the prevention of the phosphorylation of

CLIMP-63 protein might affects its stability. One may speculate



Fig. 9 – OLO induces CLIMP-63 protein in human MRC-5

cells. (A) Induction of a 65 kD protein in OLO-treated MRC-5

cells. Whole cell lysates (WCLs) were prepared from

control cells and cells exposed to 20 mM ROSC or to 20 mM

OLO for indicated periods of time. Proteins (30 mg protein/

well) were resolved on 10% SDS polyacrylamide gels.

Proteins were Coomassie-blue stained or transferred onto

PVDF membrane and Ponceau stained. (B) Increase of

CLIMP-63 protein after exposure to OLO. Blots were

incubated with primary antibodies as indicated.

Conditions of immunoblotting as described in detail in

Fig. 5.
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that site-specific phosphorylation could determine the half-

life of CLIMP-63 protein as in the case of survivin [54]. It is also

conceivable that prevention of phosphorylation would affect

the functional organization of CLIMP-63 protein and in this

way increase the efficiency of protein synthesis [55].

The functional consequences of the OLO-mediated up-

regulation of CLIMP-63 protein in normal, healthy cells and

their potential exploitation for, e.g., protection of normal cells

from the undesired side effects of chemotherapy have to be

systematically elucidated.
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