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Abstract Inhibition of cyclin-dependent kinases (CDKs) is a novel strategy in the therapy of human malignancies.
The pharmacological CDK inhibitors representing a few distinct classes of compounds exert different target specificity.
Considering the fact that dividing and quiescent cells differ in their CDK activity and in the pattern of their expression, one
might expect that anti-proliferative efficiency of the pharmacological CDK inhibitors would depend on the mitotic index
of treated cells. The present article shows that olomoucine (OLO), aweakCDK2 inhibitor has new, unexpected activity. At
concentrations up to100mMOLOdidnot inhibit proliferation of normal humancells, but arrested growthof humanHL-60
leukemia cells. The anti-proliferative effect ofOLOwas clearlyweaker than that of roscovitine (ROSC). Surprisingly,OLO
at low doses strongly up-regulated a cellular protein with approximately 65 kDa in normal, but not in immortalized and
cancer cells. By mass spectrometric analysis CLIMP-63, a cytoskeleton-linking membrane protein was identified as the
major component of the up-regulated protein band. These results were subsequently confirmed by immunoblotting.
Further experiments revealed that OLO, but not ROSC, strongly up-regulates CLIMP-63 in a dose- and time-dependent
manner solely in senescent cells. J. Cell. Biochem. 102: 1405–1419, 2007. � 2007 Wiley-Liss, Inc.
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Cyclin-dependent kinases (CDKs) that regu-
late sequential steps of the cell cycle in higher
eukaryotes, received much attention of oncolo-
gists during the past two decades [for reviews,

see van den Heuvel and Harlow, 1993; Hunter
and Pines, 1994; Vermeulen et al., 2003;
Senderowicz, 2004]. CDKs, which are serine/
threonine kinases, form complexeswith cyclins,
their specific regulatory components. The acti-
vation of CDKs is mediated by binding to their
proper cyclin(s) and by their subsequent phos-
phorylation at specific residues catalyzed by
cyclin activating kinase (CAK). Most cancer
cells harbor mutations in genes controlling the
cell cycle resulting in an aberrant cell cycle
progression [Kozar et al., 2004; Malumbres
et al., 2004]. According to the current opinion
CDK4/6 and CDK2 play a key role in the G1/S
transition. Interestingly, abnormally elevated
CDK4 activity is implicated in cancer primarily
by mutations or alterations of its partner, cyclin
D as well as by inactivation of its cellular
inhibitor p16INK4A [Rane et al., 1999; Sender-
owicz, 2004]. On the other hand, CDK2 seems to
be not directly affected by the enhancement of
the activity or by mutations. Considering
the increased activity of CDKs in malignant
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cells, their inhibition by specific drugs offers a
new and promising therapeutic strategy in the
defense against cancer [Senderowicz, 2004;
Fischer and Gianella-Borradori, 2005; Wesier-
ska-Gadek and Schmid, 2006]. Different phar-
macological CDK inhibitors were developed
[Fischer and Gianella-Borradori, 2005; Wesier-
ska-Gadek and Schmid, 2006] that include
broad spectrum agents, inhibiting a number
of CDKs, as well as more specific inhibitors
exhibiting high selectivity. The broad range
CDKI seem to be cytotoxic due to the inhibition
of a number of kinases in the regulation of basal
cellular functions [Sedlacek, 2001; Fischer and
Gianella-Borradori, 2005]. The relatively selec-
tive inhibitors of CDKs belonging to the group of
substituted purines encompass among others
roscovitine (ROSC), olomoucine (OLO), and
purvalanol [De Azevedo et al., 1997; Havlicek
et al., 1997; Meijer et al., 1997]. According
to predictions, pharmacological inhibitors of
CDKs compete with ATP for the binding to the
active CDK site and thereby display increased
anti-proliferative effects on cycling cells, espe-
cially malignant cells [Gray et al., 1999].
Depending on the selectivity profiles of these
novel drugs and intrinsic features of the cancer
cells, growth inhibition in different phases of
the cell cycle is observed [Schutte et al., 1997;
Alessi et al., 1998; Wesierska-Gadek et al.,
2003]. Compounds targeting the activity of
CDK4/6 block cells in early G1 [Marzec et al.,
2006], whereas selective inhibitors of CDK1/2
arrest the cell cycle at the G1/S [Alessi et al.,
1998] or G2/M transition [Wojciechowski et al.,
2003; Wesierska-Gadek et al., 2005a]. Interest-
ingly, some inhibitors, especially those target-
ing the activity of CDK2, are able to selectively
induce apoptosis in cancer cells [Schutte et al.,
1997; Wojciechowski et al., 2003; Wesierska-
Gadek et al., 2004a, 2005a]. ROSC and OLO
were found to exert a strong inhibitory effect on
the CDK2/cyclin A and CDK1/cyclin B kinase
complexes [Yuan et al., 2004]. Noteworthy,
recent reports demonstrating that some cancer
cells can proliferate despite CDK2 inhibition
and that CDK2 is dispensable for cell cycle
progression of somatic cells question the central
role of CDK2 in the cell cycle supervision
[Berthet et al., 2003]. Therefore, the suitability
of CDK2 as a therapeutic target became ques-
tionable.

Indeed, although selective CDK2 inhibitors
seem unsuitable for the therapy of CDK2-

independent tumors, it appears that they could
be successfully used for another purpose,
namely to protect the normal cells from unde-
sired consequences of chemotherapy. One
might speculate that pretreatment with CDK2
inhibitors would arrest at least a substantial
number of normal cells in G1/G0 phase render-
ing these cells transiently resistant to chemo-
therapy.

In the present article we tested the effect of
OLO, a weak CDK2 inhibitor, on normal and
transformed human cells. According to the
expectations, OLO showed low, if any, cytotox-
icity against non-transformed human MRC-5
cells and up to a final concentration of 100 mM it
did not affect their proliferation. This was
attributable primarily to the high ratio of G1-
arrested cells. Surprisingly, exposure of human
MRC-5 cells toOLOresulted in an induction of a
proteinwith 65 kDa in a dose- and time-depend-
ent manner. Mass spectrometric analysis of the
Coomassie-Blue-stained up-regulated protein
band revealed that the cytoskeleton-linking
membrane protein-63 (CLIMP-63) alterna-
tively also termed cytoskeleton-associated pro-
tein 4/p63 (CKAP4/p63), is its major component
[Schweizer et al., 1993a; Banham et al., 1997;
Gupta et al., 2006]. Immunoblotting experi-
ments with anti-CLIMP-63 antibodies con-
firmed these data. In untreated MRC-5 cells
CLIMP-63 protein was barely detectable. After
exposure of the cells to increasing OLO concen-
trations the intensity of the CLIMP-63 protein
band strongly increased. OLO induced CLIMP-
63 protein in normal quiescent/senescent fibro-
blasts but not in immortalized or transformed
cells. Thus, our results indicate that even less
potent pharmacological CDK inhibitors exert
strong biological effects on normal tissues. The
functional consequences of the OLO-mediated
up-regulation of CLIMP-63 protein in normal
healthy cells and their potential exploitation
for, for example, protection of normal cells from
the undesired side effects of chemotherapy have
to be systematically elucidated.

MATERIALS AND METHODS

Cell Culture

Normal human MRC-5 skin and F2000 lung
fibroblasts, immortalized mouse A-19 embryo
fibroblasts, as well as human cancer cells
(MCF-7 breast cancer cells andHL-60 leukemia
cells) were used in this study. MRC-5, F2000,
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A-19, and MCF-7 cells were grown up to 60–
70% confluence as a monolayer in Dulbecco’s
medium supplemented with 10% fetal calf
serum in an atmosphere of 8% CO2. The latter
were cultivated in phenol red-deprived
medium. HL-60 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 concen-
tration ranging from 1 to 150 mM for indicated
periods of time.

Antibodies

Weused the following antibodies: monoclonal
anti-CLIMP-63 (G1/296) (Alexis Biochemicals)
and polyclonal antibody (a kind gift from Dr. J.
Rohrer) [Schweizer et al., 1994, 1995], mono-
clonal anti-PCNA (clonePC-10) antibody (Onco-
gene Research Products (Cambridge, MA)),
monoclonal anti-MCM-7 (clone DCS141.2) anti-
body (Santa Cruz Biotechnology, 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 Biochem-
icals (Aurora, OH).

Immunostaining

For microscopic investigations, cells were
plated on slides in chambers and appropriately
cultivated, as described previously in detail
[Wesierska-Gadek et al., 2002]. After treatment
for the indicated time, cells were washed
three times in PBS and immediately fixed in
ice-cold methanol/acetone (3:2) mixture for
20 min and washed in PBS. The fixed cells were
permeabilized in 0.2% Triton X-100 in PBS for
20min and then saturated in 5%BSA inPBS for
1 h and thereafter incubated with primary
antibodies in 3% BSA in PBS overnight at
þ48C in humidity chambers at a dilution of
1:2,000. Immune complexes were detected after
incubation with appropriate secondary anti-
bodies coupled with fluorochrome Cy2. Finally,
cells were stained with propodium iodide and
examined using a Leica TSC 4D confocal micro-
scope (Leica Microsystems GmbH, Wetzlar,
Germany). Negative control for the method
included cells incubated without a primary
antibody.

Determination of the Number of Viable Cells

Proliferation of human cells and their sensi-
tivity to increasing concentrations of drugswere

determined by the CellTiter-Glo1 Luminescent
Cell Viability Assay (Promega Corporation,
Madison, WI). As described recently in more
detail [Wesierska-Gadek et al., 2004b], 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 quadrupli-
cates. Luminescence was measured in the
Wallac 1420 Victor, a multilabel, multitask
plate counter. Each point represents the
mean�SD (bars) of replicates from at least
three experiments.

To discriminate between initial cell killing
and inhibition of cell proliferation,wemeasured
additionally the direct cytotoxicity of the
studied drugs by the dye exclusion test [Wesier-
ska-Gadek et al., 2004b]. Cells were collected,
adherent cells were detached by trypsin or by
accutase treatment (PAA Laboratories, GmbH,
Coelbe, Germany), and all cells were washed
with PBS. The vital dye 7-amino-actinomycin D
(7-AAD; BD Biosciences, San Diego, CA) appro-
priately diluted with PBS was added and after
10 min the accumulation of the 7-AAD fluores-
cent dyewas quantified by flow cytometry using
a fluorescence-activated cell sorter FACScan
cytometer (Becton Dickinson).

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
slightly modified method [Wesierska-Gadek
and Schmid, 2000] described previously by
Vindelov et al. [1983]. Propidium iodide-stained
cellsweremeasuredbyflowcytometryusing the
Becton Dickinson fluorescence activated cell
sorter (FACScan). Distribution of cells in dis-
tinct cell cycle phases was determined using
ModFIT cell cycle analysis software. DNA
histograms were obtained by the CellQuest
evaluation program.

Electrophoretic Separation of
Proteins and Immunoblotting

Total cellular proteins dissolved in SDS
sample buffer were separated on 10% SDS slab
gels and transferred electrophoretically 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
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specific primary antibodies at the appropriate
final dilution and the immune complexes were
detected using appropriate peroxidase-
conjugated secondary antibodies and the
enhanced chemiluminescent detection reagent
ECLþ (Amersham International). In some
cases, blots were used for several sequential
incubations. Incubation with anti-actin anti-
bodies additionally confirmed equal protein
loading [Wesierska-Gadek et al., 1999, 2003].

Mass-Spectrometric Analysis

Unless otherwise noted, the various steps of
the procedure were performed at room temper-
ature 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, pH¼ 8.9 (15 min at 308C). The
supernatant was discarded and the gel pieces
were shrunk by dehydration in 150 ml of 50% v/v
acetonitrile/10 mMNH4HCO3 (15min at 308C).
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 48C for 20 min. The
supernatant was removed and replaced with
20 ml of the same buffer without trypsin.
Digestion tookplace overnight at 378C.Peptides
were extracted by adding 50 ml 10 mM
NH4HCO3 (378C, 15min), and 50 ml acetonitrile
(378C, 15min). After collecting the supernatant
100 ml 10% formic acid/20% acetonitrile/20%
2-propanol was added to the gel pieces (378C,
10 min). The supernatants were combined,
concentrated by drying to approximately 5 ml,
and stored at �208C. Tryptic protein digestions
were analyzed using capillary HPLC connected
online to a LCQ ion trap instrument (Thermo-
Finnigan, San Jose, CA) equipped with a nano-
spray interface. The nanospray voltage was set
at 1.6 kV and the heated capillary was held at
1708C. MS/MS spectra were searched against a
humanprotein database using SEQUEST (LCQ
BioWorks; ThermoFinnigan).

Statistical Analysis

Statistical analyses were performed using
GraphPad Prism and significance levels were
evaluated using Bonferroni’s Multiple Compar-
ison Test.

RESULTS

OLO Affects the Viability and Number of
Human Cancer But Not of Normal Cells

We examined the direct cytotoxic effect of two
CDK inhibitors, OLO and ROSC, on normal
human (MRC-5 and F2000) as well as cancer
(HL-60 and MCF-7) cells. To asses the direct
cytotoxicity, we determined the number of
viable cells after continuous exposure of cells
to the drugs for 24 h at concentrations ranging
from 0 to 150 mM by two independent methods:
by the flow cytometric dye exclusion test using
7-AAD as a staining agent and measurement of
cellular ATP content using the CellTiter-Glo1

Luminescent Cell Viability Assay (Promega
Corporation). The cellular ATP level reflects
the physiological status of the cells and exactly
correlates with the number of living cells. Both
CDK inhibitors differentially affected the via-
bility and the proliferation of tested human
cells. Exposure of normal human cells (MRC-5
andF2000) to increasing concentrations of OLO
for 24 h reduced only negligibly the number of
living cells. At a final OLO concentration of
150 mMthe number ofMRC-5 cells decreased by
approximately 10% (Fig. 1A). Unlike OLO,
ROSC at low doses markedly affected the
viability of normal human cells. At a final
concentration of 40 mM ROSC the number of
living MRC-5 cells was reduced by 70%
(Fig. 1A). The reduction of the cell number after
treatment with 40 mM ROSC was statistically
very highly significant (P< 0.001; Fig. 1B). The
determination of the viability of cells by dye
exclusion tests revealed that both drugs were
not directly cytotoxic for normal human cells.
The quantification of the 7-AAD uptake by flow
cytometry revealed that only a low number of
MRC-5 cells accumulated thedyeafter exposure
to OLO (Fig. 1C). However, OLO strongly
affected the viability of exponentially growing
human HL-60 leukemia cells. After exposure of
HL-60 cells to OLO at a final concentration of
150 mM for 24 h, the number of living cells was
reduced by approximately 50% (Fig. 2A). This
correlated with a marked increase of 7-AAD
uptake (Fig. 1C).

Effect of Both CDK Inhibitors in the Cell Cycle
Progression of Normal Human Cells

The cell cycle status of untreated control
human MRC-5 fibroblasts largely differed from
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that of HL-60 cells. Whereas approximately
75% ofMRC-5 cells were in theG1 phase, HL-60
cells were predominantly accumulated in the
S-phase. The flow cytometric determination of
DNA concentration in single cells revealed that
unlike normal human cells (Fig. 3A), HL-60
leukemia cells were strongly affected byOLO at
higher concentrations. After exposure to OLO
for 8 h the G1 cell population increased and the
ratio of the S-phase cell population decreased.
After treatment ofHL-60 cellswith 150mMOLO

for 24 h a slight increase of cells arrested at the
G2/M transition was observed. Moreover, OLO
induced apoptosis. The ratio of the sub-G1

population increased in a time- and concentra-
tion-dependentmanner (Fig. 3B). Thus, theflow
cytometric analyses not only confirmed the
results of the determination of the cell viability
but also explained the reasons of the strong
diminution of the number of living cells after
treatment of HL-60 cells with 150 mM OLO for
24 h.

Fig. 1. Reduction of the number of viable cells after treatment
with CDKIs. A: Unlike ROSC, a higher dose of OLO is necessary
to inhibit proliferation of normal human MRC-5 cells. MRC-5
cells plated in 96-wellmicrotiter plateswere treated for 24 hwith
increasing concentrations of OLO, or ROSC. The cellular ATP
concentration reflecting the number of viable cells was
determineddirectly after treatmentusing theCellTiter-GloAssay.
The graph represents mean values from four independent
experiments, each performed at least in quadruplicates.
IC50¼ 31.4 mM ROSC after 24 h treatment; the IC50 for OLO
wasbeyond the testeddrugdoses.OLOat afinal concentrationof
300 mM reduced the number of living MRC-5 cells by

approximately 20% (data not shown). B: Statistical relevance of
the ROSC-mediated reduction of the number of living MRC-5
cells. Statistical relevance was determined using Bonferroni’s
Multiple Comparison Test. The difference of cell number after
treatmentwith 40 mMROSCcompared to the untreated control is
statistically very highly significant (P< 0.001). C: Comparison of
7-AAD uptake in MRC-5 and HL-60 cells exposed to OLO.
Control and CDK inhibitors treatedMRC-5 andHL-60 cells were
collected, PBS-washed and suspended in 500 ml PBS. Thereafter,
5 ml of 7-AAD solution were added. Cells were incubated in the
dark for 10 min and the cellular accumulation of fluorescent 7-
AAD was measured by flow cytometry.

Olomoucine Up-Regulates CLIMP-63 1409



OLO But Not ROSC Strongly Increases
Cellular Levels of an Unknown Protein

Surprisingly, the exposure of normal human
fibroblasts (MRC-5 and F2000 cells) to 20 mM
OLO for 6 h resulted in a strong increase of an
unknown protein at approximately 65 kDa. As
depicted in Figure 4, administration of OLO but
not of ROSC, obviously enhanced in human
MRC-5 cells the intensity of the Coomassie-
Blue-stained protein band of approximately
65 kDa. After longer OLO treatment this
protein further accumulated and at 15h became
the most prominent band as visualized by
Coomassie-Blue staining (Fig. 4).

Identification of CLIMP-63 Protein
by Mass Spectrometry

To identify the protein very strongly up-
regulated after treatment of MRC-5 cells with

20 mM OLO for 15 h, the Coomassie-Blue-
stained protein band was excised from the gel,
submitted to limited proteolysis by trypsin
and the trypsin-generated peptides were ana-
lyzed by mass spectrometry. The analysis
revealed the CLIMP-63 protein as a major
component of the excised, most prominent
protein band. The identified protein with an
estimated molecular weight of 68 kDa, possess-
ing the ID number Q07065, was the major
component of the spot. Moreover, two
other minor proteins were detected in the
excised band: pro-laminAat 74kDa (IDnumber
P02545) and dolichyl-diphospho-oligosacchar-
ide-protein glycosyltransferase at 68 kDa (ID
number PO4843). These experiments were
repeated three times: the recovery of CLIMP-
63 protein in the major band in the samples
obtained from MRC-5 cells treated with 20 mM
OLO for 15 h varied between 26.9% and 27.9%.
Furthermore, the recovery ofCLIMP-63 protein
in the excised gel slices from samples obtained
after exposure to OLO for 6 h was reduced
approximately to a quarter. Neither in samples
obtained from untreated MRC-5 control cells
nor in the lane with the protein marker (as a
background control) was the CLIMP-63 protein
detectable. Thus, these results show that out of
two tested CDK inhibitors only OLO up-regu-
lated CLIMP-63 protein in a time-dependent
manner. The highest accumulation of CLIMP-
63 protein in this experimental series was
observed after exposure to OLO for 15 h (Fig. 4).

A Low Dose of OLO Strongly Enhances
Cellular Levels of CLIMP-63 Protein

in Untransformed Human Cells

Finally, to substantiate the results of the
analysis of the most prominent protein band by
mass spectrometry, immunoblotting experi-
ments were performed using whole cell lysates
(WCLs) obtained from untreated and OLO-
treated humanMRC-5 (Fig. 5) andF2000diploid
fibroblasts (not shown). CLIMP-63 protein was
detected solely in samples prepared from cells
treatedwithOLOand the strongest signalswere
found in cells treated for 24 h (Fig. 5). Moreover,
the position of the strongly immunoreactive
signals generated by anti-CLIMP-63 antibody
coincidedwiththepositionof themostprominent
band visualized on the membrane by Ponceau
S staining. Interestingly, anti-CLIMP-63 anti-
body stained an additional immunoreactive
protein band at approximately 120 kDa. This

Fig. 2. Exposure of human leukemiaHL-60 cells to high dose of
OLO negatively affects their viability. MRC-5 and HL-60 cells
plated in 96-well microtiter plates were treated for 24 h with
increasing concentrations of OLO. The cellular ATP concen-
tration reflecting the number of viable cells and statistical
significance was determined as described in detail in Figure 1.
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band appeared solely in samples accumulating
CLIMP-63 protein and considering the capabil-
ity of CLIMP-63 protein to undergo complex
formation it could represent its dimers.

Taken together, the results of the determi-
nation of the CLIMP-63 expression by immuno-
blotting fully confirmed those obtained by
protein analysis using mass spectrometry. To

Fig. 3. OLO differentially affects cell cycle progression of humanMRC-5 and HL-60 cells. HumanMRC-5
and HL-60 cells were treated with OLO as indicated. Thereafter, cells were harvested and stained with
propidium iodide. Conditions of staining and measurement as described in the Materials and Methods
Section. A: DNA histograms depicting a representative experiment performed in duplicate were prepared
using theCellQuest evaluation program.B: Diagramshowing the changeddistributionof cells in distinct cell
cycle phases and the frequency of sub-G1 cell population. The distribution was determined using ModFIT
cell cycle analysis software. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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substantiate our observation, we proved the
expression and subcellular distribution of
CLIMP-63 in MRC-5 cells upon treatment with
OLO. As illustrated in Figure 6 (upper panel), a
very weak CLIMP-63 signal was detected in
cytoplasma of untreated controls. However,
upon exposure of MRC-5 cells to OLO a strong
cytoplasma staining was detected (Fig. 6, lower
panel). The sequential images from confocal
microscopy (Fig. 6, lower panel) depict the
spatial distribution of the CLIMP-63 protein

up-regulated in human MRC-5 cells after
exposure to OLO.

OLO Fails to Induce the Accumulation of CLIMP-
63 Protein in Immortalized and Cancer Cells

Exposure of immortalized mouse embryo
fibroblastsA-19 (MEFs) aswell as human cancer
cells (MCF-7 breast cancer or HL-60 leukemia
cells) to OLO does not enhance the cellular
level of CLIMP-63. Analysis of Coomassie-
Blue-stained gels onwhichWCLs obtained from
OLO-treated mouse fibroblasts (Fig. 7A) and
human MCF-7 cells (Fig. 8) were resolved,
revealed a lack of a detectable accumulation of

Fig. 4. Strong induction of a 65 kDa protein after OLO
treatment. WCLs obtained from MRC-5 control cells and cells
treated with ROSC or OLO at a final concentration of 20 mM for
indicated periods of time were separated on 10% SDS-slab gels.
Gels were fixed and proteinswere visualized by Coomassie-Blue
staining.

Fig. 5. OLO up-regulates CLIMP-63 protein in MRC-5 cells in
a time-dependent manner. WCLs obtained from MRC-5 control
cells and cells treatedwith ROSCorOLOat a final concentration
of 20 mM for indicated periods of time were separated on 10%
SDS gels and electroblotted onto the PVDF membrane. Protein
transmission and loading was checked by Ponceau S staining.
Blots were incubated with monoclonal anti-CLIMP-63 anti-
bodies (cloneG1/296) at a final dilution of 1:2,000. The immune
complexes were detected after incubation with anti-mouse-
HRP secondary antibody diluted to a final concentration of
1:20,000 using ECLþ reagent.

Fig. 6. Strong expression of CLIMP-63 protein in MRC-5 cells
after exposure to OLO. Control MRC-5 cells and cells treated
with OLO were fixed and stained with anti-CLIMP-63 antibody.
The immune complexes were detected using secondary anti-
bodies coupled to fluorochrome Cy2. The chromatin was
visualized by propidium iodide staining. Images using filter for
FITC and rhodamine were sequentially prepared under confocal
microscopy.
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Fig. 7. OLO enhances expression of CLIMP-63 protein in
quiescent but not in proliferating cells.WCLswere obtained from
immortalized mouse (A-19) and quiescent human MRC-5
fibroblasts. Samples prepared from control cells and cells treated
withROSCorOLOat afinal concentrationof 20mMfor indicated
periods of time were separated on 10% SDS gels, Coomassie-
Blue-stained or electroblotted onto the PVDFmembrane. Protein
electrotransmission and loading was checked by Ponceau S
staining. Blots were incubated with monoclonal anti-CLIMP-63
antibodies (clone G1/296) at a final dilution of 1:2,000 or rabbit
polyclonal anti-CLIMP-63 antibodies at a final dilution of

1:1,000 [Schweizer et al., 1994, 1995]. The immune complexes
were detected after incubation with anti-mouse-HRP or anti-
rabbit-HRP secondary antibody diluted to a final concentration
of 1:20,000 or 1:10,000, respectively, using ECLþ reagent.
A: Coomassie-Blue staining. B: Membrane was incubated with
monoclonal anti-CLIMP-63 antibodies (clone G1/296) and
sequentially with rabbit polyclonal anti-CLIMP-63 antibodies.
C: A twin blot was directly incubatedwith rabbit polyclonal anti-
CLIMP-63 antibodies. Blots were sequentially probed with other
antibodies as indicated. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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a protein band at approximately 65 kDa.Unlike
in samples of normal human cells, in samples of
immortalized A-19MEFs neither accumulation
of a prominent protein band at p65 kDa
after analysis of Coomassie-Blue-stained gels
(Fig. 7A), nor up-regulation of CLIMP-63 pro-
tein could be detected by immunoblotting
(Fig. 7B,C). To avoid false negative results,
a sample of OLO-treated human MRC-5
cells was loaded as a positive control. The
monoclonal anti-CLIMP-63 antibody G1/296
heavily stained aprotein bandat approximately
65 kDa in the sample of MRC-5 cells, but not in
samples obtained from mouse A-19 fibroblasts
(Fig. 7B). This antibody raised against an
antigen of human origin probably fails to
recognize its murine counterpart. Therefore,
we performed further immunoblots with the
rabbit polyclonal anti-CLIMP-63 antibody
reacting with the mouse antigen [Schweizer
et al., 1994, 1995]. As shown in Figure 7B,
sequential incubation of the blot with the
polyclonal anti-CLIMP-63 antibodies (lower
panel), revealed positive signals in samples of
mouse fibroblasts. The intensity of CLIMP-63
protein band in WCLs obtained from untreated
control as well as in CDKI-treated A-19 cells
was comparable thereby evidencing that OLO
did not affect the cellular level of CLIMP-63
protein in mouse A-19 fibroblasts. Direct incu-
bation of the twin blot with the polyclonal
CLIMP-63 antibodies (Fig. 7C) substantiated
the observation that exposure of mouse A-19
cells to OLO did not change the cellular level of
CLIMP-63 protein.

Sequential incubations of the blots showed a
marked down-regulation of cellular levels of

MCM-7 and PCNA proteins in MRC-5 cells as
compared withmouse A-19 fibroblasts. MCM-7,
a marker of cycling cells, is absent in cells
resting in G0 phase of the cell cycle. Thus, these
results revealed a strong indication that the
action of OLO may depend on the cell cycle
status of treated cells.

OLO Induces the Accumulation of CLIMP-63
Protein in Non-Cycling Cells

Unlike mouse A-19 fibroblasts [Wesierska-
Gadek et al., 1999], human diploidMRC-5 cells,
exhibit a limited proliferative life span when
continuously cultivated [Hayflick, 1965].There-
fore, in our further experiments we compared
the effect of OLO on human MRC-5 cells differ-
ing in theirmitotic potential. Cellswith increas-
ing population doubling level (PDL) were
treated with the drug. As shown in Figure 9,
exposure of cycling human MRC-5 fibroblasts
(passage no. 37 and 39) to OLO did not induce
increase of CLIMP-63 protein. Unlike in divid-
ing cells, in quiescent/senescent cells (passage
no. 43) that were characterized by a remarkable
down-regulation of cellular levels of MCM-7
protein and PCNA, OLO markedly elevated
levels of CLIMP-63 protein. Human MRC-5
fibroblasts at higher number of population
doublings cessate to divide and become senes-
cent. It seems that they after approximately 40
population doublings reach terminal and irre-
versible senescence. After addition of fresh FCS
even to a final concentration of 15% or after re-
plating in a fresh medium they were not able to
re-enter the active cell cycle (not shown).

DISCUSSION

Substituted purines such as OLO and ROSC
are well-characterized CDK inhibitors exhibit-
ing increased selectivity towards CDK2 and
CDK7/9 [DeAzevedo et al., 1997;Havlicek et al.,
1997; Meijer et al., 1997; Gray et al., 1999]. The
biological action of OLO is much weaker than
that exerted by the structurally related com-
pound ROSC. Whereas ROSC is able to effi-
ciently inhibit proliferation ofmalignant cells in
concentrations ranging from 15 to 40 mM, OLO
displays no inhibitory action at comparable
concentrations [Schutte et al., 1997; Wesier-
ska-Gadek et al., 2004a]. The comparison of the
susceptibility of human untransformed and
malignant cells to the action of increasing
concentrations of OLO revealed that the drug

Fig. 8. No induction of CLIMP-63 band in humanMCF-7 breast
cancer cells. WCLs obtained from untreated humanMCF-7 cells
and cells treated with ROSC or OLO at a final concentration of
20 mM for indicated periods of timewere separated on 10%SDS-
slab gels. Gels were fixed and proteins were visualized by
Coomassie-Blue staining (for comparison, see Figure 4). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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administered at higher doses affected solely the
proliferation of the latter. The flow cytometric
analyses of OLO-treated cells revealed that
normal human MRC-5 and F2000 cells were
almost completely arrested in G0/G1 phase
whereas leukemia HL-60 cells responded with
an increase of the ratio of G2/M arrested cells
and the induction of apoptosis that became
obvious bymonitoring of the sub-G1 population.
These results are in concordance with previ-
ously publisheddata [Schutte et al., 1997;Alessi
et al., 1998; Wesierska-Gadek et al., 2003,
2004a] and explain, at least partially, the
reduced susceptibility of normal human fibro-
blasts to the action of OLO. Moreover, OLO at
low doses did not activate wt p53 [Schutte et al.,
1997; Wesierska-Gadek et al., 2003].
Surprisingly, OLO at low doses that did not

affect cell cycle progression, markedly up-
regulated a protein of approximately 65 kDa.
The increase of the protein level was so strong
that the accumulation of this protein became
obvious even by Coomassie-Blue staining that
facilitated the identification of the induced

protein by mass spectrometry. The assessed
sequence revealed that CLIMP-63, a cytoskele-
ton-linkingmembraneprotein [Schweizer et al.,
1993a], was induced by OLO. Interestingly, the
semi-quantitative analysis of the protein band
corresponding to CLIMP-63 protein in MRC-5
cells by mass spectrometry showed its highest
expression at 15–24 h after onset of OLO
treatment. These data exactly correlate with
the results of immunoblotting.

These unexpected observations raised a num-
ber of issues. First, by which mechanism does
OLO up-regulate the cellular expression of
CLIMP-63 protein in normal human cells? It
has been previously reported that distinct CDK
inhibitors, for example, 5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole (DRB) [te Poele
et al., 1999] or ROSC [Ljungman and Paulsen,
2001; Lu et al., 2001] increase expression of
some proteins, for example, of wt p53 tumor
suppressor protein through inhibition of RNA
synthesis. It has been proposed that the block-
age of global transcription leads to down-
regulation of MDM-2, a negative p53 regulator,

Fig. 9. OLO-mediated accumulation of CLIMP-63 protein in
senescent human fibroblast. MRC-5 cells after different number
of population doublings were exposed to the drugs. WCLs
obtained from untreated human MRC-5 fibroblasts and cells
treated with ROSC or OLO at a final concentration of 20 mM for
indicated periods of time were separated on 10% SDS-slab gels
and electroblotted. Blots were incubated with monoclonal anti-
CLIMP-63 antibodies (clone G1/296) and sequentially with anti-

MCM-7 antibodies. Conditions of immunoblotting as described
in detail in Figure 5. Proper protein electrotransfer and equal
protein loading was proved by Ponceau S staining. Region of the
blot representing the range of CLIMP-63was additionally shown.
Cycling (in passage no. 37 and 39) as well senescentMRC-5 cells
(in passage no. 43) were treatedwith CDK inhibitors. Addition of
fresh FCS or re-plating of cells in a fresh medium containing FCS
did not induce cell cycle re-entry of senescentMRC-5fibroblasts.
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at both mRNA and protein levels [Lu et al.,
2001]. However, considering more recent data
[O’Hagan and Ljungman, 2004] and the fact
that unlike OLO, ROSC did not affect the levels
of CLIMP-63 protein, this explanation seems to
be not accurate.Moreover, we reported recently
that the inhibition of global transcription is not
a general mechanism responsible for up-regu-
lation of short-living proteins after treatment
with CDK inhibitors [Wojciechowski et al.,
2003;Wesierska-Gadek et al., 2005a].We found
that ROSC enhanced approximately 40-fold the
stability ofwt p53protein inhumanMCF-7 cells
[Wojciechowski et al., 2003; Wesierska-Gadek
et al., 2005a] due to its phosphorylation on
Ser46. It has been observed previously that the
extent of p53 phosphorylation on Ser46 closely
correlates with the extent of its elevation (MCF-
7 parental cells vs. MCF-7 cells reconstituted
with human caspase-3) and with the extension
of the p53 half-life [Wojciechowski et al., 2003;
Wesierska-Gadek et al., 2005a]. More recently,
the activation of cellular homeodomain protein
kinase-2 (HIPK2) in cells exposed to ROSC was
reported [Wesierska-Gadek et al., 2007].

In this context it is worth to mention that
CLIMP-63 protein, a non-glycosylated type II
integral endoplasmic reticulum(ER)membrane
component [Schweizer et al., 1995] generating
disulfide-linked dimers, is a phosphoprotein
and its modification state is regulated in a cell
cycle-dependent manner [Vedrenne et al.,
2005].ThehumanCLIMP-63protein, originally
identified and cloned by Schweizer et al. [1993a]
consists of 602 amino acids. It contains three
main domains: a short NH2-terminal cytoplas-
mic segment of 106 amino acids, a single
transmembrane domain, and a large extra-
cytoplasmic luminal fragment of 474 amino
acids [Schweizer et al., 1993a; Klopfenstein
et al., 2001]. The cytoplasmic segment binds to
microtubules (MTs) [Klopfenstein et al., 2001].
Interestingly, CLIMP-63 protein is reversibly
palmitoylated during mitosis [Schweizer et al.,
1993b]. Deletion of the luminal but not cyto-
plasmic fragment of CLIMP-63 protein abro-
gated subcompartment-specific localization
suggesting that the luminal segment of
CLIMP-63 protein is involved in the oligomeri-
zation into alpha–helical complexes that
excludes it from the nuclear envelope [Schwe-
izer et al., 1993b]. It has been reported that all
three domains and the ability to oligomerize are
required for the retention of CLIMP-63 protein

in an ER-Golgi intermediate compartment
[Schweizer et al., 1994]. Although CLIMP-63
protein was first localized to the rough ER of
fibroblast-like, epithelial and plasma cells
[Schweizer et al., 1995], it has been recently
shown to also localize at the cell membrane and
to be a functional vascular smooth muscle cell
membrane receptor for tissue plasminogen
activator [Razzaq et al., 2003] and a receptor
for the frizzled-8 protein-related anti-prolifer-
ative factor (AIF) [Conrads et al., 2006]. AIF, a
low molecular weight sialoglycopeptide that
is secreted by bladder cells in patients suffering
from chronic bladder disorder termed intersti-
tial cystis markedly inhibits proliferation of
both normal bladder epithelial cells as well as
bladder carcinoma. The binding of AIF to
CLIMP-63 receptor seems to be required for its
growth inhibitory action [Conrads et al., 2006].

More recently, it has been reported that
CLIMP-63 protein is phosphorylated and that
the extent of its phosphorylation increases
during mitosis [Vedrenne et al., 2005]. The
cytosolic segment of CLIMP-63 protein contains
four typical consensus sites for phosphoryla-
tion, three of which (Ser3, Ser19, and Ser101)
are characteristic protein kinase C sites, and
one (Ser17) is a casein kinase II site. Phosphor-
ylation of CLIMP-63 protein seems to control
CLIMP-63-mediated anchoring of the ER to
MTs [Vedrenne et al., 2005]. In the light of these
observations one might speculate that OLO
could reduce the phosphorylation state of
CLIMP-63 protein or of MTs and thereby
contribute to its redistribution [Vedrenne
et al., 2005; Nikonov et al., 2007]. It could be a
result of a changed balance between kinase and
phosphatase activities. SinceCLIMP-63protein
during interphase links ERmembranes toMTs,
it is conceivable that changes of the phosphor-
ylation status of MTs could affect their binding
to CLIMP-63. It has been recently shown that
the overexpression of a mutated CLIMP-63
protein lacking the MT-binding domain
resulted in a marked increase of the mobility
of the translocon complexes [Nikonov et al.,
2007].Given thepossibility thatOLOaffects the
activity of a distinct kinase or phosphatase that
directly or indirectly regulates the phosphor-
ylation status of CLIMP-63 protein orMTs, 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
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protein might affect its stability. One may
speculate that site-specific phosphorylation
could determine the half-life of CLIMP-63
protein as in the case of survivin [O’Connor
et al., 2000; Wall et al., 2003]. 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 [Nikonov and
Kreibich, 2003].
Furthermore, CLIMP-63 expression is regu-

lated in cell cycle-dependent mode and pro-
tein becomes phosphorylated during mitosis
[Vedrenne et al., 2005]. Therefore, changing
of the phosphorylation status of CLIMP-63
protein could play a quite distinct role in
different rapidly proliferating cells but not in
non-transformed human fibroblasts that are
characterized by low mitotic potential [Wesier-
ska-Gadek et al., 2005b]. Indeed, its cell cycle-
dependent regulation is lost in senescent fibro-
blasts [Pignolo et al., 1998a,b].
One might speculate that prevention of the

phosphorylation of CLIMP-63 protein could
support the induction of apoptosis in exponen-
tially growing cancer cells. Moreover, the dis-
assembly of the Golgi apparatus occurs during
mitosis [Misteli and Warren, 1995; Vedrenne
and Hauri, 2006]. Considering the fact that
unlike human HL-60 cells, normal human
fibroblasts (MRC-5 and F2000) stop to divide
after approximately 40 doublings, the status of
the Golgi apparatus differs from that in expo-
nentially dividing cells with high mitotic index.
One might also speculate that OLO would
differentially affect cells with a disassembled
Golgi apparatus.
In the context of our results it is noteworthy to

mention a previously published paper reporting
an increase of the overexpression of LPC-1
(late PDL cDNA-1), a putative transmembrane
shock factor, in senescent WI-38 fibroblast-like
cells [Pignolo et al., 1998b]. Pignolo and his
colleagues found a number of genes differen-
tially expressed between non-proliferating
early (quiescent) and late (senescent) cells.
Among others they observed a two- to fivefold
increase of the mRNA level for LPC-1 [Pignolo
et al., 1998b] in serum-starved senescent versus
similarly treated young WI-38 cells. Sequence
analysis revealed the identity of LPC-1 with
CLIMP-63 [Pignolo et al., 1998b]. On the other
hand the senescent WI-38 cells fail to express
EPC-1, a gene that is induced in young counter-

parts after serum starvation [Pignolo et al.,
1993]. Upon entry into the G0 state young cells
expressed an approximately 100-fold higher
level of EPC-1 mRNA than senescent cells
under the same experimental conditions
[Pignolo et al., 1993]. These observations evi-
dencing that non-proliferating young and sen-
escent cells exhibit differential gene expression
program support our observations and impli-
cate that the differential action of OLO on
cycling and senescent MRC-5 may be attribut-
able to the changed gene expression patterns
resulting in an alteration of stress response, for
example, inhibition of cellular CDKs.

Thus, our results evidence for the first time
that even weaker pharmacological CDK inhib-
itors exert strong biological effects on normal
quiescent/senescent tissues. The functional
consequences of the OLO-mediated increase of
cellular level of CLIMP-63 protein in normal
healthy cells and their potential exploitation
for, for example, protection of normal cells from
the undesired side effects of chemotherapy have
to be systematically explored.
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