
Abstract. Gamma-irradiation leads to apoptosis and cell
cycle arrest in eukaryotic cells. Olomoucine is a novel purine
analog acting as a cyclin-dependent kinase inhibitor. The
effects of olomoucine in gamma-irradiation mediated cell
growth inhibition and apoptosis were studied in the Raji cell
line (Burkitt’s lymphoma). Gamma-irradiation caused a G2
arrest, increasing the G2/M fragment of the cells. Apoptosis by
gamma-irradiation was apparent both by DNA-electrophoresis
and PARP-1 cleavage. The combination of olomoucine with
irradiation caused an increased G2 arrest and decreased cell
survival and DNA synthesis in the non-apoptotic fraction of
the remaining cells. Irradiation, as well as olomoucine and the
combination of both, induced apoptosis. It seems that
olomoucine delays the apoptotic process and inhibits DNA
fragmentation, but it decreased survival, cell cycle progression
and proliferation of irradiated cells.

Gamma-irradiation leads to apoptosis and cell cycle arrest
in eukaryotic cells (1). The signal transduction of apoptosis
and/or cell cycle arrest is believed to involve activation of a
DNA-damage checkpoint that leads to chk1/chk2 activation,
p53-dependent gene expression, CDK1/Cyclin-B inactivation
(G2-phase arrest), caspase activation and PARP (poly-ADP-
ribosyl polymerase) cleavage (1). Gamma-irradiation-
induced G2 arrest is believed to allow cells to repair DNA

before entering mitosis, thus, protecting cell viability.
Abrogation of the G2 checkpoint leads to enhanced
apoptosis after Á-irradiation in cells that lack normal p53
function (2) and in K562 erythroleukemia cells (3).

Olomoucine (2-(2-hydroxyethylamino)-6-benzylamino-9-
methylpurine) is a purine analog that exhibited a strong
inhibitory effect against CDK-1/Cyclin-B, CDK-2/Cyclin-E,
CDK-2/Cyclin-A, CDK-5/p35 and ERK-1 (4). Olomoucine
was shown to inhibit cell death induced by paclitaxel in
MCF-7 cells (5) and by cytosine-arabinoside in HeLa cells
(6). It also inhibited programmed cell death in PC12 cells
and sympathetic neurons deprived of trophic support (7) or
treated with DNA-damaging agents (8). Olomoucine
prevented apoptosis after withdrawal of neurotrophic
support from neuronal cells, an action that cannot be
attributed to its ERK-1 inhibitory activity (9).

The Raji cell line was derived from a patient with
Burkitt’s lymphoma (10). It is the first continuous human
cell line of hematopoietic origin. As Raji cells are of a
Burkitt’s leukemia origin, they have been transformed with
the Epstein-Barr virus (EBV). The effects of olomoucine in
Á-irradiation-induced cell growth inhibition and apoptosis
were studied in the Raji cell line in vitro.

Materials and Methods

Cell lines and culture conditions. The Raji cell line (Burkitt’s
lymphoma) was obtained from the Imperial Cancer Research
Fund (ICRF, London, UK). The cells were grown as suspension
cultures in T-75 flasks (Costar-Corning, Cambridge, UK) at
37ÆC in an atmosphere containing 5% CO2 in air and 100%
relative humidity and were passaged twice a week and
maintained at a low passage number (5-20). The culture medium
used was RPMI-1640 (Gibco, Glasgow, UK), supplemented with
10% fetal bovine serum (FBS, Gibco), 2 mM glutamine (Sigma
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Chemicals Co., St. Louis, USA), 100 Ìg/ml streptomycin and 
100 IU/ml penicillin.

Chemicals. Olomoucine was purchased from Sigma Chemicals and
was dissolved in DMSO (Sigma) to a concentration of 0.1 M. The
final concentration of DMSO in culture was less than 0.1%, a
concentration that exhibits no effect on cell growth and
proliferation, as experimentally confirmed.

Irradiation. Cells were irradiated under a 60Co source (Theratron
780E, CIS-Int., Canada) at a distance of 80 cm from the source and
a ratio of 2.5 Gy/min. The total dose varied between 2.5 and 10 Gy
in preliminary experiments and a dose of 5 Gy was thereafter
adopted as an effective dose that inhibited 50% of cellular survival
and could induce apoptotic cell death.

Treatment planning. For all experimental procedures, 10x106 cells
were seeded in 75 cm2 flasks containing 30 ml of growth medium.
Treatment was planned as follows: control flasks were kept out of
the incubation chamber for the same time needed for irradiated
cells to complete irradiation (a few minutes only) and cultured
thereafter for a period between 24 to 72 h. Some flasks were
exposed to 50 ÌM of olomoucine for 24 to 72 h (these flasks were
also kept out of the incubation chamber for the same time needed
for irradiated cells to complete irradiation). Gamma-irradiated
flasks were cultured for 24 to 72 h after irradiation. Finally,
combination flasks were exposed to 50 ÌM olomoucine irradiated
30 min later and subsequently cultured for 24 to 72 h in the
presence of the same concentration of olomoucine.

For cell cycle analysis, 3x106 cells from each experiment were
fixed (11) and kept in 4ÆC for a maximum period of 4 days (short-
term storage does not alter results, as was experimentally
confirmed). The content of cellular DNA was assessed with
propidium iodide (12, 13). To avoid an increased signal from
staining, artifact cells were digested with DNase-free RNase A
(14). Cellular DNA content was measured using an Epics II flow
cytometer (Coulter, El) using the Multicycle Cell Cycle Analysis
Software (Phoenix Flow Systems Inc.).

DNA-electrophoresis. Apoptosis was evaluated by electrophoresis in
agarose gel, after exposure of cells (grown in 75-cm2 flasks) to
olomoucine, Á-irradiation or both. DNA was extracted from the
cells 24 h after irradiation, using a commercially available kit
(Gentra Systems, MN, USA). Equal amounts of DNA were loaded
into the wells of an agarose gel and electrophoresed for 2 h at 
100 V at room temperature. Ethidium bromide staining and a 312
nm UV-transilluminator (Spectroline) were used for visualization.

Western blot. Approximately 2x106 cells from each experiment were
lysed in "RIPA Buffer" (0.5% Sodium Deoxycholate, 1% Nonidet P40
and 0.1% SDS in PBS) containing a cocktail of protease and
phosphatase inhibitors (PMSF, Aprotinin and Sodium orthovanadate).
After centrifugation (12,000 xg for 15 min at 4ÆC), the supernatant
was assayed for protein using the Bio-Rad protein Assay (Bio-Rad,
CA, USA) that is based on the method of Bradford (15).
Subsequently, 20 Ìg of protein were boiled with 20% sample buffer
(250 mM Tris [pH 6.8], 10% SDS (sodium dodecyl sulphate), 50%
glycerol, 6.25% v/v 2-mercaptoethanol and 0.06% w/v bromophenol
blue) for 5 min, loaded in a 10-12% SDS-polyacrylamide gel,
electrophoresed and transferred to Immobilon-P polyvinylidene

difuride (PVDF) membrane (Millipore, MA, USA). The membrane
was blocked with 0.1% Tween-20 and 5% Bovine Serum Albumin
(BSA, Sigma) in PBS for 2 h and then incubated for 45 min with
primary antibody (rabbit polyclonal anti-PARP-1, Calbiochem) and
45 min with secondary (HRP-labelled) antibody (Amersham). Finally,
blots were developed using the chemiluminescence method
(WestPico, Pierce).

Apoptotic cell separation. Apoptotic cells were excluded by negative
selection with annexin-V labelled magnetic beads using MACS
Apoptotic Cell Isolation kit (Miltenyi Biotec, UK). Annexin-V
magnetic micro beads bind specifically to cells that have
redistributed phosphatidylserine in the cytoplasmic membrane, e.g.,
apoptotic cells (16). Cells were subsequently passed through a
separation column placed in a strong magnetic field. The
magnetically labelled cells were retained in the column, while the
unlabelled live cells passed through and remained as the "negative"
fraction. After removal of the column from the magnetic field, the
magnetically retained apoptotic or necrotic cells were eluted,
comprising the "positive" fraction.

DNA synthesis estimation. DNA-synthesis was estimated only in live
(not apoptotic or necrotic) cells by the BrdU assay (17) using a
standard colorimetric ELISA, as previously described (3), after
exposure to 10 ÌM BrdU for the last 60 min of the experiment.

Results

Cell cycle distribution. Cells were cultured in the presence of
two different concentrations of olomoucine (25 ÌM and 
50 ÌM) for 30 min and were then irradiated at a dose of 5
Gy and subsequently incubated for 24 h. Exposure to the
drug or to irradiation or both resulted in alterations in cell
cycle distribution, which were evaluated with flow cytometry
(Figure 1, Table I).

Gamma-irradiation induced a G2 cell cycle arrest
increasing the G2/M fraction. Olomoucine did not have
significant effect upon cell cycle distribution in the two
concentrations under evaluation. However, the combination
of olomoucine with irradiation caused an increased G2
arrest. The G2 arrest was combined with a decreased 
S-phase and an increase of apoptotic cells (pre-G1 signal in
Figure 1).
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Table I. Cell cycle distribution of Raji cells 24 h after initiation of the
experiment.

G1 (%) S (%) G2/M (%)

Control 39.6 38.6 21.8
Olomoucine 25 ÌM 42.7 32.8 24.5
Olomoucine 50 ÌM 43.9 34.5 21.6
Á-Irradiation 5 Gy 32.0 37.2 30.8
Á-Irradiation 5 Gy & Olomoucine 25 ÌM 33.5 28.0 38.5
Á-Irradiation 5 Gy & Olomoucine 50 ÌM 37.0 23.4 39.6
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Figure 1. Flow cytometry analysis of cell cycle distribution of Raji cells: (A) control Raji cells, (B) Raji cells treated with olomoucine 25 ÌM for 24 h,
(C) Raji cells treated with olomoucine 50 ÌM for 24 h, (D) Raji cells 24 h after Á-irradiation with 5 Gy, (E) Raji cells 24 h after Á-irradiation with 5 Gy
and olomoucine 25 ÌM, (F) Raji cells 24 h after Á-irradiation with 5 Gy and olomoucine 50 ÌM. Cell number and DNA content are presented in the y-
axis and x-axis, respectively.



DNA synthesis. DNA synthesis was evaluated 48 h after the
exposure of the cells to olomoucine, irradiation or both, with
BrdU incorporation assay. Each experiment was performed
three times with 105 cells and the mean value was calculated.
In order to avoid artefacts, apoptotic cells were excluded by
negative selection with annexin-V labelled magnetic beads.
Gamma-irradiation decreased DNA synthesis, as expected.
The addition of olomoucine decreased cell survival and
DNA synthesis in the live (annexin-V-negative selected)
fraction of the remaining cells.

Apoptosis. After the exposure to olomoucine, irradiation, or
both, the cells were incubated for 24 h. Subsequently, DNA
from approximately 2x106 cells for each experiment was
electrophoresed in agarose gel, in order to evaluate DNA
integrity. Although olomoucine was expected to induce
apoptotic cell death in irradiated cells, DNA-electrophoresis
did not confirm this hypothesis. Gamma-irradiation caused
significant DNA fragmentation, while olomoucine
completely reversed the phenomenon (Figure 2). This
finding may be explained in two ways:

I. Olomoucine inhibits cell cycle progression, thereby
delaying apoptosis in M-phase. However, this delay will
result in apoptotic cell death. DNA electrophoresis performed
after 24 h cannot prove this phenomenon and prolongation of
the experiment is impossible, because cells will undergo
secondary necrosis.
II. Olomoucine alters the mechanism that results in apoptotic
cell death.

The subsequent study of PARP cleavage with Western blot
yielded the expected results. Irradiation as well as olomoucine
and the combination of both induced apoptosis (Figure 3). It
seems that olomoucine does not inhibit the apoptotic process,
but delays the process and inhibits DNA fragmentation.

Discussion

DNA damage induced by factors such as Á-irradiation or
chemotherapeutic drugs results in activation of p53 through
an incompletely understood mechanism that involves possible
activation of ATM and chk2 kinase. Both p53 and ATM are
frequently mutated in human cancer; p53 is the most
frequently mutated tumor suppressor gene in human cancer
(18), indicating the importance of this checkpoint in cancer
prevention. Chk1/chk2 kinases are extremely important
components of the DNA-damage checkpoint and their
inactivation (pharmaceutical or by inhibitory peptides) leads
to abrogation of the G2/M checkpoint, entrance to abnormal
mitosis and apoptotic cell death in mitosis. Pharmaceutical

ANTICANCER RESEARCH 26: 3493-3498 (2006)

3496

Figure 3. PARP cleavage in Raji cells (Western blot): (1) control, (2)
olomoucine 50 ÌM, (3) Á-irradiation 5 Gy, (4) Á-irradiation and
olomoucine 50 ÌM. The bold arrow indicates the intact protein (113 kDa)
and the regular arrow indicates the degradation product of PARP (24 kDa).

Figure 2. DNA electrophoresis of Raji cells 24 h after treatment: (1) DNA
ladder, (2) control, (3) Á-irradiation 5 Gy, (4) Á-irradiation and
olomoucine 50 ÌM.



abrogation of the G2/M is thus a very attractive target for anti-
cancer drug development (19).

Exposure of cells to ionizing radiation induces DNA
damage, which leads to cell cycle arrest or apoptosis in
eukaryotic cells. Cell cycle arrest enables cell survival, allowing
repair mechanisms to efficiently remove the damage and
restore DNA integrity (3). Thus, agents that inhibit the DNA
damage checkpoint are expected to favor apoptosis in
irradiated cells.

Cyclin-dependent kinases (CDKs) are believed to be
involved in the signal transduction of apoptosis after DNA
damage. CDK inhibition by olomoucine (a purine analog that
inhibit also ERK1) inhibited apoptotic cell death in some
experimental models (6). However, olomoucine is also known
to induce apoptosis in many cell lines and to block cell cycle
progression in both G1- and G2-phases.

In our experiments, Á-irradiation produced a dose-
dependent induction of apoptotic cell death (as confirmed by
PARP cleavage and DNA-fragmentation) and G2-phase cell
cycle arrest in Raji cells. Olomoucine had little effect on cell
cycle distribution and DNA synthesis when used alone. On the
other hand, olomoucine induced apoptotic cell death (as it is
shown in Figure 3, lane 2).

We previously showed that addition of olomoucine decreases
cell survival after Á-irradiation in Raji cells (20). Addition of
olomoucine to Á-irradiation inhibited apoptotic DNA
fragmentation. However, PARP-1 cleavage was not altered
significantly, indicating a negative effect of CDK-inhibitors in
DNA fragmentation but not in the overall apoptotic process.
DNA fragmentation is a downstream process after PARP-1
cleavage (21); olomoucine may interfere with this process
without, however, altering the apoptosis per se. 

The effect of olomoucine in cell cycle distribution was
more straightforward. Although it had little effect on cell
cycle phases when used alone, olomoucine increased the
percentage of G2-phase arrested cells after Á-irradiation and
decreased overall survival. This can theoretically be explained
by the effect of CDK inhibitors on normal cell cycle
progression and DNA integrity. CDK-inhibitors abrogate the
function of origins of replication (22), thus, further impairing
the process of DNA synthesis and repair (23).

In conclusion, cyclin-dependent kinase inhibitor
olomoucine altered DNA-fragmentation after Á-irradiation,
but increased apoptotic cell death, decreased survival and
proliferation and inhibited cell cycle progression.
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