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Bohemine and roscovitine are the most important representatives of the group of compounds structurally derived from
olomoucine. Biologically they function as inhibitors of cyclin-dependent kinases (CDKs), the key regulators of cell cycle, which
is often disrupted in cancer cells resulting in uncontrollable proliferation. Bohemine and roscovitine have demonstrated their
cytostatic and cytotoxic in vitro and also in vivo effects. Currently the phase II clinical trials for roscovitine are underway. The
aim of the study was to evaluate the potential in vitro radiosensitising effect of bohemine (BOH) and roscovitine (ROS).

Clonogenic survival assay and human lung adenocarcinoma cell line A549 were used. Tested schedules were: A-pretreat-
ment, B-concomitant application and C-posttreatment. Concentrations corresponded to IC10, IC25 and IC50 for BOH/ROS
(0.1-30 uM). The radiation doses were 1, 2 and 3 Gy. Flow cytometry and western blot analysis were used to characterize cell
cycle distribution, BrdU incorporation and DNA repair processes.

The highest in vitro radiosensitising effect of BOH/ROS was observed for Schedule A in all tested concentrations (SER(37%)
1.46-3.20). Cell cycle analysis showed an inclination towards G0/G1 delay 48 hours posttreatment and unaltered level of
apoptosis. Changes in the DNA repair processes were observed - inhibition of DNA-PK kinase, inhibition of BrdU incor-
poration, strong and enduring induction of p21 protein and long-lasting phosphorylation of yH2AX(Ser139). Certain low
concentration activities of BOH/ROS in monotherapy were detected, mainly the activation of DNA-PK kinase.

The results demonstrated strong in vitro radiosensitising effect of BOH/ROS that is concentration and especially schedule
dependent. The strong cytostatic effect of the pretreatment schedule is mediated through the inhibition/rearrangements of

DNA repair processes.
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Bohemine and roscovitine, compounds structurally derived
from olomoucine, are inhibitors of cyclin-dependent kinases
(CDKs) [1, 2]. They inhibit kinase CDK2, CDK7 and CDKO.
CDKI1 and CDKS5 are affected as well [2-4]. These compounds
have demonstrated their potential to block proliferation and
induce apoptosis under both in vitro and in vivo conditions
[2-5].

Recently the role of CDK kinases in the regulation of RNA
polymerase II (RNAP II) transcription has been highlighted.
Kinases CDK 1, 7, 8 and 9 activate RNA II polymerase and

*both authors contributed equally to the work

thus facilitate efficient initiation and elongation of transcrip-
tion [6]. Moreover RNAP II polymerase blocked at sites of
DNA lesions triggers transcription coupled repair (TCR) and
stabilises p53 protein [7, 8]. The stabilization of p53 protein
[5, 6, 9], which is accompanied by nucleolar fragmentation [5],
down-regulation of antiapoptotic factor Mcl-1 [10], depletion
of cyclins [4] and induction of apoptosis [10], occur due to
the inhibition of RNA polymerase II by roscovitine (above 20
uM) and bohemine (above 50 uM) [4, 6, 10].

Treatment of cell lines with BOH/ROS at micromolar
concentration leads to the arrest of the cell cycle on G1/S and
G2/M boundaries and deceleration of S phase. The synchro-
nised cells, especially those blocked on the G2/M boundary,
could sensitively respond to consequent irradiation. The po-
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tential radiosensitising effect has already been proposed based
on possible hyperstimulation of p53 activity using roscovitine
in combination with irradiation [9, 11].

Repair of radiation incurred DNA double strand breaks
(DSBs) is essential for cell survival. In eukaryotes, DSBs
are either repaired by accurate homologous recombina-
tion (HR) or by potentially error-prone non-homologous
end joining (NHE]) [12]. The central role in HR is played
by ATM and ATR kinases, which phosphorylate diverse
components of the repair network/apoptosis pathway
either directly or through the transducing kinases CHK2
and CHKI1 [13, 14]. These kinases can rapidly and tran-
siently delay cell-cycle progression through the CDC25s
phosphatase pathway or they can also impose a delayed
and enduring cell-cycle arrest through the p53/MDM2-p21
pathway [13]. The key role in NHE] is played by the kinase
DNA-PK [12]. ATM, ATR and also DNA-PK kinases directly
activate and stabilize p53 protein by phosphorylation of its
Serine-15 site. CHK1 and CHK2 kinases phosphorylate p53
on Ser20 and Thr18 [13].

The aim of this study was to evaluate the in vitro radiosen-
sitising effects of BOH/ROS using the p53 wild-type human
lung adenocarcinoma cell line A549 in the three treatment
schedules. Flow cytometry methods and western blot analysis
were used to study final effects.

Materials and methods

Cell culture and cell line. The human lung adenocarcinoma
cellline A549 was purchased from the American Type Culture
Collection (Rockville, MD). The cells were grown in RPMI
medium supplemented with 10% fetal calf serum and contain-
ing 100 U/ml penicilin, 100 pg/ml streptomycin at 37°C and
5% CO2. All experiments were performed in exponentially
and asynchronously growing cultures.

Tested compounds and irradiation conditions. Tested com-
pounds were bohemine and roscovitine (Laboratory of Growth
Regulators, Palacky University, Olomouc, Czech Republic). 10
mM stock solutions were prepared in 10% DMSO in saline and
stored at -20°C. y-irradiation was delivered at room tempera-
ture using “Co source (Chisostat, Chirana, Czech Republic).

Clonogenic survival assay. Cells were seeded in triplicates
into 6-well plates (250 cells per well) and were left to stabilize
for 24 hours. The incubation with drugs always lasted for 24
hours. Three different schedules were used: A-pretreatment
- preincubation of cells before irradiation; B-concomitant
- concomitant application of radiation and drugs and C-post-
treatment — incubation of cells 1 day after irradiation. Treated
cultures were incubated for additional 7 days in drug-free
medium. Finally, the cultures were fixed, stained with crystal
violet and colonies containing >50 cells were counted.

Flow cytometry methods. For BrdU (bromodeoxyuridine)
incorporation assay, cell populations were exposed to 10 uM
BrdU for 30 minutes before trypsinization and fixed in ice-cold
ethanol. DNA content and cell cycle analysis was performed

using hypotonic citrate buffer and propidium iodide staining
method [15]. BrdU positive cells were visualized using anti-
BrdU-FITC antibody (Becton Dickinson, San Jose, CA) after
chemical DNA denaturation according to the manufacturer’s
instructions.

Cell suspensions were measured on Becton Dickinson FACS
Calibur flow cytometr (Becton Dickinson, San Jose, CA) at
excitation wavelength of 488 nm. Cell cycle histograms were
analyzed using ModFit software (Verity Software House, Inc.,
Topsham, ME). Cell Quest software (Becton Dickinson, San
Jose, CA) was used for quantification of both apoptotic subG1
and BrdU positive cells. The ratio of G2/M BrdU positive ver-
sus G2/M BrdU negative cells was calculated (ratio = G2/M
BrdU positive/ G2/M BrdU negative x 10).

Immunoblotting. Cell lysates were analysed by Cell Sig-
naling immunoblotting protocol (Cell Signaling, Danvers,
MA) in combination with the enhanced chemiluminescent
detection ECL system (Amersham, Little Chalfont, UK).
Cells were resuspended in sodium dodecyl sulphate sam-
ple buffer supplemented with protease inhibitor coctail
(Sigma, St Louis, MO). The used antibodies were: polyclo-
nal antibody anti-phospho H2AX(Ser139) (Upstate, Lake
Placid, NY); polyclonal antibodies p53, CHK1, CHK2 and
phospho p53(Ser15), p53(Ser20), p53(Ser46), p53(Ser392),
CHK1(Ser345), CHK2(Thr68) (Cell Signaling, Danvers,
MA); monoclonal antibody p21CIP1/WAF1 (Exbio, Prague,
Czech Republic); monoclonal antibodies PARP, MSHS6,
MSH2 and DNA-PKcs/p350 (BD Biosciences Pharmingen,
Philadelphia, PA); secondary peroxidase-conjugated goat
anti-mouse or anti-rabbit antibodies (Pierce- SuperSignal
West Dura Extended Duration kit, Rockford, IL). Protein
loading was controlled by monoclonal antibody against -
tubulin (Sigma, St Louis, MO).

Statistical methods. Every data point of the survival curves
was calculated from two or three independent experiments
with three replicates each. The values of the sensitising en-
hancement ratio (SER) for 37% survival level were calculated.
The radiation dose that reduced the surviving colonies to 37%
of the non-treated controls was divided by the radiation dose
that reduced survival to 37% in combination with BOH/ROS.
Statistical comparison of the survival curves was performed
using the one-tailed t-test for each data point. Data analysis
and graphics were calculcated using PRISM 4.01 software
(Graph-Pad, San Diego).

Results

Cytotoxic/cytostatic activities of monotherapy. Monotherapy
survival curves were analyzed for proper dosage of drugs and
radiation in combinations (Fig. 1). The concentrations inhibit-
ing colony formation for 10, 25 and 50% (IC10, IC25 and IC50)
were calculated (0.1 pM, 12.5 M and 30 uM for bohemine;
0.1 uM, 9 uM and 13 uM for roscovitine). The A549 cells were
sensitive to radiation, they significantly responded to irradia-
tion in low, clinically relevant doses (1-3 Gy).
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Figure 1. Cytotoxic/cytostatic activity of monotherapy. Each data point
represents the mean + S.D. from at least three separate experiments.

Cytotoxic/cytostatic activities of combined treatment

Schedule A-pretreatment. Compounds clearly demonstrated
radiosensitising effects (Fig. 2) even in the lowest tested con-
centrations. The SER(37%) values for IC10 concentrations
were 1.55/1.47 for BOH/ROS respectively. However, the higher
radiosensitising effect of CDKIs (IC50) was more apparent at
higher concentrations. The highest SER(37%) values achieved
were 3.20 for BOH and 2.53 for ROS at level of IC50. Decrease
of survival fraction was significant for all tested concentrations
of BOH/ROS (p<0.0001).

Schedule B-concomitant application. The only signifi-
cant radiosensitising effect was registered for the highest
concentrations (IC50 levels) of both BOH (p<0.0001) and
ROS (p<0.0204) (Fig. 2). The relevant SER(37%) values were
1.77/1.76 for BOH/ROS respectively. At lower concentrations
the effects were merely additive.

Schedule C-posttreatment. Similarly to Schedule B, the ra-
diosensitising effect was found in the highest concentrations of
CDKIs (IC50) with SER(37%) 1.56(p<0.0058)/1.61(p<0.0001)
for BOH/ROS, respectively (Fig. 2). A weak radiosensitising
effect was also demonstrated for ROS at level of IC25 with
SER(37%) 1.18 (p<0.0464).

Cell cycle and subG1 peak analysis. Figure 3 summarizes the
effects of radiation (2 Gy) and drugs (cBOH/ROS = 12.5/9 uM)
on cell cycle 24 and 48 hours after the wash-out of the drugs.
Unfortunately the results for 48 hours in Schedule C could not
be included because the cell populations were overgrown (the
experiment is 24 hours longer than Schedule A & B and the
cell viability is the highest of all the schedules). Our data (24
hours interval) demonstrate that the combined therapy leads to
substantially decreased count of the S phase cells and increase
in the G2/M population. The most noticeable redistribution
of cell cycle phases occurred in Schedule A (pretreatment).
Bohemine and roscovitine alone reduced the S phase of the cell
cycle (29.5% for BOH and 29.7% for ROS; control cells 40%). In
Schedule A, the level of S phase was decreased to 22.6%/19.8%
for BOH/ROS. The decreased level of S phase remained on
the same level 48 hours after the wash-out and the percent-
age of cells in GO/G1 phase was increased (67.5%/65.5% for
BOH/ROS respectively) at the expense of G2/M phase. In the
same time interval the irradiated cells and the cells treated with
BOH/ROS demonstrate the common profile of exponentially
growing A549 cells (S phase 30-37%, G2/M phase 13-14% and
GO0/G1 48-58%). Similar although inferior trend to develop the
Gl arrest was also shown in Schedule B.

The analysis of the subG1 peak (Fig. 3) showed that the level
of apoptosis for the irradiated cells was slightly increased 24
h after irradiation (8%). Bohemine or roscovitine only delayed
the apoptotic process in irradiated cells to 48 hours (BOH,
Schedule A; 9.6% and ROS, Schedule B; 8.3%).

BrdU incorporation assay and DNA repair. Next we have
implemented the BrdU incorporation assay for time interval
24 hours after wash-out of BOH/ROS. In this analysis, the
BrdU positive cells were either the S phase cells (S-phase DNA
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Figure 2. Cytotoxic/cytostatic activities in Schedule A, B and C. Each data point represents the mean + S.D. from three separate experiments.

content) or the cells undergoing DNA repair (G2/M DNA
content). The ratio of BrdU positive/negative cells in the G2/M
phase reflects the percentage of DNA repairing cells. Figure 4

shows a decrease of DNA repair in Schedule A (0.7/0.6-fold for
BOH/ROS). Mild inhibition was also registered in Schedule
B (0.85/0.85-fold for BOH/ROS).
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Figure 3. Cell cycle and subG1 peak analysis. Data correspond to 24 and 48 hours after the wash-out of the drugs (rad. dose 2 Gy, cBOH/ROS = 12.5/9
uM). Each data point represents the mean + S.D. from two separate experiments.
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Immunoblotting relating to Schedule A-pretreatment . Cell
lysates corresponding to the intervals 1, 3, 6 and 12 hours after
the wash-out of the drugs were analysed. The irradiation dose
was increased to 10 Gy in order to enhance the chances of
capturing some of the DNA DSBs repairs (¢cBOH/ROS = 12.5/9
uM). Resulting western blot pictures are shown in Figure 5.
Initially we used antibody against phosphorylated form of
histone H2AX (yH2AX Ser139), because this phosphorylation
could be an indicator of ongoing DNA DSBs repair. Our data
demonstrated more noticeable phosphorylation of histone
H2AX at the time interval 6 and 12 hours after preincubation
with BOH/ROS, indicating enduring DNA repair.

Unambiguous inhibition of DNA-PKcs (catalytic subunit
of DNA-PK kinase) by BOH/ROS gives evidence of their
influence on NHE] repair (time interval 3 hours). On the
contrary BOH/ROS alone slightly activate DNA-PK kinase
(time interval 1 and 3 hours). ATM/ATR kinases (HR) phos-
phorylate mainly Thr68 site of CHK2 kinase and Ser345 or
Ser317 sites of CHK1 kinase. In our experiments inhibition of
CHK1 and CHK?2 kinases in the case of combined therapy was
not detected. Minor induction of CHK1 kinase with different
dynamics for bohemine and roscovitine was visible.

Up-regulation of MSH6 protein by BOH/ROS indicates
activation of methyl directed mismatch repair system (MMR).
The MSH2-MSH6 complex probably also participates in cor-
recting base mispairs that can arise from the strand reactions
of HR [12]. The induction of MSH6 protein, observed after
irradiation, points to the involvement of MSH2-MSH6 com-
plex in DSBs repairs. In the combined therapy the signal of
MSHS6 protein was completely absent at the 3 hour interval
and the overall duration of the protein induction was longer.
The levels for MSH2 protein were not affected.

BOH/ROS alone did not influence the stability of p53
protein. Our results in the combined therapy demonstrated
only weak upregulation of p53(Serl5) protein compared to
irradiation control at the time interval of 12 hours. Strong
upregulation of p21 protein at 3 hours in response to irradia-
tion was transient; however, strong induction of p21 protein
caused by combined therapy was delayed: starting at 3 hours
and clearly visible at 6 and 12 hours. Induction of p21 was
also observed after incubation with roscovitine and, to lesser
extent, after incubation with bohemine. Phosphorylation of
p53 on Ser20 showed no remarkable differences between ir-
radiation and combined therapy. No signal was observed using
p53(Ser46) and p53(Ser392) antibodies. Our data showed no
cleavage of PARP protein.

Discussion

We observed strong in vitro radiosensitising effect of
BOH/ROS for Schedule A (pretreatment) in all tested con-
centrations. Redistribution of the cell cycle related to the
radiosensitising effect (Schedule A) was only moderate, cells
displayed tendency to block cell cycle in the GO/G1 phase 48
hours posttreatment.
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Figure 4. BrdU incorporation assay. Data correspond to 24 hours after the
wash-out of the drugs (rad. dose 2 Gy, cBOH/ROS = 12.5/9 uM). The ratio
of G2/M BrdU positive versus negative cells was calculated. Each data point
represents the mean + S.D. from two separate experiments.

During the experiments there occured certain changes
of DNA DSBs repair processes related to radiosensitisation;
mainly strong inhibition of DNA-PK kinase (NHE]), although
BOH/ROS in monotherapy caused its activation (Fig. 5). The
hypothesis of significant change in HR repair mechanism is
supported only by the different dynamics of MSH6 protein
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Figure 5. Inmunoblotting of selected proteins related to Schedule A. Cell lysates corresponding to the intervals 1, 3, 6 and 12 hours after the wash-

out of the drugs were tested (rad. dose 10 Gy, cBOH/ROS = 12.5/9 uM). Loaded protein volumes were usually 20 ug or 50 ug (CHK1, CHK1(Ser345),
CHK2(Thr68), CHK2) or 100 pug (DNA-PKcs/p350, yH2AX (Ser139), p21).
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induction (Fig. 5). Immunodetection of the CHK1 and CHK2
transducing kinases did not show any changes in the time in-
terval of 1-12 hours. Unfortunately the direct activity of ATM
and ATR kinase was not tested. The exact coordination of HR
and NHE] mechanisms is yet unknown [13, 14]. It seems that
the DNA DSBs repairs are mediated primarily by the NHE]
mechanism, while the HR mechanism is activated in more
persistent lesions. Also HR repair process functions prefer-
entially in the late S/G2 phase, while NHE] predominates in
the GO/G1 phase [13, 14]. BrdU incorporation assay (Fig. 4),
immunodetection of histon yH2AX(Ser139), protein MSH6
and protein p21 (Fig.5) imply inhibited and longlasting DNA
repair process. We suppose that the DSBs caused by combined
therapy are repaired mainly by the HR mechanism. Possible
explanation is that combined therapy leads to higher propor-
tion of cells in the G2/M phase immediately after irradiation,
where the HR predominates, or that the combined treatment
induces more persistent lesions.

Our findings correlate with the results published by Mag-
giorella, describing the radiosensitising effect of concomitantly
administered roscovitine using p53 mutated breast cancer
MDA-MB231 cell line under in vitro and also in vivo condi-
tions [16]. Using pulse-field gel electrophoresis he showed the
inhibition of DNA DSBs repair 24 hours after treatment (cCROS
=5 uM, rad. dose 4 Gy) and suggested that the inhibition of
DNA-PK activity, which was tested measuring the DNA-PK
activity on nuclear extracts, is caused by the direct interac-
tion of roscovitine with DNA. Nevertheless he did not study
the possible effect on HR. There are more concordant data
in our and Maggiorellas results — e.g. that in the treatment
Schedules B and C the synergistic effect was achieved in the
highest concentrations only (IC50). Maggiorella described
this effect of concomitantly administered ROS only for the
higher concentration he used (5 uM and not for 2.5 uM).
Next, he used p53 mutated cell line and therefore this effect
did not depend on the p53 protein. Our results did not show
hyperstimulation of p53 protein activity either, although we
did not test in detail its nuclear accumulation. The malfunc-
tion of the ATM/ATR-CHK1/CHK2-p53/MDM2-p21 cascade
can be compensated by the ATM/ATR-CHK1/CHK2-CDC25s
and ATM-NBS1-SMCI1 signal cascades. Finally, radiosensitis-
ing effect of BOH/ROS is not based on hyperstimulation of
P53 activity.

Upregulation of p53 protein by the low concentration of
BOH/ROS (12.5/9 uM) used in monotherapy was not dem-
onstrated. However, induction of p21 protein was detected
for roscovitine and weakly also for bohemine (Fig. 5). Up-
regulation of MSH6 protein and mild induction of CHKI1
kinase may suggest evidence of HR activation that responds
to an arrest of replication fork or to occurrence of DNA
DSBs (Fig. 5). Ljungman proposes that ATR-CHKI1 repair
pathway could be activated primarily not only by the arrest
of the DNA replication fork, but also in reaction to blocked
transcription [7, 8]. Maude and Savio described the replica-
tion inhibition caused by roscovitine (20 M) accompanied

by the activation of the DNA damage response system [17,
18]. According to the first study the histon y-H2AX phos-
phorylation corresponded to roscovitine caused DNA DSBs
[17]. According to the second study the phosphorylation of
y-H2AX was limited only to the arrested replication fork
site [18]. The activation of DNA-PK (NHE]) we discovered
might rather point towards the DNA DSBs caused by BOH/
ROS even at low concentrations (cBOH/ROS = 12.5/9 uM)
(Fig. 5, time interval 1 and 3 hours). Using micronuclei assay
and by measurement of DNA-PK activity Maggiorella also
demonstrated induction of DSBs and activation of DNA-PK
by roscovitine (5 uM), though he did not comment on the
activation of DNA-PK [16].

The detailed mechanism by which BOH/ROS might cause
DNA DSBs is yet unclear. First, DSBs may arise in response to
an aberrant replication process either due to the inhibition of
CDK2 kinase or due to the possible collision of the replication
machinery with stalled or collapsed RNA polymerase com-
plex. Second, under in vitro conditions during mitosis CDK1
kinase may form molecular complexes with topoisomerase
IIa, and its inhibition can lead to possible occurrence of
DSBs [19]. Inhibition of CDK2 or CDK1 kinase is important,
because inhibitor of RNAII polymerase 5,6-dichloro-1-b-D-
ribofuranosylbenzimidazole (DRB; inhibitor of CDK7 and
CDK9) does not induce DNA damage [8]. Finally, bohemine
and roscovitine at very low concentrations (app. 10 pM) alter
transcription and also replication process. These events lead
to the occurrence of DNA DSBs. This could possibly suggest
that in the combined therapy the drug induced damages and
radiation induced damages accumulate, leading to more
persistent lesions.

Strong and longlasting induction of p21 protein, no cleav-
age of PARP protein (Fig. 5) and no significant increase of
subGl1 peakin cell cycle analysis (Fig. 3) then point to possible
enduring or permanent G1 arrest (senescence), and therefore
strong cytostatic effect. The fact that the combined therapy
does not lead to increase of apoptosis was also supported by
other studies [16, 20].

Considering our findings, it seems obvious, that inhibition
of transcription and replication processes by the CDK inhibi-
tors bohemine and roscovitine is an important phenomenon
not only for their radiosensitising effect. Importantly, the
transformed cells seem to be more sensitive to disruption of
RNA and DNA synthesis than corresponding normal cells.
We can presume that the cyclin-dependent kinase inhibitors
may have a promising therapeutic potential as radiosensitis-
ers. Currently the phase II clinical trials are in progress for
roscovitine.
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