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DIFFERENTIAL EFFECT OF SELECTED METHYLXANTHINE
DERIVATIVES ON RADIOSENSITIZATION OF LUNG CARCINOMA CELLS

A.M. Malki, J. Gentry, S.C. Evans*
Edison Biotechnology Institute, Department of Chemistry and Biochemistry,
Ohio University, Athens, OH 45701

Aim: Using caffeine as a reference derivative, this study was performed to investigate how other methylxanthine derivatives, theophyl-
line, 3-isobutyl-methylxanthine and 1,3-dipropyl-7-methylxanthine, sensitize cells to radiation by modifying cell cycle checkpoints
and inducing the apoptotic response. The effect of the methylxanthine derivatives was studied in response to gamma and ultraviolet
radiation in a human large cell lung carcinoma cell line, null for p53, a normal lung epithelial cell line and the large cell lung carcinoma
cell line stably transfected with p53. Methods: Effects of theophylline, 3-isobutyl-methylxanthine and 1,3-dipropyl 7-methylxanthine
on cell-radiosensitization in comparison to caffeine tested by clonogenic survival assay, MTT assay, ELISA based apoptotic assay,
flow cytometry, caspase-3 activity, TUNEL assay, and western blot analysis. Results: All the derivatives, except 3-isobutyl-methyl-
xanthine, increased tumor cell sensitization to radiation by inducing apoptosis in the p53-null lung cancer cell line. The pattern of
cell cycle progression revealed that these derivatives increased the number of cells in G1 phase by abrogating the G2/M checkpoint,
directing the cells to apoptose through a p53-independent mechanism. In contrast, 3-isobutyl-methylxanthine was more potent
than the other derivatives in radiosensitization of normal lung epithelial cells and the lung carcinoma cells stably transfected with
wild-type p53. IBMX increased p53 protein level more than caffeine in lung carcinoma cells stably transfected with wild-type p53.

Conclusion: Our results suggest that 3-isobutyl-methylxanthine might function through a p53-dependent mechanism.
Key Words: 3-isobutyl-methylxanthine, caspase-3, p53, cell cycle, lung cancer.

Lung cancer is the major cause of cancer death
in the world and accounts for over 150,000 deaths
annually in the United States [1]. Although extensive
research is being done, lung cancer therapeutic out-
comes have not significantly improved [2]. Non-small
celllung carcinoma (NSCLC) comprises about 75% of
lung cancer cases and consists of adenocarcinoma,
squamous cell carcinoma, and large-cell carcinoma.
About 40% of patients with NSCLC undergo surgical
resection of a localized tumor with curative intent.
However, the majority of patients are diagnosed in
advanced stages of the disease, which is usually less
sensitive to chemotherapy or radiation than small cell
lung carcinoma [3, 4]. Thus demands for efficient
therapy are needed to control the growth and multi-
plication of lung carcinoma. The combination of radio-
therapy and chemotherapy is an effective strategy to
control the primary tumor, and diminish the chances
of metastases [5, 6].

Radiation and many chemotherapeutic drugs
damage DNA, resulting in a block in the cell cycle at
G2/M, to repair the damaged DNA. Cell cycle check-
points might contribute to the development of drug
resistance, posing a formidable limitation in current
cancer treatment [7]. Presumably, genotoxic agents
that override cell cycle checkpoints could be used to
sensitize cells towards more cell death [8, 9]. Caffeine,
amethylxanthine, potentiates the lethal effects of toxic
agents by overriding the G2/M checkpoint [10-13].
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It does so by inhibiting ataxia telangiectasia mu-
tated protein (ATM) and ataxia telangiectasia related
protein (ATR) [12] that are induced in response to
gamma and ultraviolet (UV) radiation. p53, a down-
stream target of ATM and ATR, is a tumor suppressor
protein that functionsat G1/Sand G2/M [14] andis an
attractive target for cancer therapy. The override of
the G2 block by caffeine is decreased in cells with wild-
type p53 compared to those with mutant p53, making
cancer cells with nonfunctional p53 more sensitive to
radiation [15]. However, other groups showed that
transfecting cells with wild-type p53 make cells more
sensitive to irradiation [16—18].

The use of caffeine in sensitizing cells to radiation
has been well documented in many cell lines [11, 19,
20]. However, the effect of other derivatives of meth-
ylxanthine on radiation-induced apoptosis of tumor
and normal cells has not been characterized. Thus,
we wanted to determine if other derivatives could also
increase radiosensitivity, perhaps better than caffeine,
and sensitize differentially between normal and tumor
cells with different p53 genotypes. For the study, four
different methylxanthine derivatives, caffeine, theo-
phylline, 1,3-dipropyl-7-methylxanthine (DPMX), and
3-isobutyl-methylxanthine (IBMX), were tested for their
potency atinducing apoptosisin a large cell lung carci-
noma cell line, H1299 (null for p53), exposed to various
doses of gamma and UV radiation. The response was
compared to NL-20, a normal lung epithelial cell line,
and p53-transfected H1299 stable cell line.

Theophylline, a nonspecific phosphodiesterase
inhibitor that has bronchodilator effects, is used in
the treatment of bronchial asthma and is a potential
anti-inflammatory agent [21]. IBMX, also a phoshodi-
esterase inhibitor, affects many signal transduction
pathways, such as cellular metabolism, including re-
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lease of Ca?* from intracellular stores [22], antagonism
of adenosine receptor, and inhibition of phosphodi-
esterases [23]. DPMXis an antagonist of A2 adenosine
receptors that are stimulated by adenylate cyclase in
membranes of rat pheochromocytoma PC12 cells and
human platelets [24]. The structures of the selected
methylxanthine derivatives are illustrated in Fig. 1.

We investigated the effects of theophylline, DPMX,
and IBMX on cell-radiosensitization in comparison
to caffeine by clonogenic survival assay, MTT assay,
ELISA based apoptotic assay, flow cytometry, TUNEL
assay and caspase-3 activity and western blot analy-
sis. We found that theophylline and DPMX increased
the sensitivity of H1299 cells to radiation whereas
IBMXdid not have an effect. However, IBMXincreased
radiosensitization in normal lung epithelial and stably
p53-transfected H1299 cells suggesting its function
may be dependent on0p53.
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Fig. 1. The structure of selected methylxanthine derivatives

MATERIALS AND METHODS

Cell culture and drug treatment. H1299 cells that
have a deletion of the p53 gene were derived from a hu-
man large cell lung carcinoma (provided by Jack Roth,
M.D. Anderson Cancer Center). Cells were maintained
in Dulbecco’s modified essential media (DMEM)
(Gibco, USA) supplemented with 10% fetal bovine
serum, 100 Units/ml penicillin and 100 ug/ml strepto-
mycin at 37 °C in a 5% CO, atmosphere (Gibco, USA).
NL-20, a normal lung epithelial cell line (ATCC, USA)
was maintained in DMEM/F-12 media (Gibco, USA)
supplemented with 10% FBS, 100 Units/ml penicillin,
100 pg/ml streptomycin, insulin (1.2 g/l1), transferrin
(0.001 mg/ml), EGF (20 ng/ul) and hydrocortisone
(500 ng/ml) at 37 °C in a 5% CO, atmosphere. H1299
cells were stably transfected with wild-type p53 and
maintained in supplemented DMEM described above.
Cells were transfected using Lipofectin (Invitrogen,
USA) and stable transformants were selected with
G418 (300 mg/L). Caffeine, theophylline, IBMX, and
DPMX (Sigma, USA) were dissolved in cell culture
media at concentrations of 1 mM and 4 mM.

Clonogenic survival assay. Cell survival following
gamma and UV radiation was measured by clonogenic
assays in monolayerin 10 cm plates. Cells were plated
in triplicate and were grown for 2 days to approximately
70% confluency. The methylxanthine derivatives were
dissolved in culture media at a final concentration of
4 mM and added to the plated cells 30 min prior to

irradiation. Cells were irradiated with different doses
of gamma radiation ranging from 2.5-10 Gy from a
B’Cs source (J. L. Shepherd and Associates, CA, USA)
and UV radiation (10-30 J/m?) using a 250 nm source
(UVP Inc, CA, USA). After 24 h, the media containing
the derivatives was removed and replaced with fresh
media without the derivatives. The cells were grown
for 14 days to monitor colony formation. Colonies of at
least 50 cells were scored as clonogenic survivors. The
surviving fraction was determined by the proportions
of seeded cells that formed colonies after drug and
radiation treatment relative to the control cells, which
were irradiated either with gamma or UV radiation with-
out prior drug treatment. Each data point was derived
from the results of three independent experiments and
expressed as mean * standard deviation.

Cell viability was measured by the methyl tetrazo-
lium (MTT) bromide mitochondrial activity assay as
described previously (ATCC, Manassas, USA) [25].
Briefly, 4000-5000 cells/wellin 100 pl of medium were
seeded in a 96-well plate for 24 h prior to drug treat-
ment. The media was then changed to media with de-
rivative compounds and cells were treated with either
gamma radiation (2.5 Gy) or UV radiation (10 J/m?).
After 24 h, 10 pL of 5 mg/ml MTT reagent was added
to each well and incubated for 4 h. After incubation,
100 pl of detergent reagent was added to each well to
dissolve the formazan crystals. The absorbance was
determined at 570 nm. Cells treated only with irradia-
tion were used as controls. Each assay was performed
in triplicate and standard deviation determined.

Flow cytometric analysis. Cells were seeded at
a density of 3-5 X 105/ 10 cm plate and incubated for
24 h before radiation. Media was changed to media
containing the different derivatives 30 min before irra-
diation. Cells were exposed to 2.5 Gy gamma radiation
or 10 J/m2 UV radiation. 24 h after drug and radiation
treatment, cells were harvested by trypsinization. The
cells were washed with PBS and fixed with ice-cold
70% ethanol while vortexing. Finally, the cells were
washed and resuspended in PBS containing 5 ug/ml
RNase A (Sigma, USA) and 50 ug/ml propidium iodide
(Sigma, USA) for analysis. Cell cycle analysis was
performed using FACScan Flow Cytometer (Becton
Dickinson) according to the manufacturer’s protocol.
Windows multiple document interfaces (WinMDI)
software was used to calculate the cell-cycle phase
distribution from the resultant DNA histogram, and
expressed as a percentage of cellsin the GO/G1, Sand
G2/M phases. The apoptotic cells were determined on
the DNA histogram as a subdiploid peak.

Enzyme linked immunosorbent apoptosis as-
say. Cells were seeded at a density of 2 X 104/ well
in a 96-well plate and incubated for 24 h. Media was
changed to media containing the different derivatives 30
min before irradiation. Cells were exposed to 2.5-10 Gy
gamma radiation or 5-30 J/m? UV radiation and then
incubated for 24 h. An ELISA assay was performed
using Cell Death Detection ELISAPYS kit (Roche-Ap-
plied Science, USA) that measures histone release
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from fragmented DNA in apoptotic cells. Briefly, cells
were lysed with 200-ul lysis buffer for 30 min at room
temperature. The lysate was centrifuged at 200 g for 10
min. 150 ul of supernatant was collected, of which 20 ul
was incubated with anti-histone biotin and anti-DNA
peroxidase at room temperature for 2 h. After washing
with incubation buffer three times, 100 ul of substrate
solution (2,2 azino-di(3-ethylbenzthiazolin-sulphuric
acid) was added to each well and incubated for 15-20
min at room temperature. The absorbance was meas-
ured using an ELISA reader (Spectra Max Plus) at 405
nm. The control group were cells treated with either UV
or gamma radiation. Each assay was done in triplicate
and standard deviation determined.

Caspase-3 activity. Caspase-3 activity was as-
sayed according to manufacturer’s protocol (Assay
designs, USA). Briefly, 5x10° cells were lysed in 100 pl
lysis buffer containing 10 mM HEPES, pH 7.4, 2 mM
EDTA, 0.1% CHAPS, 5 mM, 350 ug/mlIPMSF and 5 mM
DTT. Cell were homogenized by three cycles of freezing
and thawing and then centrifuged to remove the cel-
lular debris. Each sample was then incubated in buffer
containing 10 mM HEPES, pH 7.4, 2 mM EDTA, 0.1%
CHAPS, 5 mM EDTA supplemented with Ac-DEVD-
AFC for 1 h at room temperature and then reaction
was stopped with 1 N HCI. OD, . was measured using
a spectrophotometer (Spectra Max Plus).

TUNEL and DAPI staining. For in situ detection
of apoptotic cells, TUNEL assay was performed us-
ing DeadEnd™ fluorimetric tunnel system ( Promega,
USA). Cells were cultured on 4-chamber slides (VWR,
USA) at a density of 2x10* cells/chamber. After treat-
ment with derivatives and 2.5 Gy of gammaiirradiation,
cells were washed with PBS and fixed by incubation
in 4% paraformaldehyde (PFA) for 20 min at 4 C. The
fixed cells were then incubated with digoxigenin-con-
jugated dUTP in terminal deoxynucleotide transferase
recombinant (rTdT)-catalyzed reaction and nucleotide
mixture for 60 min at 37°C in a humidified atmosphere
and then immersed in stop/wash buffer for 15 min at
room temperature. Cells were then washed with PBS
to remove unincorporated fluorescein-12-dUTP. After
washing with PBS, cells were incubated in 1 ug/ml
DABI solution for 15 min in dark (data not shown).
Cells were observed with fluorescence microscopy
(RT slider Spot, Diagnostic Instruments, Inc) and
photographed at 100X magnification.

Transfection of p53. H1299 cells were transfected
with pCMV-p53 (human) plasmid using lipofeactamine
(Gibco, BRL) as recommended according to manu-
facturer’s protocol. Briefly, solution A and solution
B (Lipofectin reagents, Invitrogen) were mixed and
incubated for 20 min. The lipofectin-DNA solution
was added to cells, plated at 1x10%/10 cM plates and
incubated for6 hat37 Cina CO,incubator. The media
was aspirated and changed to normal media. G418
(300) mg/I (Gibco, BRL) was added to the culture to
select from transfected cells. After 3 weeks, single
independent cell clones were isolated and each clone
was plated independently.

Western blot analysis. The expression of p53 was
tested by Western blotting analysis using H1299 (p53-
null cells) as control. The samples were normalized
and the loading dye (50 mM Tris-CI pH 6.8, 100 mM
B-mercaptoethanol, 2% SDS, 0.1% bromophenol
blue, 10% glycerol) was added. The samples were
heated at 95 °C for 5 min and the proteins separated
on SDS-PAGE. Then, the proteins were transferred to
Polyvinylidene Difluoride (PVDF) transfer membrane
(Millipore Corporation, MA). The proteins were trans-
ferred onto the membrane using a semi-dry transfer
apparatus (OWL). The membrane was blocked with
5% non-fat milk in PBS containing 0.25% Tween-20
(Sigma-Aldrich, MO) (PBS-T) at room temperature
(RT) for 1 h and then incubated with the appropriate
primary antibodies (Bp-53 monoclonal mouse anti-
body, Santa Cruz Biotechnology) at a 1 : 500 dilution
in 5% milk PBS-T overnight at 4 °C. The membrane
was washed quickly three times and then two 5 min
wash and incubated with the appropriate secondary
antibody conjugated to horseradish peroxidase (goat
anti mouse antibody, Santa Cruz Biotechnology) at a
1:20,000 dilution in 5% milk PBS-T for 1 h at RT. The
membrane was washed in PBS-T, three quick washes
and three 15 min washes to remove unbound antibod-
ies and proteins were detected by autoradiography
using the ECL Advanced Western Blotting Detection
Kit (Amersham Biosciences, NJ).

Statistical analysis. All data were analyzed by
Student’s t-test and expressed as mean + standard
deviation. A P-value < 0.05 was considered statisti-
cally significant. All of the experiments were done in
triplicate.

RESULTS

Effect of methylxanthine derivatives on cell
survival after radiation. Cell survival was measured
by clonogenic assays after drug treatment and gamma
or UV radiation. As expected, caffeine (the reference
derivative) sensitized cells to gamma radiation (2.5—
10 Gy) (Fig. 2, a, b, ¢) and UV (10-30 J/m?) radiation
(data not shown) in a dose-dependent manner. We
tested whether the other methylxanthine derivatives
could also radiosensitize cells and if the effect was
dependent on p53 status. The effects of the derivatives
were compared to the control group that consisted of
cells treated only with irradiation.

Theophylline and DPMX induced sensitization of
H1299 cells to gamma radiation and UV radiation (data
not shown) as compared to the control (P < 0.05) but
both were less potent than caffeine. IBMX failed to
show any radiation-sensitizing effect on H1299 cells
(see Fig. 2, a). To determine if the derivatives would
have an effect on radiosensitivity dependent on p53,
both NL-20 normal lung epithelial cells and H1299
transfected with p53 were analyzed. Interestingly,
IBMX significantly decreased cell survival (P <0.05)
after 2.5 Gy gamma radiation and 10 J/m? UV ra-
diation (data not shown) in NL-20 (see Fig. 2, b) and
p53-transfected H1299 cells (see Fig. 2, ¢). DPMX
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was the second most potent derivative at inducing
radiosensitivity in these cells. Caffeine and theophyl-
line also increased radiosensitivity but less effectively
than IBMX and DPMX (see Fig.2, b, c).
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Fig. 2. Effect of different doses of gamma radiation on
clonogenic survivalinH1299 cells(a), NL-20 cells(b) and wt-p53
H1299 transfected cells(c¢) with 4 mM of different methylxanthine
derivatives. Each data point is an average of three independent
experiments and expressed as M = SD

To confirm the above results, the effect of the four
different methylxanthine derivatives on radiosensiti-
zation was further investigated using the MTT assay.
The results showed that transfecting cells with wild-
type p58 increased radiosensitivity to 2.5 Gy gamma
radiation (Fig. 3) and UV radiation (10 J/m?) (data not
shown). Moreover, it confirmed that IBMX caused
increased sensitivity to radiation than the other deriva-
tives, including caffeine. NL-20 cells were more resist-
ant to radiation than H1299 and lung carcinoma cells
stably transfected with wild-type p53. Caffeine was the
most potent radiosensitizer in H1299 cells, followed by
theophylline then DPMX. The decrease in cell viability
by IBMX was not significantly different from control
in H1299 cells but was a highly potent radiosensitizer

in both normal lung epithelial and H1299 cells stably
transfected with wild-type p53.
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Fig. 3. Effect of gamma radiation (2.5 Gy) on cell viability of
H1299 cells, NL-20 cells and wt-p53 H1299 transfected cells.
All methylxanthine derivatives are in 4 mM concentration and
compared to no treatment (100%). Each data pointis an average
of three independent experiments and expressed as M = SD

Effect of methyixanthine derivatives on cell
cycle checkpoints using flow cytometry. Flow
cytometry was used to examine the effects of the
derivatives on cell cycle checkpoints as well as cell
proliferation or apoptosis. The percent of cells in G1,
S, G2, and apoptosis were determined. There was an
effect of the derivatives on G1 and G2 checkpoints as
well as induction of apoptosis (Fig. 4, a, b, ¢ and Tables
1, 2, 3); however, no significant difference was found
in the percent of cells in S phase. This analysis was
done at 6, 12 and 24 h after UV (data not shown) or
gamma radiation. H1299 cells that were irradiated and
harvested 24 h post-irradiation showed an increase in
the percent of G1 cells compared to G2, 47.4% versus
36.4%, respectively, which indicates that cells were
arrested in G1 phase (see Table 1). However, both
caffeine and theophylline significantly decreased the
number of cells arrested in G2, 14.2% and 19.4%,
respectively, compared to irradiated cells (36.4%),
and increased the number of cellsin G1to 67.7 % and
62.1%, respectively, compared to the irradiated group
(47.4%)(see Table 1). Also, they increased the percent
of apoptosis after radiation in H1299 cells to 15% and
16%, respectively, compared to the irradiated group
(10%). DPMX was less potent at causing a bypass
of G2 but it did increase apoptosis to 18% vs 10% in
irradiated cells. IBMX-treated H1299 cells were not
significantly different from the control group in any of
the phases of the cell cycle. (see Fig. 4, aand Table 1).
Similar results with all the derivatives were seen after
10 J/m2UV radiation (data not shown).

Irradiation of NL-20 cells and p53-transfected
H1299 cells with gamma radiation increased the
number of cells in G2 compared to G1. When ra-
diation was combined with any of the derivatives,
the G2 checkpoint was bypassed causing more cells
to enter G1 and more to apoptose (Fig. 4, b, ¢ and
Table 2, 3). IBMX induced the most apoptosis in the
cells with wild-type p53, followed by DPMX and theo-
phylline, then caffeine (see Fig. 4, b, cand Table 2, 3).
Similar results were seen with UV radiation (data not
shown).



20 Experimental Oncology 28, 16-24, 2006 (March)
Table 3. Effect of different methixanthine derivatives on cell cycle in p53
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Table 1. Effect of different methixanthine derivatives on cell cycle of H1299
cells

Go/G1 % S% G2/M % Apoptosis %
Control 60.5+2.0 4305 14118 47x1.0

474+40 56+21 36.4+2 107%0.5
IR + Caffeine 67.7+3.0r 3.1+£04* 142+0.2* 15.0=0.5*
IR+ Theophylline 62.1+2.1* 25+0.3* 19.4+£0.5* 16.0+1.0*
IR + DPMX 53.0+£3.0r 2.9+0.1* 26.0+1.0* 18.1+0.4*
IR + IBMX 50.0+1.0 3.0+0.2* 350*1.0 12.0%0.4

Control is non treated cells. All others were treated with 2.5 Gy IR. Results
are expressed as M £ SD and the difference is significant (indicated by *)
only if P < 0.05 compared to radiation alone

Table 2. Effect of different methixanthine derivatives on cell cycle in NL-20
cells

Go/G1 % S% G2/M % Apoptosis %
Control 26410 7710 63312 27+0.2
IR 30.8+1.5 47+03 59102 54=x14
IR + Caffeine 58.8+1.2* 33+04 27205 10.7+1.3*
IR + Theophylline 57.0+2.3* 3.6+0.3 27.5+05* 11.9+2.0*
IR + DPMX 41.4+20* 6.5+0.8* 39.2+0.3* 129+1.0*
IR + IBMX 47.3+1.0* 7.2+0.4* 31.9+1.3* 13.6+2.5*

Control is nontreated cells. All others were treated with 2.5 Gy IR. Results
are expressed as M+SD and the difference is significant (indicated by *)
only if P< 0.05 compared to radiation alone.

IR doses (Gy)

OContro! 04 mM Caffeine
=4 mM Theophylline W4 mM DPMX
4 mM IBMX

Fig. 5. Induction of apoptosis in H1299 cells (a), NL-20 cells
(b) and wt-p53 H1299 transfected cells (¢) with methylxanthine
derivatives after different doses of gamma radiations ranging
from (2.5-10 Gy) and 24 h duration interval. Each data point
is the mean of three independent experiments and expressed
as M=SD. Induction of apoptosis represents absorbance at
405 nm

Apoptotic response by methylxanthine de-
rivatives after radiation. Apoptosis was examined
in H1299, NL-20 and p583-transfected H1299 cells
(Fig. 5, a, b, c) after 2.5-10 Gy gamma radiation or
10-30 J/m2 UV radiation (data not shown) by ELISA
to detect histone release. In reference to the control
group, caffeine induced significant increase in apopto-
sis compared to other derivatives at all doses in H1299
cells (see Fig. 5, a). NL-20 cells were more resistant to
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gamma radiation (see Fig. 5, b) and UV radiation (data
not shown) than p53-null cells. In contrast to the results
in H1299 cells, IBMX was the most potent derivative
in NL-20 cells followed by DPMX, theophylline then
caffeine. Interestingly, in H1299-p53 transfected cells,
IBMX and theophylline were similar in inducing apop-
tosis but more potent and significant from caffeine,
DPMX and control group (see Fig. 5, ¢).

Caspase-3 activity. Caspase-3 activity was
measured using DEVD peptide-nitroanilide (pNA)
after 24 h of exposure to 4 mM of caffeine and IBMX
in conjunction with 2.5 Gy of gamma radiation. The
results showed that IBMX increased caspase-3 activ-
ity in p53 stably transfected cells while caffeine has
non-significant effect. In contrast, in H1299 cells,
caffeine increased caspase-3 activity compared to
IBMX (Fig. 6).
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Fig. 6. Caspase-3 activity was determined in both H1299 and
p53-stably transfected cells. IBMX increases the activity of
caspase-3 compared to irradiated group and irradiated group
in combination with caffeine. Results are expressed as M + SD.
*represents p < 0.05compared to irradiated group in H1299 cells
and ** represents p < 0.05compared to irradiated group in p53
stably transfected H1299 cells.

TUNEL assay. TUNEL assays were performed
in order to ascertain induction of apoptosis by 4 mM
caffeine or IBMXin H1299 and p53-stably transfected
cells in conjunction with 4 Gy of irradiation (Fig. 7).
In H1299 cells, the assay revealed the presence of
nuclear condensation and TUNEL-positive cells after
treating cells with 2.5 Gy and 4 mM caffeine com-
pared to irradiation alone (see Fig. 7, a). Moreover,
similar results were obtained after treating p53 stably
transfected H1299 cells with 2.5 Gy and 4mM IBMX.
Whereas no induction of apoptosis was found in control
non treated group (see Fig. 7, b).

p53 protein expression. To further investigate
the effect of IBMX on p53, H1299 cells were stably
transfected with p53 and expression of p53 was
determined (Fig. 8, a, b). p53 protein increased in
the presence of caffeine slightly more than gamma
radiation alone. Interestingly, IBMX greatly increased
the stabilization or induction of p53 protein levels in
conjunction with gamma radiation. This is consistent
with the increased apoptosis seen in the p53
transfected cells (see Fig. 5, ¢, Fig. 6).

FITC

@ DAPI

Control

256Gy

256Gy +
4 mM
Caffeine

®

Contro!

256Gy
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4 mM
IBMX

Fig.7. Characterization of induced-cell deathin H1299 cells (a)
and p53 stably transfected cells (b). Cells were treated with DAPI
and stained via TUNEL assay. For each group, cells treated with
2.5 Gy of gamma radiations and 2.5 Gy of gamma radiation with
4 mM of caffeine and IBMX. DAPI was used to stain the nuclei
and FITC represent, fluorescein-12 dUTP labeled DNA

DISCUSSION

Cell cycle checkpoints in G1 and G2 are activated
in response to UV or gamma radiation allowing time for
DNArepairtotake place. After complete repair, the cells
resume cycling. However, when the damage in cells
is severe and cannot be repaired, the cells undergo
apoptosis and die. Many researchers are challenged
to discover novel drugs or new DNA damaging agents
to preferentially kill tumor cells. Our results show that
derivatives of methylxanthine differentially affect the
cell cycle and apoptosis and their mechanism may
depend on the cell’s p53 status.
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Fig. 8. Western blot analysis. a. Expression of p53 was
determined in H1299 and in p53 stably transfected cells. b. p53
expression was compared, in stably transfected cell treated with
2.5 Gy, 2.5 Gy + 4 mM caffeine, 2.5 Gy + 4 mM IBMX (lanes 1, 2
and 3). B-Actin was used as an internal control to monitor equal
protein sample loading

After radiation-induced DNA damage, ATM and
ATR become activated and initiate signal transduction
pathways that regulate G2 arrest [26, 27]. Downstream
substrates of these kinases such as Chk1, Chk2 and
Cdc25C are required for the initiation or maintenance
of G2-phase arrest after genome damage [28].
The G2/M DNA damage checkpoint blocks mitosis
thereby preventing the transmission of DNA lesions
to daughter cells. The majority of cancer cells often
have a corrupted G1 cell cycle checkpoint, which might
contribute to carcinogenic processes and to the limited
responses of tumors to radiotherapy [7]. However,
this may contribute to making them more vulnerable
to anticancer agents that interfere with G2 arrest,
because the G2 checkpoint is their last defense after
DNA damage [29]. The pharmacological bypassing
of G2 checkpoints is powerful strategy for increasing
the response to radiotherapy [8, 9, 30]. Hence, com-
bined treatment with cytotoxic agents is designed to
circumvent the radiation-induced G2 checkpoint while
at the same time maintaining the benefits of an intact
G1 checkpointin normal cells [7, 31, 32].

Caffeine has been widely used as an inhibitor of the
G2 checkpoint. Addition of caffeine to cells will abro-
gate G2/M checkpoint responses to many genotoxic
stresses including UV, gamma radiation and other
drugs [383, 34]. Caffeine’s method of action is most
probably through the metabolism of both purines and
pyrimidines, transferring methyl groups to thymidine,
adenine, and guanine in de novo synthesis [35]. DNA
synthesis can proceed through two distinct pathways
depending on the available intracellular pools: a de
novo pathway synthesizing nucleic acids from pre-
cursors and a salvage pathway utilizing preformed
purine rings such as xanthine [36]. The demethylation
of caffeine results in a consequent accumulation of

xanthine, altering the balance between purines and
pyrimidines, which could account for the inhibition of
cell proliferation by caffeine.

Our data showed a significant enhancement of
radiation-induced toxicity of lung cancer cells without
functional p53 compared to normal lung epithelial cells
and p53-transfected H1299 cell when irradiated in a
proliferative state in the presence of caffeine, theo-
phylline, or DPMX. The data from clonogenic survival
and MTT viability assays showed that caffeine is more
potent than other derivatives in sensitizing H1299 cells
to radiation. However, caffeine was less potent than
all the other derivatives in NL-20 cells and p53-trans-
fected H1299 cells, which is consistent with previous
data that caffeine preferentially sensitizes p53-defi-
cient cells to DNA damage by disruption of the G2/M
checkpoint [37, 38]. Theophylline and DPMXwere less
potent than caffeine in H1299 cells. IBMX failed to elicit
any response in these cells. However, in normal lung
epithelial cells and p53-transfected H1299 cells, IBMX
was a highly potent radiosensitizer. This suggests that
IBMX may function through a different mechanism
than the other methylxanhine derivatives, possibly in
p53-dpendent.

Many drugs have been used for the treatment
of lung cancer cells by inducing apoptosis through
pathways that are p53-dependent and independent
[39, 40]. Our data clearly showed that all the meth-
ylxanthine derivatives induced apoptosis in H1299
in a p53-independent mechanism after UV radiation
and gamma radiation except IBMX. Theophylline and
DPMXalso abrogated the G2 checkpoint and directed
more cells to apoptosis in normal and tumor cells.
However, in H1299 cells, IBMX increased the percent
of cellsin G1 phase but it did not direct any cells to ap-
optose. In contrast, in normal lung epithelial cells and
p53-transfected H1299 cells, IBMX was the most po-
tent derivative atinducing apoptosis. The Western blot
analysis demonstrated that p53 was overexpressed
in p53-stably transfected cells in the presence of
IBMXthan caffeine combined with gamma radiations.
These results were further confirmed by increase cas-
pase-3 activity in the presence of IBMX in p53 stably
transfected cells. The results were also supported by
TUNEL assay. These results indicate that IBMX might
function through a different mechanism than the other
methylxanthine derivatives. Because IBMX may Kkill
surrounding normal cells as or more efficiently than
tumor cells, it might not serve as a therapeutic for lung
cancers that possess wild-type p53. However, studies
utilizing more cell lines with variations of p53 status
should be done to address this issue.

The possible conclusion of the differential effect
between caffeine and IBMX is the substitution of the
methyl group at N3 in caffeine by a bulkier isobutyl
group in IBMX and/or absence of a methyl group at N7
in caffeine. Though DPMX is bulkier than IBMX, due
to the presence of two propyl groups and one methyl
group, its action was less potent than IBMX. This
might conclude that the isobutyl group at N3 makes
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the xanthine ring more reactive and functional in cells
with functional p53 than the other derivatives. Further
analysis should be done to investigate the molecular
mechanism of IBMX.
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ANDODOEPEHLMAJIbHBIN 9D DEKT OTAEJIbHbIX MPON3BOAHBbIX
METUJNIKCAHTUHA HA PAANOYYBCTBUTEJIbHOCTb KJIETOK
KAPUWUHOMDbI JIETKOIO

I]eas: mpoBecTH CPaBHUTENIbHBINA AHAJIN3 BIMSHUA KO()eHHA W IPYrUX MPOM3BOIHLIX MeTHIKCAaHTUHA (THOGWMHH (TD),
3-uz00yTiii-meTwikcantud (3-UBMK), 1-3-aunpommi-7-metuinkcantul (1-3-AI1-7MK)) Ha paauoceHCHONIM3AIMIO KJIETOK
KPYIMHOKJIETOYHOI KAPIMHOMBI JIETKOTO YeJIOBEKA, He CO/IePKALINX reHa P53, HOPMAIbHbIX SNMHUTETHATHBIX KJIETOK JIETKOT0 ¥ KpyI-
HOKJIETOYHO KAPIMHOMBI JIETKOT0, CTA0WIbHO TpaHchemupoBaHHoii reHoM pS53. V3yuam BiusiHie NPOM3BOIHBIX METHIKCAHTHHA
HA Peakiuio KJIETOK Ha raMMa- W yiabTpaduoseroBoe ooxydenne. Memodsi: painoceHCUONIN3ANNIO KIETOK MOJ AeliCTBHEM
Koeuna, T®, 3-UBMKu 1-3-JII1-7MK ncciienosaan npu noMoIIM KJIOHOreHHOro anaamsa, MTT-anamu3a, nmvmyHnogepmeHT-
HOT0 MeTOa, ATANTHPOBAHHOTO /IJIs1 BHISIBJICHHS ATIONTOTHYECKUX KJIETOK, MPOTOYHOI UTOMETPHH, CIIEKTPOGOTOMETPHIECKOTO
MeToaa onpenenenns kacnasbi-3, TUNEL-MeToaa, a Takxke MMMYHOOJIOTTHHTA. Pe3y.1bmamot: Bce POU3BOIAHBIE METHIKCAH-
THHA, 32 uckmoyennem 3-UBMK, noBbimanm 9yBCTBHTEILHOCTh OMYXOJIEBBIX KJIETOK K PAUALMH ITyTeM HHAYKIHUHA aronTo3a
KJIETOK PaKa JIETKOTr0, JHIIEHHbIX reHa p53. DTH Npon3BoaHbIe MOBBIMIAIM YHCJI0 KIeTOK B G 1 (hase myrem 6;10ka nepexomga G2/ M
KJIETOYHOTO IMKJIA, BbI3BIBAJIM ANONTO3 10 p53-He3aBucuMoMy MexanusMy. B To ke Bpems 3-UBMK nposiBii ceds Kak 0oee
MOIIHBII PAIMOCEHCHOWIN3ATOP HOPMATBHbIX SMHTEINAIBHBIX KJIETOK JIETKOT0, CTA0WIBHO TPAHC()EMMPOBAHHBIX JUKHM THIIOM
reHa p53. 3-UBMK nossimasn yposenb p53 Oelika B 00Jblieii cTenend, 4eM KogerH B KJIeTKaX KapIHUHOMBI JIETKOT0, CTA0UIbHO
TpaHchenMpOBAHHBIX TUKNUM THIIOM IreHa p53. Bvigodsr: pe3yibTaThl MO3BOJISAIOT MPEANOJI0KNTD, 4TO neiictBue 3-UBMK ocy-
HIECTBJISIETCS M0 PS53-3aBHCHMOMY MYTH.

Karoueevie caosa: 3-u300yTHI-METHIKCAHTHH, Kacna3a-3, pS3, KJIeTOYHbIIl IUKJI, PaK JErkoro.
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