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IZ dose escalation Z 1T > 7z, £ 7= dose limiting
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BEHRS

%1 Fas promoter -670 BEFELEFEHEREY RS

polmorhiom sk o OR 95% €1
Genotype
AA 23 (24.2%) 15 (18.1%) 1.00 (referent)
GA 54 (56.8%) 38 (45.8%) 1.08 (0.49 t0 2.37)
GG 18 (18.9%) 30 (36.1%) 2.56 (1.08 10 6.10)
Allele
A 100 (52.6%) 68 (41.0%) 1.00 (referent)
G 90 (47.4%) 98 (59.0%) 1.60 (1.05 to 2.43)
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Caffeine Sensitizes Nondividing Human Fibroblasts to X Rays by
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Caffeine sensitizes cells to ionizing radiation, and this effect
is believed to be associated with the disruption of DNA dam-
age-responsive cell cycle checkpoints, which is controlled by
ATM. Recent studies suggest that misrejoining of DSBs is one
of the underlying mechanisms of AT cell hyper-radiosensitiv-
ity. In this study, we investigated the effects of caffeine and
radiation on nongrowing G, normal human fibroblast cells by
determining cell survival and scoring aberrations in calyculin
A-induced G, chromosomes. Results from the cell survival
study indicate that after X-ray exposure G, cells were sensi-
tized by 24 h treatment with caffeine. Analysis of chromosome
aberrations using FISH (fluorescence in situ hybridization) re-
vealed a high frequency of aberrant cells and color junctions
in the caffeine-treated cells. Since most BNA repair in non-
growing G, cells is believed to result from nonhomologous end
joining (NHEJ), caffeine may influence the fidelity of the
NHEJ pathway in irradiated G, cells.

Society
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INTRODUCTION

Ataxia telangiectasia (AT) is a human autosomally re-
cessive syndrome characterized by cerebellar ataxia, tel-
angicctases, immune dysfunction, genomic instability, and
a high cancer incidence (/, 2). AT cells are abnormally
sensitive to ionizing radiation (3, 4), as can be seen from
many indicators, including an increased level of chromo-
some aberrations in cells after exposure (5—8). The diverse
clinical features in individuals affected by AT and the com-
plex cellular phenotypes are all linked to the functional in-
activation of a single gene (ATM, AT mutated) (9). Several
theories have been proposed for the underlying processes

! Address for correspondence: Department of Radiology (L1), Graduate
School of Medicine, Chiba University, 1-8-1 Inohana Chuo-ku Chiba-shi
Chiba, 260-8670 Japan; e-mail: tkawata@faculty.chiba-u.jp.
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involved in this radiation hypersensitivity, including loss of
cell cycle arrest (/0-13), inappropriate TP53-mediated ap-
optosis (/3), DNA or chromosomal repair deficiency (3, 6,
14-21), impaired accuracy of DNA or chromosome break
rejoining (22-24), and both repair deficiency and impaired
accuracy of break rejoining (25).

Caffeine is well known as an efficient inhibitor of two
key checkpoint-regulating proteins, ATM and ATR (26,
27), and has been shown to sensitize cells to ionizing ra-
diation (28—33). lonizing radiation induces DNA damage,
which triggers cell cycle checkpoint activation and conse-
quently cell cycle arrest. Cell cycle arrest is believed to
provide an extended time for cells to repair DNA damage
before they undergo cell division. Since the checkpoint de-
fects induced by caffeine are reminiscent of the checkpoint
defects seen in AT cells, this disruption of checkpoints is
assumed to result in the radiosensitizing effects produced
by this chemical. Therefore, most previous studies have
been performed using exponentially growing cells to study
the influence of caffeine on cell cycle checkpoints, with
relatively few studies focusing the effects of caffeine on
nongrowing G, cells. However, Hiakis and coworkers (34)
have clearly demonstrated the radiosensitizing effects of
caffeine on nongrowing cells using a colony formation as-
say. Natarajan and coworkers (35) also reported that chro-
mosome aberrations in G, lymphocytes treated with caf-
feine after irradiation have a tendency to increase, although
individual differences in sensitivity were observed. These
results indicate that caffeine has biological effects other
than those that affect cell cycle checkpoints. If ATM is
inhibited by caffeine, an increased induction of misrejoin-
ing will be observed in G, cells that have been treated with
caffeine after irradiation, as was observed in AT cells (22—
25).

In the present study, we investigated the effect of caf-
feine on cell survival and chromosome break repair in
normal human fibroblast cells in G,. We assessed the fi-
delity of chromosome break repair by scoring aberrations
in FISH (fluorescence in situ hybridization)-painted chro-
mosomes.
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MATERIALS AND METHODS
Cells

Cells of the normal human fibroblast cell lines AG1522 and AG1523
were obtained from the NIA cell repository. Low-passage AG1522 and
AGI1523 cells were grown in minimum essential medium (MEM) sup-
plemented with 15% fetal bovine serum. Cells were plated into T-25
flasks at 25% confluence and grown for 5 days before being irradiated in
the confluent state. The cell density was measured using a Coulter counter
at the time of irradiation and after 24 h incubation. There were approx-
imately 1.5 X 10¢ cells per T-25 flask at the time of irradiation, and no
significant increase in this cell density was detected 24 h later, indicating
that most cells were not cycling. The percentage of cells in G,/G, phase
was measured by cytofiuorometry and was 93% for each cell line.

Irradiation and Chemicals

X irradiations were performed with an MBR-1520R-3 (Hitachi, Japan)
generator operated under 150 kVp and 20 mA with a 1-mm aluminum
filter. The dose rate was about 2 Gy/min. Flasks were kept on ice before
irradiation, and all the irradiations were carried out at room temperature.
Caffeine (Wako Chemicals, Japan) was dissolved in PBS and added to
the cell cultures just after irradiation. The concentration of caffeine was
adjusted to 5 mM or 10 mM.

Colony Formation

Confluent cells were exposed to X rays (0-8 Gy) and then were al-
lowed to repair at 37°C for 24 h with either 5 or 10 mM caffeine or
without caffeine. After incubation, the medium was removed and the cells
were washed twice with PBS to remove the caffeine. Cells were then
trypsinized and plated onto 100-mm-diameter plastic dishes containing
caffeine-free medium to determine colony formation capacity. The cell
suspension was counted using a Coulter counter, and the number of cells
seeded was adjusted to yield 100 colonies per 100-mm dish. Surviving
cells were determined from the number of colonies containing a minimum
of 50 cells.

Chromosome Aberrations

A chemically induced PCC (premature chromosome condensation)
technique with calyculin A was used to collect chromosomes in the G,
and mitotic phases of the cell cycle (24, 36, 37, 38). Calyculin A can
induce PCC effectively in G, phase of the cell cycle. After exposure of
confluent cells to 6 Gy of X rays, cells were returned to the incubator
for 24 h for repair with or without caffeine. After 24 h, the medium was
removed from the flasks and the cells were washed twice with PBS as
described above. Cells were then trypsinized and transferred from a T-
25 flask to a T-75 flask to allow growth. When nongrowing AG1522 cells
were exposed to 6 Gy, the G,/metaphase index was found to peak at
around 36 h after subculture (24). We therefore elected this time for
collecting the first cell cycle postirradiation G,/metaphase chromosomes.
After incubation for 36 h after subculture, calyculin A (Wako Chemicals;
final concentration 50 nM) was added and the cells were incubated for
30 min at 37°C to allow chromosome condensation. After treatment with
calyculin A, cells were transferred to a tube and centrifuged for 5 min at
2000 rpm. The pellet was carefully resuspended in 8 ml of 75 md KCl
and incubated at 37°C. After 20 min, 2 ml of freshly prepared fixative
solution (methanol:glacial acetic acid = 3:1 vol/vol) was slowly added
to the solution, and the tubes were centrifuged again. A final wash and
fixation in fresh fixative was completed before the cells were dropped
onto a glass slide. Cells were aged overnight at 37°C on a slide warmer
and then hybridized in situ with fluorescent DNA whole probes | {Green)
and 3 (Orange) (Vysis). Cells were counterstained with DAPI, and chro-
mosome aberrations were viewed with a Zeiss Axioskop fluorescence
microscope. Aberrations in FISH-painted chromosonies were analyzed in
one sample of cells irradiated with each dose.

AG1522 AG1523

10° g= 1

Surviving fraction
5
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.o.. ‘ -..‘ N
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107 : h f . 107 . h A :
0 2 4 6 8 10 0 2 4 6 8 10
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FIG. 1. Survival curves for nongrowing AG1522 and AG1523 cells
treated with 0, 5 or 10 mA/ caffeine after irradiation. Each point represents
the mean and the standard error (SE) of three independent experiments.

Scoring of Chromosome Aberrations

We measured the number of color junctions per cell as a simple pa-
rameter representing the frequency of chromosome misrejoining and the
number of excess painted fragments to represent non-rejoined breaks.
These excess fragments, which would presumably include both interstitial
and terminal-type deletions, were included in one category of deletions.
Although terminal deletions are true unrejoining breaks, most interstitial
deletions are likely to form rings through rejoining of their broken ends.
However, we were forced to include both types of deletions due to the
difficulty of discriminating them in FISH-painted chromosomes without
the use of telomere probes. Bicolor junctions originate from misrejoining
of either a FISH-painted chromosome and a DAPI-stained chromosome
or two FISH-painted chromosomes. A reciprocal interchange between a
FISH-painted chromosome and DAPI-stained chromosome, i.e. dicentrics
and translocations, would therefore contain two bicolor junctions, and an
incomplete interchange would contain one bicolor junction. Each painted
chromosome was treated independently, and a few exchanges involved
exchanges between the painted chromosomes. Therefore, a reciprocal ex-
change between two FISH-painted chromosomes was measured as four
bicolor junctions and an incomplete exchange as two bicolor junctions.
The percentage of aberrant cells, which gives a direct measurement of
the extent of chromosome damage, was calculated as the ratio of the
number of aberrant cells and the total number of cells scored. The total
numbers of cells scored were 297 (6 Gy, 0 mM caffeine) and 269 (6 Gy.
10 mA/ caffeine) for AG1522 cells and 210 (6 Gy, 0 mM caffeine) and
135 (6 Gy, 10 mAf caffeine) for AG1523 cells.

RESULTS

Similar to what was seen previously (34), caffeine had
no cytotoxic effects on nonirradiated cells up to concentra-
tions of 10 mM (data not shown). Figure 1 shows survival
data for AG1522 and AG1523 cells exposed to 0, 5 or 10
mM caffeine after irradiation at various doses; a concentra-
tion-dependent cell killing effect is demonstrated.

Figure 2 shows an example of aberrations in AG1522
cells exposed to 10 mM caffeine after irradiation. The figure
clearly shows a color junction originating from chromo-
some | and 3. Figure 3a—c shows the number of color junc-
tions per cell and deletions per cell and the percentage of
aberrant cells for AG1522 and AG1523 cells with or with-
out caffeine treatment. In cells treated with 10 mM caffeine,
the percentage of aberrant cells and the number of color
junctions per cell are almost twice as high as yields in cells
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FIG. 2. Example of chromosome aberrations in AG1522 cells after
exposure to 6 Gy. Chromosome 1 was painted with a Spectrum Green
probe and chromosome 3 with Spectrum Orange probe. Spreads were
counterstained with DAPIL. Color junction between chromosome | and 3
is clearly visible.

without caffeine treatment, while the frequency of deletions
per cell was similar for caffeine-treated and nontreated sam-
ples. Although chromosome-type aberrations increased in
samples treated with caffeine, no significant increase was

found in the induction of chromatid-type breaks in either

type of cells treated with caffeine after irradiation (data not
shown).

DISCUSSION

Our experiments were designed to determine the effects
of caffeine on radiation-induced chromosomal damage and
repair in nongrowing G, human fibroblast cells. Since chro-
mosome aberrations are believed to reflect DSB repair, ab-
errations in FISH-painted chromosomes indicate the effect

(a)

of caffeine on DSB repair. To eliminate the effects arising
from cell cycle checkpoints, confluent cells were irradiated
and allowed to repair for 24 h at 37°C with or without
caffeine.

The chromosomal repair process in G, can be assessed
directly in interphase cells using the conventional fusion
PCC technique (39—42). Kovacs ef al. (42) irradiated non-
growing AG1522 cells and compared PCC 24 h after ir-
radiation with that in cells that had reached first metaphase
after exposure and found that there were fewer in aberra-
tions at metaphase, particularly unrejoined breaks, indicat-
ing the importance of scoring aberrations in prematurely
condensed chromosomes for assessing the repair at G,.
However, fusion PCC is relatively difficult and the PCC
index is low. In the present study, we elected to score ab-
errations in G, chromosomes condensed by calyculin A in-
stead of directly scoring G, chromosomes. A recent study
comparing the frequency of aberrations in calyculin A-in-
duced G, PCC with aberrations in G, fusion PCC demon-
strated that the frequencies of aberrations were similar (43).
This indicates that a G,/M-phase cell cycle delay results in
the decreased level of aberrations observed in metaphase
and therefore that yields found in the G, cells are reflective
of the yields of misrepaired DSBs or chromosome breaks
formed in G,.

In mammalian cells, two major repair pathways are
known to be involved in the repair of DNA breaks: ho-
mologous recombination (HR) and nonhomologous end
joining (NHEJ) (44). HR, which requires the presence of
homologous sequences in a homologous chromosome or in
a sister chromatid, is precise (relatively error-free) and is
important for the repair of DSBs in late-S and G, phase,
while the NHEJ pathway is error-prone and mutagenic and
is the predominant repair process during G,, G, or early S
phase (45, 46). In the present study, since nongrowing G,
cells were trradiated and allowed to repair for 24 h before

(b) (c)
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FIG. 3. The effects of caffeine on the induction of color junctions per cell, deletions per cell, and the percentage
of aberrant cells. The hatched bar shows the results for samples treated with 0 mM caffeine after 6 Gy irradiation.
The black bar indicates results for samples treated with 10 md/ caffeine after 6 Gy. The bars show the standard

errors (SE) of the mean.
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subculture, it is likely that most DSBs were repaired using
the NHEJ repair pathway. The radiosensitizing effect of
caffeine on G, human fibroblast cells is clearly demonstrat-
ed by the colony formation study (Fig. 1). To assess the
effect of caffeine on the fidelity of G, repair, we scored
color junctions and deletions using the FISH technique.
Figure 3 shows that in the presence of 10 mM caffeine
around twice the number of color junctions are induced
compared with samples allowed to repair without caffeine.
while 10 mM caffeine does not affect the frequency of de-
letions, which include both terminal deletions (unrejoined
breaks) and interstitial deletions. These results may indicate
that the efficiency of chromosome break rejoining through
NHEJ may be independent of caffcine; however, the fidelity
of the rejoining process is impaired. These results appear
to be different from the previously published finding that
caffeine-induced radiosensitization is independent of NHE]
but is mediated through affecting HR (47-49). This differ-
ence may be attributed to comparison of results obtained
under different experimental conditions; i.e., most previous
experiments were performed using exponentially growing
phase cells, not confluent G, cells. In a population of ex-
ponentially growing cells exposed to radiation, an accu-
mulation of G,-phase cells occurs as a result of the G,
block. Since HR plays an important role in repairing breaks
in G, phase, the effect of catfeine on the HR pathway could
be enhanced and that of NHEJ would be minimized when
exponentially growing cells are used. By using synchro-
nized normal human fibroblast cells in G,, we could clearly
demonstrate that caffeine affects the fidelity of repair in G,
normal human fibroblast cells.

In conclusion, we have shown that the presence of caf-
feine can result in a high frequency of misrejoining in ir-
radiated G, human fibroblast cells. Caffeine may not influ-
ence the efficiency of joining breaks through NHEJ, but it
can influence the fidelity of repair through NHEJ. Aithough
caffeine is known to be an efficient inhibitor of ATM, caf-
feine is a relatively non-selective agent and has many ef-
fects in cells. For example, caffeine inhibits alkaline phos-
phatase activity (50) and phosphodiesterase activity (57,
52). 1t should therefore be noted that a high induction of
misrejoining in G, cells after treatment of caffcine would
not be attributed solely to the inhibition of ATM. Inclusion
of more data from additional cell lines of different radio-
sensitivity and study using molecular techniques is neces-
sary to confirm these results. Further studies using addi-
tional normal and AT heterozygous fibroblast cells are un-
der way to investigate the mechanism of radiosensitization
of caffeine in cells exposed to low- or high-LET radiations.
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Abstract Radiation therapy (RT) with concurrent and ad-
juvant chemotherapy has been a widely accepted treatment
for patients with locoregionally advanced nasopharyngeal
carcinoma {(NPC). We administered 4Omg/m3 cisplatin
(CDDP) weekly, concurrently with RT, to six consecutive
patients with locoregionally advanced NPC to evaluate its
toxicity and efficacy. The median number of courses of
CDDP administration was 4.5 and the median radiation
dose was 69.7 Gy. Grade 3 leukopenia was observed in three
patients. All but one patient experienced grade 3 or 4 skin
reactions, pharyngitis. or dysphagia. All but one patient
achieved a complete response, and the remaining patient
received radical neck dissection for persistent cervical lym-
phadenopathies, which contained no cancer cells. All six
patients were discase-free at last contact, with a median
follow up of 23.5 months. This regimen is well tolerated in
patients with locoregionally advanced NPC.

Key words NPC - Concurrent chemoradiotherapy - Weekly
CDDP - Intergroup Study 0099

tntroduction

Concurrent chemoradiotherapy is the mainstay of treat-
ment for various malignancies.' ¥ Platinum agents, including
cisplatin (CDDP), with or without other agents, are used
commonly in this sctting; however, an optimal CDDP ad-
ministration schedule remains to be determined. In patients
with nasopharyngeal cancer (NPC), the Intergroup Study
0099 (1GS) has demonstrated significant results by adminis-
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tering 100mg/m® CDDP concurrent with radiation therapy
(RT) at 3-week intervals.™® After the publication of the 1GS,
we attempted to adopt an identical combined modality
treatment for patients with locoregionally advanced NPC,
between March 2001 and June 2002. Although we treated
only three patients according to the this regimen, we failed
to demonstrate its feasibility and efficacy, because of its
severe acute adverse events, poor compliance, and unsatis-
factory outcome.”

In contrast to the IGS, a Hong Kong group conducted a
phase 111 randomized trial comparing radical RT with con-
current weekly CDDP and RT.* They demonstrated signifi-
cant improvement of progression-free survival in patients
with advanced stages, with 40mg/m’ weekly CDDP admin-
istration. We report the feasibility and efficacy of this
weekly chemotherapy CDDP schedule, given concurrently
with RT.

Case report

From July 2002, we have treated six consecutive patients
with biopsy-proven stage 1IB to IVB NPC. All six patients
met the inclusion criteria of Chan et al.,* and underwent a
complete history, physical examination, complete blood
counts. screening blood tests of hepatic and renal function,
and 3 consecutive days of 24-h creatinine clearance. The
diseasce cvaluation included a chest radiograph; bone scin-
tigraphy: computed tomography (CT) of the head and neck,
chest, and abdomen; magnetic resonance imaging (MRI) of
the nasopharynx and base of skull; and fiberoptic endos-
copy and biopsy of the nasopharynx. The patients were
staged according to the 1997 International Union Against
Cancer (UICC)-TNM staging system. The patients’ charac-
teristics are shown in Table 1. Informed consent was pro-
vided according to the Declaration of Helsinki.

The patients received 40mg/m” CDDP weekly during
RT. starting on the first day of RT. All patients received
adequate hydration and a serotonin antagonist against eme-
sis during the CDDP administration. Chemotherapy was
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delayed until bone marrow suppression recovered, and was
suspended if serum creatinine was greater than 1.5mg/dl,
and/or creatinine clearance fell to less than 50ml/min.
No patients were scheduled to receive adjuvant and/or
neoadjuvant chemotherapy.

With regard to RT, CT-based trcatment planning was
used fo assess the extent of the primary tumor and the neck
nodes. The nasopharynx and the upper neck were treated
with two opposed lateral fields. A separate anterior supra-
clavicular field was used to irradiate the lower neck and
supraclavicular fossa. The patients were treated with a com-
bination of 4- and 10-MV photons to achieve dose homo-
geneity. An electron field of appropriate energy was also
applied to treat posterior neck nodes after sparing the
spinal cord. The fractional daily dose was 2Gy, with a
planned total dose of 66Gy.

The response assessment included physical examination,
fiberoptic endoscopy, and CT and/or MRI of the nasophar-
ynx and neck. and responses were classified according to the
New guidelines to evaluate the response to treatment in solid
tumors.” Acute toxicities were graded according to the
National Cancer Institute common toxicity criteria.

All six patients received RT without treatment breaks,
with a median dose of 69.7 Gy (range. 64 to 70Gy). Chemo-
therapy was delivered in three to six weekly courses, with a
median course number of 4.5. The reasons for suspension of
CDDP administration included renal toxicity in two pa-
tients, and grade 3 leukopenia, pharyngitis, and patient re-
fusalin 1 patient each. The acute toxicity profiles are shown
in Table 2. Although three patients developed grade 3 leu-
kopenia, the other hematological toxicities were well toler-
ated. However, all but one patient experienced grade 3 or 4
skin reactions, pharyngitis, or dysphagia. Body weight loss
ranged from 4% to 20.7%, with a median of 14.5%. At the

Table 1. Paticnt charactcristics

Age Sex TNM Histology

(ycars)
Casc | 49 Male T4N2MO WHO 111
Casc 2 20 Malc TIN3bMO WHO 111
Case 3 39 Malc TANOMO WHO 111
Casc 4 62 Female T3IN2MO WHO 1l
Casc 5 65 Female TINIMO WHO [
Casc 6 74 Male T2bNIMO WHO Ii

Table 2. Acute adverse events: maximum grade

end of the treatment, five patients achieved a complete
response, and the remaining patient obtained a partial re-
sponse; this patient received radical neck dissection for
persistent lymphadenopathies; however, histopathological
examination revealed no cancer cells in the surgical speci-
mens. All six patients were alive without disease at last
contact, with a median follow up of 23.5 months (range,
13 to 27 months).

Discussion

Concurrent  chemoradiotherapy with adjuvant chemo-
therapy has become standard practice following the publi-
cation of excellent results by the 1GS.™ Subsequently.
several phase II or III studies have demonstrated encour-
aging results with regard to concurrent chemoradio-
therapy with or without adjuvant or neocadjuvant
chemotherapy.*""" In the IGS, patients in the experimental
arm received 100mg/m” CDDP as a single agent at 3-week
intervals, concurrently with radical RT. In four other stud-
ies, patients were also administered 100mg/m® CDDP as a
single agent, at 3- or 5-weck intervals, concurrently with
RT:" "in two of these studies, the CDDP dose was divided
equally and given on 4 or 5 consecutive days."" In our
previous study, three patients were to receive the 1GS regi-
men; however, they were not able to complete their planned
chemotherapy because of its severe acute adverse events.

In contrast, Chan et al.” examined the efficacy of weekly
administration of 40mg/m’ CDDP concurrently with RT
(66Gy/6.5 week), compared with RT alone, in a random-
ized phase 111 trial. They demonstrated that progression-
free survival was significantly prolonged in patients with
advanced stage disease; however, in the overall comparison,
progression-free survival was not different among the treat-
ment arms. This CODP administration schedule has been
shown to have acceptable toxicities, with an encouraging
outcome for cervical cancer.” and, in light of our previous
experiences employing the IGS protocol, we incorporated
weekly CDDP  administration into the present study.
Although, in comparison to our previous study, hematolo-
gical toxicities were more frequent in the present one,
nonhematological toxicities were comparable to those in
the previous study,” and we obtained encouraging results in
the present study.

obscrved for cach patient

Casc | Casc 2 Case 3 Casc 4 Casc 5 Casc 6
Grade Grade Grade Grade Grade Grade
Leukopenia 2 3 1 3 3 1
Ancmia I 1 1 2 3 1
Thrombocytopenia | 1 | I 0 0
Weight loss 2 2 2 2 0 3
’ (—13.5%)  (-18.8%) (-10.7%)  (-15.6%)  (~4%)  (-20.7%)
Dcrmatitis 2 2 3 3 2 2
Dysphagia 3 3 2 2 2 3
Pharyngitis 3 4 2 3 2 3




