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(E)-2'-deoxy-2'-(fluoromethylene) cytidine (FMdC), a novel
inhibitor of ribonucleotide-diphosphate reductase, has been
shown to have anti-tumor activity against solid tumors and
sensitize tumor cells to ionizing radiation. Pentoxifylline
(PTX) can potentiate the cell killing induced by DNA-
damaging agents through abrogation of DNA-damage-
dependent G, checkpoint. We investigated the cytotoxic,
radiosensitizing and cell-cycle effects of FMdC and PTX in a
human colon-cancer cell line WiDr. PTX at 0.25-1.0 mM
enhanced the cytotoxicity of FMdC and lowered the ICy, of
FMdC from 79 = 0.1 to 31.2 + 2.1 nM, as determined by MTT
assay. Using clonogenic assay, pre-irradiation exposure of
exponentially growing WiDr cells to 30 nM FMdC for 48 hr or
post-irradiation to 0.5 to 1.0 mM PTX alone resulted in an
increase in radiation-induced cytotoxicity. Moreover, there
was a significant change of the radiosensitization if both drugs
were combined as compared with the effect of either drug
alone. Cell-cycle analysis showed that treatment with nano-
molar FMdC resulted in S-phase accumulation and that such
an S-phase arrest can be abrogated by PTX. Treatment with
FMdC prior to radiation increased post-irradiation-induced
G, arrest, and such G, accumulation was also abrogated by
PTX. These results suggest that pharmacological abrogation
of S and G, checkpoints by PTX may provide an effective
strategy for enhancing the cytotoxic and radiosensitizing
effects of FMdC. Int. J. Cancer 80:155-160, 1999.
© 1999 Wiley-Liss, Inc.

In addition, we tried to assess whether PTX can affect cell-cycle
distribution induced by FMdC and irradiation. From our findings,
we may conclude that PTX abrogates FMdC-induced S-phase
arrest and radiation-induced, @rrest. These effects on cell-cycle
blocks may explain, at least in part, the enhancement of both the
cytotoxicity and the radiosensitizing potential of FMdC on WiDr
cellsin vitro.

MATERIALS AND METHODS
Chemicals and cell culture

FMdC (MDL 101,731), kindly provided by Hoechst Marion
Roussel (Cincinnati, OH), was dissolved in distilled water. Di-
methyl sulfoxide (DMSO) and 3-(4,5,-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma
(Buchs, Switzerland). MTT was dissolved at a concentration of 5
mg/ml in RPMI-1640 medium without phenol red, filtered, then
frozen at —80°C for storage. PTX was a gift from Hoechst
(Frankfurt, Germany). PTX was dissolved in PBS to 100 mM stock
solution and stored at20°C.

The human colon-cancer cell line WiDr was obtained from the
ATCC (Rockville, USA). Cells were maintained in minimum
essential medium containing 10% fetal bovine serum (FBS), 1%
non-essential aminoacids and 2 mM L-glutamine. The cells were
incubated in a humidified 5% GGatmosphere at 37°C. In these
conditions, the mean doubling time of the exponentially growing

(E)-2 -deoxy-2-(fluoromethylene) cytidine(FMdC) has been syngg|is was 23 hr.
thesized as a mechanism-based inhibitor of ribonucleotide-
diphosphate reductase (Bitorgt al., 1995), and is presently in MTT assay
Phase-I clinical trial. Ribonucleotide reductase is a key enzyme inThe cytotoxic interaction of FMdC and PTX was analyzed using

DNA synthesis. This enzyme has increased activity in rapidy MTT assay as described (&f al., 1997). Briefly, the WiDr cells
growing tumors, and represents a potential target for chemothera@d00 cells/well) were seeded in duplicate in 96-well plates; at the
In contrast to other inhibitors of RR, such as hydroxyurea arghme time, drug-containing medium was added. FMdC was used in
ara-C, which are widely used in the treatment of leukemias agdncentrations ranging from 10 nM to 320 nM, and PTX was used
show limited or no anti-tumor activity against solid tumor, FMdC ist a concentration from 0.25 mM to 4.0 mM. FMdC and PTX were

a promising novel chemotherapeutic agent with striking activity iadded simultaneously. After 3-day incubation, 100 pyl MTT were
a variety of solid-tumor cells (Bitongt al.,1995; Piepmeieet al., added to each well and incubated for 4 hr at 37°C. The supernatants
1996). Several experimental studies have demonstrated that FMdé€re removed and formazan crystals were re-suspended in 200 pl
sensitized human colon- and cervical-cancer cells and mousfeDMSO. The plates were shaken for 5 min, then the optical
mammary-tumor cells to radiatian vitro (Snyder, 1994; Let al., densities (OD) of each well were read at 570 nm, with the reference
1996), and we have reported that the anti-tumor and radiosensitizavelength set at 690 nm using a SLT SPECTRA Il (Tecan,
ing effects are also evideirt vivo (Sunet al.,1997). Hombrechtikon, Switzerland) plate recorder. Cell survival was

Methylxanthines such as caffeine enhance cytotoxicity induc&g!Culated as the percentage absorbance of untreated cets(Li
by DNA-damaging agents (Lau and Pardee, 1982). Caffeine ahd97). The 1Go (50% inhibitory concentration) values were
pentoxifylline (PTX) potentiate the cytotoxicity of several chemo-
therapeutic drugs such as cisplatin, camptothecin and alkylating
compounds (Fart al., 1995; Teicheret al., 1991). In contrast,  appreviations:ara-C, arabinosylcytosine; DMSO, dimethyl sulfoxide:
those compounds antagonize the cytotoxic effect of doxorubiciTp, deoxyribonucleosideéfriphosphate; ER, enhancement ratios; FMdC,
Preferential sensitization has been reported using a combinatior{€)f2'-deoxy-2-(fluoromethylene) cytidine; 16, 50% inhibitory concen-
caffeine and ionizing radiation or caffeine and cisplatin (Rustell tration; MTT, 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bro-
al., 1995). In all these studies, the sensitization is explained by tAude; PE, plating efficiency; PTX, pentoxifylline; UCN-01, 7-hydroxystau-
preferential abrogation of the &heckpoint in cells lackingp53 rosporine.
function. FMdC acts as a novel anti-tumor drug and the modulation
of its cytotoxicity and radiosensitization by PTX has never been *Correspondence to: Radiobiology Laboratory, Department of Radiation
evaluated. Oncology, Centre Hospitalier Universitaire Vaudois (CHUV), CH-1011 Lau-
In the present study, we used a human colon-cancer cell ”ﬁ%nne, Switzerland. Fax: (41)21-314-4601. E-mail: pcoucke@chuv.hospvd.ch

(WiDr), known to bep53mutated, to investigate whether PTX_____
enhances FMdC-mediated cytotoxicity and radiation sensitization Received 6 June 1998; Revised 21 July 1998
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defined as the drug concentrations inducing a 50% reduction in théAfter fixation, cells were washed twice in ice-cold PBS contain-
OD as compared with untreated cells. ing 200 U/ml RNase A. Cellular DNA was stained with 3 ml 0.5
) mg/ml propidium-iodide solution. Cell-cycle determination was
Clonogenic assay performed on a FACScan flow cytometer (Becton Dickinson,

Assessment of the radiosensitization observed with FMdC alom@ountain View, CA), using the cellfit software. Results are
\tI)VithIPTX alone and Witrp] the combil?ation of (kj)oth dru?s was madsxpressed as a percentage of total cells at a specific cell phase.

y clonogenic assay. The WiDr cells, in conditions of exponenti - .

growth, were treated with FMdC prior to irradiation, trypsinize gta“s“ca' ana_IyS|s .
and re-suspended in fresh medium. In preliminary experiments, weEach experiment was repeated 2 or 3 times. Data are presented as
observed, as expected for a nucleoside analogue, the marked eff@@tmean= the standard error of 2 or independent experiments.
of prolonged exposure prior to irradiation on the radiosensitizif§eans were compared by the Student's 2-taflesbt. A difference
cells was p|ated into Go_mmissue_cunure dishes. After 3-hr was used to test the main effects of FMdC and PTX alone, and their
dishes were irradiated at a dose rate of 80.2 cGy/min with an Of¥aluate the cytotoxic interaction of FMdC and PTX (Chou and
IBL cesium-37 source at room temperature. PTX was addd@lalay, 1984).
immediately following irradiation, since we expected PTX to be
active on the post-irradiation 31 block. After 2 weeks, colonies RESULTS
were visualized by staining with crystal violet, and colonies of 5Potentiation of FMdC cytotoxicity by PTX

ceII_s or more were counted.. All colony counts were adjusted for Tpe cytotoxic effect of FMAC and PTX on WiDr was measured
plating efficiency (PE) to yield corrected survival of 100% fokyith an MTT assay after 3-day exposure. TheJ®as 79.0+ 1.0
untreated controls. Similarly, colony counts for PTX-treated celi§y for FMdC and 2.7+ 0.1 mM for PTX. PTX alone, up to

were adjusted for drug toxicity to yield corrected survival of 100%gncentrations of 1 mM, had a minimal effect on the viability of
for unirradiated PTX-treated controls. Radiosensitization is eXviDr-cells, with approximately 80% cell survival. A 3-day expo-
pressed as an enhancement ratio, defined as the mean surgygh 1o 0.25-1.0 mM PTX resulted in a significant increase of
fraction (SF) for control/mean SF for FMdC and/or PTX. FMdC cytotoxicity in a dose-dependent manner (Fa). Addition
of 0.25, 0.5 and 1.0 mM PTX to various concentrations of FMdC

Flow cytometry o&wered the 1Go of FMdC to 54.3+ 2.2 nM, 37.0+ 1.2 nM, and

X - .2+ 2.1 nM respectively. Isobologram analysis showed that the
cells in the exponential-growth phase were treated by FMdC alor?!i’/{otoxicity of FMcIJIJC and I)DITX was gupra-addi)t/ive (Fidn)1
by irradiation alone, or by FMdG- irradiation in the presence or ) o
the absence of PTX. The cells were harvested at the indicated tifs@hancement of FMdC radiosensitization by PTX
fixed in 70% alcohol, and stored in the dark at 4°C for at least 24 hrWe investigated first the importance of the duration of exposure
until analysis. to FMdC on cytotoxicity and on radiosensitization. As found for

Cells were processed in the same way as for cell survival. Wi
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Ficure 1 — Effect of PTX on FMdC cytotoxicity using a 3-day MTT assé) Survival rate of FMdC in the presence of 0.25to 1.0 mM PTX.
Cells were treated with different concentrations of FMdC with or without RbXIsobologram analysis showing a supra-additive cytotoxic effect
of FMdC and PTX.
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plating efficiency (PE), the decrease in the surviving fraction aft&ffect of FMdC alone on cell-cycle distribution
irradiation, compared with corresponding controls (Fig),2lid T investigate the effect of FMdC on cell-cycle progression,
not occur if cells were exposed for 6 to 24 hr to 30 nM FMdC (Figasynchronous exponentially growing cells were treated with FMdC
2b). In contrast, after 48 hr exposure to 30 nM FMdC there wasfgr 6 to 48 hr, then subjected to DNA analysis by flow cytometry.
significant decrease in the surviving fraction, compared withxposure of WiDr cells to 20 to 40 nM FMdC alone resulted in an
irradiated controls, preceding in time the significant reduction igrrest of cells in S phase in a concentration-dependent manner, as
PE observed in unirradiated but FMdC-treated cells (Fagh)2 compared with the control (Fig. 4). In contrast, FMdC at the lower
To assess the effect of PTX on FMdC radiosensitization, celi®ncentration of 10 nM had no detectable effect on cell-cycle
were incubated for 48 hr prior to radiation with 30 nM FMdC andlistribution. At 20 nM FMdC, significant S-phase accumulation is
PTX was added immediately after irradiation. As noted above, mbserved only at 48 hr after treatment. S-phase arrest induced by 30
significant cytotoxicity but measurable radiosensitization wasVl and 40 nM FMdC appeared at 12 hr, peaks at 24 hr, and reached
observed with FMdC at this time point by clonogenic assay. PTX plateau at 48 hr after treatment. Such S-phase arrest was
alone at concentrations of 0.25 to 1.0 mM had minimal cytotoxigaralleled by depletion of Gand GM phase (data not shown).
ity, with a PE of 92%. In Figure& the radiosensitizing effect of 30 ) .
nM FMdC in the presence or the absence of 0.5 mM PTX on Wit | X abrogation of FMdC-induced S-phase arrest
cells has been plotted. PTX alone at concentrations of 0.5 mM andlo examine the potential of PTX to influence FMdC-induced
1.0 mM enhanced the cell killing induced by irradiation. Theell-cycle perturbation, cells were treated for 24 hr with 30 nM
enhancement ratios (ER) at the clinical relevant fraction dose oFMdC in the presence of PTX. At concentrations up to 1 mM, PTX
Gy were 1.22+ 0.03 for 30 nM FMdC alone, 1.23 0.03 for 0.5 alone had no detectable effect on cell-cycle progression of un-
mM PTX and 1.4+ 0.15 for 1.0 mM PTX alone. In contrast, 0.25treated control cells (data not shown). At 24 hr after treatment with
mM PTX alone had no significant effect on radiosensitization (da@ nM FMdC, addition of 0.25 to 1.0 mM PTX abrogated
not shown). However, addition of 0.5 to 1.0 mM PTX resulted in aRMdC-induced S-phase arrest in a dose-dependent manner (Fig. 5).
increase of FMdC-mediated radiosensitization. When cells wePd X at concentrations of 0.5 mM and 1.0 mM reduced S-phase
treated with 30 nM FMdC in the presence of 0.5 and 1.0 mM PTXarrest from 66.5= 0.9% to 54.4+ 1.2% and to 39.3+ 1.4%
the corresponding ER ranged from 1.690.03 to 2.04+ 0.32. In  respectively. The reduction of S-phase arrest by PTX was paral-
Figure 3, we reported the radiosensitization of WiDr cells as &led by an increase in{&nd GM phase (Fig. b).
function of FMdC concentration in the presence of 0.5 mM PT . .
WIDr cells were exposed to varying concentrations of FMdEect of PTX on Garrestinduced by radiation
(10-50 nM) for 48 hr prior to a single dose of 2 Gy irradiation. Th&ith or without FMdC
survival of irradiated cells decreased gradually as the drug concenWe have demonstrated that irradiation resulted in dose-
tration increased from 20 to 50 nM. Whatever the concentration dependent Garrest in WiDr cells and that this Garrest can be
FMdC used, 0.5 mM PTX yielded an additive effect on FMd®ver-ridden by PTX (Liet al., 1998). In the present study, we
radiosensitization. investigated further whether pre-irradiation exposure of WiDr cells
to FMdC affects irradiation-induced @rrest, and whether PTX
abrogates this &arrest after FMdC treatment. Cells were treated
with 30 nM FMdC for 48 hr prior to radiation, then irradiated
incubated with 0.5 mM PTX for 24 hr. Flow-cytometry analysis
confirms our observation that PTX inhibits the &rest induced by
radiation (Fig. 6). Moreover, the pre-irradiation treatment with 30
nM FMdC for 48 hr results in an increase in @rest in irradiated
cells. Such G@M accumulation observed after FMdC treatment and
irradiation is significantly abrogated by 0.5 mM PTX (Fig. 6).
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‘o : : . . i ‘ The data reported in this study demonstrate that PTX as a biological
0 12 54 26 48 60 72 response modifier is able to modify the intrinsic toxicity of FMdC and
sensitize WIDr cellsin vitro to ionizing irradiation. The human
colon-cancer WIDr cells exposed to nanomolar concentrations of FMdC
are characterized by S-phase arrest. This latter can be abrogated by
100 exposure to PTX, and this correlates with enhancement of the cytotoxic
B effect of FMdC, while the radiosensitizing effect of FMdC is also
enhanced by PTX. This observation is compatible with the observed
abrogation of Garrest by PTX, determined by flow cytometry on cells
exposed to irradiation and FMdC. Our experiments therefore suggest
that PTX is a potent inhibitor of cell-cycle arrest, both in S andjreGd
that this abrogation of cell-cycle blocks increases the cytotoxic and
radiosensitizing effects of FMdC.

The mechanism by which FMdC produces cytotoxicity and
radiosensitization is much less clear. While FMdC shares some
metabolic similarities with other ribonucleotide-reductase inhibi-
tors, such as ara-C, hydroxyurea and gemcitabine, these drugs have
markedly different anti-tumor effects (Bitorgt al.,1995; Shewach
et al., 1994; Iwasakiet al., 1997). Presumably, FMdC is a
mechanism-based, irreversible inhibitor of ribonucleotide reduc-
function of time. Cells were exposed to 30 nM FMdC for the indicatg@se' Itis pps&ble that th'.s d.”!g acts in a m*?”r.‘er S|mllqr to other
time periods, and clonogenicity was assessed with or without @apy. Ponucleotide-reductase inhibitors, such a22difluorocytidine
Effect of FMdC alone on cell survival or plating efficiency (PE)  (9emcitabine). The latter has been shown to cause inhibition of
Survival of cells treated with 6 Gy with or without 30 nM FMdC at theDNA synthesis without significantly inhibiting either protein or
indicated time point. RNA synthesis (Huangt al.,1991). Inhibition of DNA synthesis with
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FIGURE 2 — Cytotoxicity and radiosensitization of FMdC as
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FIGURe 3 — Potentiation of FMdC radiosensitization by PTX. Cells were treated with FMdC for 48 hr and irradiated, after which PTX was
added immediatelya) Survival fraction of cells exposed to 30 nM FMdC in the presence of 0.5 to 1.0 mM @) Burviving fraction of cells as
a function of dose of FMdC (0-50 nM) with or without 0.5 mM PTX. Cells were exposed to FMdC for 48 hr before irradiation at 2 Gy.

——e—— FMdC+PTX 0.5 mM

1004]—°— Control

{|—a— Fmac 10 am
—o—  FMdC 20 nM «
807 —a— FMJC 30 nM *
1{—e— FMdC 40 nM
— GOH E *
X J *
vy 407
201
0 T T v T T T T 7 —
0 12 24 36 48

Hours after FMdC treatment

FIGUuRe 4 — Effect of FMdC alone on cell-cycle distribution as a function of concentration. Cells were treated with varying concentrations of
FMdC for the different time periods. *Values significantly different from contmk{ 0.05).

gemcitabine might be due to decreased deoxynucleotide pools (Fmechanism of DNA-synthesis inhibition, the ultimate effect is an
1993), or to chain termination after being converted to the triphosph&ephase block (Plunkett al., 1989; Paulovich and Hartwell,
(Huangetal.,1991). Shewacht al.(1994) reported that the depletion 0f1995). S-phase arrest can also be induced by other DNA-damaging
deoxyribonucleoside'Sriphosphate (ANTP) pools by gemcitabine maygents, such as camptothecin, cisplatin and bleomycin (Petras
also contribute to its radiosensitizing effect. al., 1993; Shaoet al., 1997; Paulovich and Hartwell, 1995;
The S-phase arrest induced by nanomolar FMdC in the pres&uldwasseet al.,1996). Block in the DNA-synthetis phase of the
study is in accordance with other data: whatever the examll cycle by FMdC is expected, since the ribonucleotide-reductase
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FIGURE 5 — Alleviation of FMdC-induced S-phase arrest by PTX. Cells were treated with 30 nM FMdC in the presence of 0.25t0 1.0 mM PTX
for 24 hr, and then harveste(h) Cells analyzed by flow cytometrgb) Quantitation of data irfa), *p < 0.05 compared with S-phase in cells
treated with FMdC alone.

activity is cell-cycle dependent, being induced essentially whe= gg-

cells are passing from Go S (Erikssoret al., 1984). However, 5 E;;g“'
more basic research will be required before we can reachg O s Gy
conclusion on the metabolism and mechanisms of cytotoxicity ac &0 & Gy+PTX
radiosensitization of FMdC. = OO0 FMdG+6 Gy

B FMAC+6 Gy+PTX

DNA-damaging agents are known to result in perturbation & |
cell-cycle progression. Cells with damaged DNA arrest at checE
points in the G or the S phase, to prevent replication of damages
DNA, or in G, to prevent aberrant mitosis (Hartwell and Kastars 2o
1994). The current analysis of cell-cycle distribution in WiDr cell®-
shows that FMdC alone causes predominantly S-phase arrest,
that the addition of PTX abrogates this arrest in a dose-depend O
manner, resulting in enhancement of FMdC cytotoxicity. Similarly,
gmi{ﬁ;&h;é?ng aa\llseg:)ss%r}\//eﬂ h?/rgir;g)r(l;;r;lfrrgsgfortikr‘]% %ﬂg&%cll;y ngIGURE 6— Effect of PTX on cell-cycle distribution of WiDr cells
selective protein-kinase-C inhibitor. In their experiments, UCN-0 eated with FMdC and irradiation. Cells were treated with 30 nM

d b h . d h dC for 48 hr, then irradiated, and 0.5 mM PTX was added
was used to abrogate S-phase arrest in order to enhance jthi@eiately. Cells were harvested 24 hr after irradiation before flow

cytotoxicity of camptothecin or cisplatin in human colon-cancegytometry. ap < 0.01 relative to control; p < 0.01 relative to 6 Gy;
cells and in Chinese-hamster ovary cells (Bunch and Eastmaip < 0.05 relative to 6 Gy; dp < 0.05 relative to FMdC-treated and
1997; Shaet al.,1997). The preferential potentiation of camptotheirradiated (6 Gy) cells.
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cin cytotoxicity by UCN-01 is observed ip53-defective tumor cell lines with defectivegp53 (Li et al., 1998). PTX is effective at
cells (Shaocet al., 1997). Perragt al. (1993) reported that PTX abrogating this arrest and enhances radiation-induced cytotoxicity.
enhances cisplatin cytotoxicity in a human ovarian cell line (BG-1The importance of the &elay following FMdC and irradiation is
and postulate that this toxicity enhancement is probably due to thieggested in the present study by the correlation between PTX
suppression of DNA synthesis or DNA repair as cells enter theabrogation of G arrest and radiosensitization. Alleviation of the
phase. Our results thus represent independent observations @#i block by PTX might explain, at least in part, the combined
enhancement of the cytotoxic effect of different DNA-damagingadiosensitizing effect of FMdC and PTX. As reported by Smeets
agents occurs by abrogating S-phase arrest. The hypothesis #a{1994), radiation-induced £arrest is associated with down-
S-phase-specific drugs act partially by blocking tumor cells in ®&gulation of cyclin B/cdc2 kinase activity, and methylxanthines
phase suggests that studies combining those drugs with methylxsmeh as caffeine can reverse this effect and enhance cytotoxicity
thine derivatives such as PTX should be seriously considered. Tftitinet al.,1993).

concept is in accordance with findings of our group showing a Taken together, our findings suggest, first, the existence of both
synergistic effect between PTX and 5-fluorouracil (data not showrg.phase and @phase arrest induced by FMdC and irradiation respec-
The human colon-cancer cell line WiDr has a mutgié@8gene, tively. Second, the S-phase ang-hase blocks can be abrogated by
and fails to arrest in Gafter ionizing radiation (Let al.,1995). If PTX. A checkpoint-based strategy may therefore offer a way to
cells lack a post-irradiation lock, they are still able to arrest the selectively enhance the cytotoxicity of DNA-damaging agents, provided
cell cycle at the @M transition. We have shown the ability of PTX less toxic derivatives of PTX can be developed.
to modify the radiation-induced £&delay and hence to act as a
radiosensitizer (Liet al., 1998). Loss of the p53-dependent G
arrest makes the ability of the cells to arrest in Gucial for
survival after irradiation. We analyzed radiation-induceda@est We thank Dr. S. Pampallona for his excellent assistance with
in human colon-cancer (WiDr) and cervical-cancer (C33-A, C4-Btatistical analysis.
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