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ABSTRACT ders. Clinical trials have demonstrated its activity as a tumor response
modifier if combined with ionizing radiation in cervix and head and

(E)-2'-Deoxy-(fluoromethylene)cytidine (FMdC) is known as an inhib- neck cancer (12, 15).

itor of ribonucleoside diphosphate reductase, a key enzyme in thée novo P
pathway of DNA synthesis. FMdC was tested as a modifier of radiation New inhibitors of RR have been developed recently (3, 4, 16, 17).

responsein vitro on a human colon carcinoma cell line (WiDr), and the Gemcitabine (dqu is one of these .ne.W drugs ‘:i,nd hfds been shown to
observed radiosensitization was confirmed on two human cervix cancer D€ POth @ cytotoxic drug and a radiation sensitizer in human colon
cell lines (C33-A and SiHa). Using the clonogenic assay, the effect ratio (HT-29), breast (EMT-6), and human pancreatic cell lines (Panc-1 and
(ER) at a clinically relevant dose level of 2 Gy was 2.10 (50mmFMdC), BxPC-3; Refs. 8-10). Among this new class of inhibitors of RR,
1.70 (30 m FMdC), and 1.71 (40 1 FMdC) for the three cell lines WiDr, FMdC (MDL 101,731) is of special interest. FMdC has been devel-
C33-A, and SiHa, respectively. A more detailed analysis of the importance oped recently as a chemotherapeutic agent (2, 18, 19). It is effective
of timing and concentration of FMdC was done on the WIDr cell line  in vitro andin vivo, both on estrogen-dependent and -independent cell
alone, yielding an increased ER,, with increasing concentration and — ines of human breast cancer origin, on human colon and prostatic
duration of exposure to the drug, ranging from 1.0 (6 h)t0 1.8 (72h) at 30 .5 cer cell lines, and on human glioblastoma and neuroblastoma
nM FMdC and from 1.2 (6 h) to 3.5 (24 h) at 300 m. We investigated the (20-22). In nude mouse xenografts of MDA-MB-435, it inhibits
effect of FMdC on the cellular deoxynucleotide triphosphate pool in WiDr ) !

spontaneous pulmonary metastases at low concentrations below those

cells and demonstrated a marked depletion of dATP and a significant rise . S .
of TTP levels. Cell cycle analysis showed early S-phase accumulation®duired for inhibition of primary tumor growth, probably through an

induced by FMdC alone, G,-M block induced by irradiation alone, andan ~ @poptosis-mediated mechanism (20). Short exposure of HeLa cells to
increased accumulation of cells in G-M if both modalities are used. Our  high concentrations of FMdC induces radiation sensitization and
data suggest that FMdC is a radiation response modifierin vitro on  photosensitizatiom vitro (11). We have demonstrated previously that

different cancer cell lines. The observed radiosensitization may in part be  FMdC has radiosensitizing and antimetastatic effects on human colon,

explained by alteration of the deoxynucleotide triphosphate pool, whichis  human cervix, and human brain cancer xenografts grown in nude mice
consistent with the effect of FMdC on ribonucleoside diphosphate reduc- (13, 14). In comparison with gemcitabine, FMdC is relatively resistant
tase. to inactivation by cytidine deaminase, resulting in a much slower
recovery of dNTP; therefore, FMdC may be considered to be a more
INTRODUCTION potent mechanism-based inhibitor of ribonucleotide reductase (23).
e We decided, therefore, to investigate whether this drug is able to

The radiation response of human tumor cells has been shown O B64if, the radiation response of three different human cancer cell
dependent on the pool of the p_urmes "’_md pyrlmldlnes AT C, andlﬁesin vitro. The influence of the duration of exposure and the effect
expraes_sed as th_e dNTRL). This pool IS“SUpp|Ied through”the:ié of concentration of FMdC were determined in details for the colon
novd biosynthesis of NTP and/or by the "salvage pathway.” Indee 01 cell line WiDr. In addition, to better understand the cytotoxic

novo pathway, enzymes like RR and thymidylate synthetase &gy ragiosensitizing effects of FMd@ vitro, we ascertained the

playing a pivotal role, whereas in the salvage pathway, thymidingq jification of cell cycle distribution using flow cytometry and the
kinase is the key enzyme. RR converts the ribonucleoside d'phOSp%{gration of the cellular dNTP pool by HPLC.

to a deoxynucleotide diphosphate. Higher levels of RR are found in
rapidly proliferating tumors than in normal tissues; therefore, inhibi-
tion of RR may offer a way for a relatively selective antitumor activityyATERIALS AND METHODS
(2-7).

Various compounds have been investigated as potential inhibitoréchemicals and Cell Cultures. Cell culture media and supplements were
of RR. These compounds are potentially useful as cytotoxic drugs Mchased from Life Technologies, I_nc. (Basel, Switzerl_and), gnd FCS was
possibly as radiation response modifiers (2, 6-15). One of the%tgamed from Fakola AG (Basel, Switzerland). The cell lines WiDr, C-33 A,

. - - . :«~and SiHa were purchased from American Type Culture Collection (Rockville,
compounds, hydroxyurea, is widely used in myeloproliferative diso D). FMdC (MDL 101,731) was kindly provided by Hoechst Marion Roussel,

Inc. (Cincinnati, OH).
Received 12/9/98; accepted 8/17/99. Cells were passaged twice weekly. A test fdycoplasmawas routinely

The costs of publication of this article were defrayed in part by the payment of pa : - .
charges. This article must therefore be hereby magdrtisemenin accordance with B%rformed every 6 months and found negative for contamination. Each cell line

18 U.S.C. Section 1734 solely to indicate this fact. was maintained in culture medium that had been shown to provide optimum
1 Supported by grants from Fondation Radiobiologie 2000 and from Stiftung zgrowth conditions. The WiDr cell line was maintained in MEM with 0.85 g/l
Krebsbekanpfung. NaHCOQ,, supplemented with 10% FCS, 1% nonessential amino acids (NE-

2To whom requests for reprints should be addressed, at Laboratory of Radiati . 0 s . .
Biology, Department of Radiation Oncology, Centre Hospitalier Universitaire Vaudoi'sR'r&)’ 2 mu L-glutamine, and 1% penicillin-streptomycin solution. The C-33 A

1011 Lausanne, Switzerland. Phone: 41-21-31-44-603; Fax: 41-21-31-44-601; E-m@itd SiHa cell lines were maintained in Eagle’s MEM, supplemented with 10%
Philippe.Coucke@chuv.hospvd.ch. FCS, 1% nonessential amino acids, 1% sodium pyruvate, and 1% Earle’s salt.
3 The abbreviations used are: dNTP, deoxynucleotide triphosphate; RR, ribonucleotidesffect of EMdC on Growth Rates of Cultures. Cells taken from subcon-

reductase; dFdC,’ 2'-difluoro-2’-deoxycytidine (gemcitabine); FMdCE)-2'-deoxy-2- T -
(fluoromethylene)cytidine; HPLC, high-performance liquid chromatography; BrdUrJIuent cultures by trypsinization were plated at i@lis/culture dish (Falcon

bromodeoxyuridine; TCA, trichloroacetic acid; ER, effect ratio; SER, sensitizer enhandllimaria, 60X 15-mm) and were allowed to grow exponentially for 72 h.
ment ratio. Medium was replaced every 24 and 48 h; in the test group, the medium was
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supplemented with the same concentration of freshly prepared FMdC as that to 100 T

be used in the clonogenic assays. The total number of cells in each culture dish ﬂ O wo

was counted using a Bker-Turk chamber. The viability was checked by the g

trypan blue dye exclusion method. o .
Irradiation Technique and Clonogenic Assay.Exponentially growing 75 SiHa

cells were trypsinized and seeded in B015-mm Falcon Primaria culture

flasks with 5 ml of medium, allowed to attach, and incubated for 24 h before . C33-A

adding FMdC. Medium containing the chosen concentration of freshly pre-
pared FMdC was added @ h and replaced at 24 and 48 h, resulting in a total
of 72 h of cell exposure to FMdC. The cells were trypsinized and resuspended
in fresh medium before plating them into 100 20-mm Falcon Primaria
culture dishes containing 10 ml of medium. After a 3-h incubation to allow cell
attachment, the dishes were irradiated. The cells were irradiated at room
temperature with an Oris IBL 137 Cesium source at a dose rate of 80.2 25
cGy/min. A range of single doses ranging from 0 to 10 Gy was used. For each
radiation dose, four dishes were irradiated, both for control and drug-exposed
cells. The dishes were incubated at 37°C in air and 5% f6©2 weeks. The
cells were fixed in ethanol, stained with crystal violet, and manually counted. 0 T
Colonies of>50 cells were considered survivors. All experiments were done 20
in triplicate. For all of the data obtained by clonogenic assays, the surviving

fraction of drug-treated cells was adjusted for drug toxicity to yield corrected Dose FMdC
survivals of 100% for unirradiated but FMdC-treated cells. The effect shown

. e . . . ._Fig. 2. Effect of increasing FMdC concentration (im)non the plating efficiency of
is therefore the sensitizing action, after the subtraction of the direct Cytmo}@?ponentially growing cells, expressed in percentages compared with controls. Cells were

effect of FMdC. exposed for 48 hBars, SE.
Cell Cycle Analysis by Flow Cytometry. Total DNA content (red fluo-

rescence) and BrdUrd incorporation (green fluorescence) were quantified on a
FACScan flow cytometer (Becton Dickinson, Sunnyvale, CA). WiDr cellsso|ution. In the present series of experiments, aliquots ofuPSvere
which had been growing exponentially, from control cultures and those ggjected onto the HPLC column with satisfactory sensitivity. All experi-
posed to 50 m FMdC were labeled 30 min prior to harvesting with BrdUrdments were done in triplicate, with the triplication process starting at the
(final concentration, 10um). The cells were processed for the antibodyte|| culture step to detect variability associated with the culture growth
detection of the incorporated BrdUrd with propidium iodide used to determin@nditions. Results were expressed as the concentration of the four dNTPs
the total content of DNA. The antibody used was mouse anti-BrdUrd/iododgsxpressed in pmol/£ocells) and as the absolute levels of the four NTPs
oxyuridine monoclonal antibody from Dako, Ltd. (as measured by NTP peak areas). The optimization and full validation of
Analysis dNTP and NTP Pools by HPLC. Simultaneous quantitation the analytical method is described in detail elsewhere (24).
of dNTP and NTP in WiDr cells was performed by gradient elution ion-pair statistical Analysis. The data within each experiment were averaged ar-
reversed phase HPLC with a modification of a method described previougiymetically. From these averages, the data are presented as them@zof
(16) and is reported in detail elsewhere (24). Briefly, exponentially growgt |east three independent experiments. Surviving fractions were compared
ing WiDr cells were exposed to FMdC at concentrations ranging from 0 nysing a two-sided pairettest, and the difference was considered significant if
(untreated control cells) to 300mnfor 24 and 48 h. The cells were p = 0.05 was reached. The ER was also calculated at the clinically relevant
trypsinized, washed, centrifuged, and resuspended in ice-cold ultrapgtey level by comparing the mean SF value for control and drug-treated cells
water (dilution according to cells count) and deproteinized with the sang that dose. Dose-response curves were fitted using a second-degree polyno-
volume of TCA 6% (final applied concentration of TCA, 3%). Acid cellmjal regression analysis, yielding a linear quadratic equation. This allowed the
extracts were centrifuged, and the resulting supernatants were store¢a¢ulation of a SER at 2, 20, and 50% survival level (SER2, SER20, and

—80°C before analysis. Before the HPLC assay, samples were thawed, &pR50). The curve fitting was obtained using Statview 5.0 software on a
aliquots of 100ul were neutralized with 4.3ul of saturated NsCO;  power Macintosh G3.

SF%

50

RESULTS

Effect of FMdC on Growth and Clonogenicity. Fig. 1 shows the
growth-inhibitory effects of FMdC alone. These three cell lines
showed a 7-9-fold increase in cell number over 72 h in the control
—&—  WiDy/FMdC groups but virtually no growth in the presence of FMdC at concen-
— 0 cmacomre  trations ranging from 30 to 50mnin the different cell lines. Fig. 2
shows the changes in plating efficiency after 48 h of exposure with
increasing doses of the drug. A wide range of concentrations were
—~—  SiHa/Control tested for WiDr cells but only two dose levels for the cervix cancer
cell lines. On the basis of these data, the drug levels were selected for
the other experiments to yield a PE of at least 50% after 48 h of
exposure.

Effect of FMdC on Radiation Response.Fig. 3 shows the cell
80 survival curves as a function of X-ray dose for the three cell lines.

FMdC was tested at two dose levels (30 and &Din WiDr cells and
Hours at 30 and 40 m in the two cervix cancer cell lines C33-A and SiHa,

Fig. 1. Growth-inhibitory effect of FMdC on WiDr, C33 A, and SiHa cells, exposed aféspectively. In each panel, it can be seen that the response to
concentrations of FMdC yielding-50% PE in a clonogenic assay, as compared witlygdiation after 48 h of exposure to the drug was considerably steeper
untreated controls. The FMdC concentrations were 50, 30, andi406riWiDr, C33-A, - . .
and SiHa cells, respectively. SHsafs) are given, but most of them are within the size ofthan that to radiation alone. An increased effect is seen at every level
the symbols used. of radiation dose.
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C33-A
10 6
Fig. 3. A, surviving fraction in % Y axig versus E
dose in Gy K axig; dose-response curve of WiDr cells t_;Q_ Fo)
after exposure to FMdC (30 and 5@ ffor 48 h;H) as :\_ m ot
compared with controls{). B and C, dose-response L‘-..E =,
curve of cervix cancer cell lines (C33 and SiHa) after -] "z___l_
exposure to FMdC for 48 hilf), as compared with - 1 1 Y
controls ©O). SEs parg) are often within the size of the | | J_
symbol chosen. 1
0 T T T T T 0 T T T
Dose 0 2 4 6 8 10 12 0 2 4 6
........ O Control Qe Control
........ . FMdC(SO)
FMAC (30)
oo FMdC (50)

Two quantitative approaches to determine the magnitude of t8&R20 for the three considered cell lines WiDr, SiHa, and C33-A
additional effect due to the addition of the drug can be used: the raf = 0.938 andP = 0.002).
of the effect levels at the clinically relevant X-ray dose of 2 Gy Cell Cycle Analysis on WiDr. The flow cytometer was used to
(ERyg,); and the ratio of doses to produce a standard level of damagigalyze the fraction of cells in the different stages of the cell cycle,
(SER). Because full dose-response curves are available, this lagigth in untreated controls and in those preexposed to the drug. The
SER can be assessed at several levels of damage to indicate whetgfits are shown in Fig.46 In control cultures~70% of the cells
it is independent of the radiation dose. Table 1 summarizes these d@fgre in the G-G, phase~25% in S phase, and 6% in,GNIDr cells,
In the three cell lines, the ER,s ranged from 1.2 to 2.1 for 30-40 exposed to 50m FMdC, were characterized by an emptying of the G
nv exposure over§148-h period before thg irradiation. The SERs ShBWase and accumulation in the early S-phase, as judged from pro-
that the sensitizing effect was highest at lower dose§yiym jodide staining. However, minimal or no incorporation of
_(SERSO > SER20 > SER_Z)._There IS a concentr_atlon-depend_ergrdUrd was observed if this latter was applied to FMdC-treated cells
increase of the radiosensitizing effect both in WiDr and in S'H§O min before cell cycle analysis (data not shown). Either the cells

(Table 1). o
. . . . . have been totally arrested at an earlier time or the rate of uptake, as a
Fig. 4 shows the experiments in which a fixed drug dose was use .
measure of progress through S, is too slow to be detected.

for different periods of exposure. Thirtyinwas used with a range of Irradiated WIDr cells (2 and 6 Gy) did not show g Block. Rather,

exposures from 672 h, and a 10-fold higher dose (300was used . . i o .
with the shorter intervals of 6-24 h. The dose-effect curves We?éter the higher doses and longer times after iradiation (30 min

restricted to the more clinically relevant dose range of 2—6 Gy. At tﬁzgm_paref:i V_V'th 24 h), thgre wasa prggresswe gcgumulaﬂog.l_m@
lower drug dose, very litle sensitization was observed until tHePStirradiation G block increased with the radiation dose (Fi)6
exposure time exceeded 24 h. There was a progressive increase in tHd1® WiDr cells exposed to the combined effect of FMdC and
steepness of the dose-response curve with increasing intervals. fffagdiation are significantly accumulating in the,®1 phase of the
SERs derived for each dose level are shown in Table 2. At the higt¢&ll cycle as compared with corresponding controls (Fig). &his
drug dose, a very significant effect was already detectable at a 63krM accumulation because of the combination is increased com-
exposure. Table 2 shows the time-dependent SERs showing that, paeed with either modality alone. One should be aware that the data in
survival level of 20%, the SER was similae.,for 24 h at 30 m and Fig. 6C cannot directly be compared with FigAG because the
for 6 h at 300 m. experimental conditions are not identical. The cells are partially

Fig. 5 shows the linear correlation between the area under the cusy@chronized by subcultivation at lower density prior to irradiation in
of FMdC (FMdC concentratioix time of exposure) and the measuredhe experimental set-up, yielding the data of Fig. 6

Table 1 Radiosensitizing effect of FMC on different cell lines, expressed as ER and SER values

Mean and SE of plating efficiency (PE; expressed as a percentage compared with corresponding controls), ER at 2 Gy, and SER at 2, 20, and 50% svexévehleviated
from the linear quadratic equation obtained by a second-degree polynomial fit on the dose-response curve.

Cell line FMdC (m) PE % ER at 2 Gy SER 2% SER 20% SER 50%
WiDr 50 64.8+ 5.3 210+ 0.11 1.67+ 0.06 1.74+ 0.09 1.88+ 0.13
WiDr 30 87.8+7.8 1.20*= 0.08 1.08+ 0.02 1.11+ 0.01 1.17+ 0.03
SiHa 40 79.7- 9.2 1.71+ 0.24 1.18+ 0.05 1.49+ 0.25 1.74+ 0.26
SiHa 30 87.5+- 2.7 1.20+0.13 1.01+ 0.01 1.15+ 0.08 1.28+ 0.18
C33-A 30 73+ 15.2 1.70+ 0.2 1.27+ 0.05 1.45+ 0.11 1.70x 0.22
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Analysis of NTP and dNTP by HPLC. Our optimized HPLC DISCUSSION
method provides a simple procedure to measure simultaneously the ) . . R
levels of nucleotides (CTP, GTP, UTP, and ATP) and corresponding'V/€ decided to investigate the effect of a new RR inhibitor FMdC
amount of deoxynucleotides (dCTP, dGTP, TTP, and dATP) in célP @ potential radiation modifier on a_hurr_man colon cancer cgll line
extracts in a single run. It involves minimal chemical manipulation ¢¥ViDr) and to check the data obtained in this colon cancer cell line on
cells (except protein precipitation with 3% TCA and neutralizationfw human cervix cancer cell lines (C33 A, and SiHa). Preirradiation

The nucleotides showed approximately a 2—3-fold increase at fgPosure to FMdC alone resulted_ln a significant de(_:rease in surviving
30 nv FMdC concentration, which hardly changed over the range fjaction assessed by colony-forming assay. The radiosensitizing effect
concentrations up to 300vn A similar pattern of activity was ob- at low concentrations of FMdG.e., not resulting in>50% cell death
served at the two time intervaise., 24 and 48 h of exposure to FMdC by direct cytotoxic effect, was in agreement with observations made
(Fig. 7, A and C). This effect could be explained by the increase dpy other investigators who described on irradiated HelLa (human
total DNA content of those cells treated by FMdC and blocked ifervical cancer cell line) a similar effect (11). However, the radiosen-
S-phase as compared with untreated controls remaining essentiall§ifizing effect on HeLa was observed at much higher drug concentra-
Go-G, (Fig. 6A). The dNTP pool showed much larger changes th&ons (micromolar) and at very short exposure time (1 h before
were dependent on dose in a much more complex way (Fig.and irradiation). These authors conclude that the increase of sensitivity to
D). There was a marked decrease in dATP level in WiDr cells with 84V and X-ray in HelLa cells is most likely explained by repair
essential complete disappearance of dATP at FMdC concentratidfigairment. The ER;, and the SER values, especially at lower doses
above 120 m. There was a significant increase in TTP and a leg¥e observed in the three different cell lines, are consistent with this
pronounced increase in dGTP and dCTP. A plateau was observediyipothesis of repair impairment.
dCTP and TTP>30 nv FMdC and a return to normal of dGTP at the How can this repair impairment be explained? The repair inhibition
higher doses. These changes in dNTP and NTP were observed Byti-MdC can in theory be the result of three different mechanisms:
after 24 and 48 h of FMdC exposure. The reduction of dATP is highl§) depletion of dNTP pools with less precursors available for repair;
significant and reached a nearly zero level. Interestingly, the signifk) direct inhibition of DNA polymerases (competition between
cant reduction of the dATP level starts at a concentration of FMdC BMdC triphosphate and deoxycytidine triphosphate); @rnfasked
~30-60 m1, concentrations resulting in radiosensitization of WiDchain termination. This masked chain termination has also been ob-
cells. served with dFdC (gemcitabine; Ref. 4). The nucleoside dFdC is

Table 2 Impact of exposure duration on radiosensitizing effect ofafvbn WiDr cells

FMdC Time (h) ER 2 Gy SER 2% SER 20% SER 50%
30 v
6 0.99+ 0.04 0.99+ 0.01 0.98+ 0.01 0.97+ 0.02
12 1.01+ 0.02 0.93+ 0.02 0.94+ 0.02 0.97+ 0.03
24 1.04+ 0.03 1.04+ 0.01 1.03+ 0.01 1.02+ 0.00
48 1.33+ 0.04 1.16+ 0.03 1.25+ 0.03 1.39+ 0.05
72 1.79+ 0.06 1.52+ 0.03 1.73+ 0.02 2.06= 0.08
300 v
6 1.19+ 0.05 1.15+ 0.04 1.23+ 0.07 1.34+ 0.11
12 173+ 0.11 1.29+ 0.05 1.69+ 0.09 2.27+0.10
24 3.49+ 0.84 1.71+ 0.16 2.37+0.34 3.42+ 0.62
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SER 20%

Fig. 5. SER 20% as a function of area under the curve of FMdC (drug concent

tion X exposure time).
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incorporated into DNA and blocks further DNA synthesis because in
its penultimate position it distorts the growing DNA (5). As a result,
the growing DNA is no longer an efficient substrate for the DNA
polymerase, and the subsequent cell death is characterized by features
specific of apoptosis (25). Recent work supports the idea of chain
termination as the most likely mechanism in the radiosensitization
process by FMdC (5).

On the other hand, FMdC acts on RR; therefore, one would expect
an impact on cell cycle progression and alteration of dNTP (15). We
decided to assess the former with flow cytometry and the latter with
HPLC.

The cell cycle effects of FMdC investigated by flow cytometry lead
to the following observationsaj the S-phase accumulation may be an
indirect illustration of the masked chain termination due to the incor-
poration of FMdC; ) subcultivation of unirradiated but FMdC-
treated cells to drug-free medium results in a significant accumulation
of cells in G,-M, persisting up to 24 h. This particular phase of the cell
&cle is known as one of the most radiation-sensitive cell cycle

C
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Fig. 6. A, cell cycle redistribution induced by FMdC 5&rior 72 h on exponentially growing WiDmB, cell cycle redistribution induced by irradiation of WiDr cells at doses of
2 and 6 Gy compared with control8@y, no irradiation). Flow cytometric analysis was performed 30 min or 24 h after irradiaiarell cycle redistribution induced by 5arFMdC
for 48 h on WiDr, followed by subcultivation and irradiation at a dose of 6 By+(RT), compared with subcultivated untreated ceR (0Gy, subcultivated and irradiated celRT
6Gy), and cells pretreated with FMdC, subcultivated but not irradiafgd (
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Fig. 7 Continued
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ation damage, regulation of S-phase transition, agd/lock and In vitro andin vivoinhibition of glioblastoma and neuroblastoma with MDL101,731,

apoptosis are presently under way. Better knowledge of the mecha—i‘g';%"e' ribonucleotide diphosphate reductase inhibitor. Cancer B&s539-361,

nisms involved in radiosensitization by FMdC may result in a sound. Takahashi, T., Nakashima, A., Kanazawa, J., Yamaguchi, K., Akinaga, S., Tamaoki,

rationale for testing this drug as a radiosensitizer in the clinics. T., and Okabe, M. Metabolism and ribonucleotide reductase inhibitiorEpR’¢
deoxy-2-(fluoromethylene)cytidine, MDL 101,731, in human cervical carcinoma
Hela S cells. Cancer Chemother. Pharmacdll; 268—-274, 1998.

REFERENCES 24. Decosterd, L. A., Cottin, E., Chen, X., Lejeune, F., Mirimanoff, R. O., Biollaz, J., and
Coucke, P. A. Simultaneous determination of deoxyribonucleosides in the presence of

1. Shewach, D. S., Ellero, J., Mancini, W. R., and Ensminger, W. D. Decrease in TTP ribonucleoside triphosphates in human carcinoma cells by high performance liquid
mediated by 5bromo-2-deoxyuridine exposure in a human glioblastoma cell line.  chromatography. Anal. Biochen270: 59-68, 1999.

Biochem. Pharmacol43: 1579-1585, 1992. 25. Huang, P., and Plunkett, W. Induction of apoptosis by gemcitabine. Semin. Oncol.,
2. Baker, C. H., Banzon, J., Bollinger, J. M., and Stubbe;De@xy-2 methylencytidine 22:19-25, 1995.

and 2-deoxy-2,2'-difluorocytidine 3-diphosphate: potent mechanism-based inhibi26. Radford, I. R., and Murphy, T. K. Radiation response of mouse lymphoid and

tors of ribonucleotide reductase. J. Med. CheBd., 1879-1885, 1991. myeloid cell lines: different signals can lead to apoptosis and may influence sensi-
3. Grindey, G. B., Hertel, L. W., and Plunkett, W. Cytotoxicity and antitumor activity tivity to killing by DNA double strand breakage. Int. J. Radiat. Bi@5: 229-239,

of 2',2'-difluorodeoxycytidine (gemcitabine). Cancer Investi}. 313, 1990. 1994.

5226



