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ABSTRACT

Human glioma-derived cell lines were found to vary in their ability to
incorporate the radiosensitizer 5-bromo-2/-deoxyuridine (BrdUrd) into

DNA after one cell doubling. The I -251 cell line was the best incorpo-
rator of BrdUrd, whereas I -I IK and D-54 demonstrated poor incorpo
ration with respective CM(BrdUrd concentration required for 50% of the
maximum amount of lini I nl incorporation into DNA) values of 2.8- and
6-fold greater than that of 1-251 (/' < 0.001). Modulation of radiosen

sitizer uptake into DNA could be achieved using the thymidylate synthase
inhibitors 5-fluorouracil or S-fluoro-2'-deoxyuridine (F'dUrd). Incorpo

ration into l'-251 cells increased only slightly in the presence of the
fluoropyrimidines. The BrdUrd concentration required for 50% of the
maximum amount of BrdUrd incorporation into DNA changed (P <
0.001) from 1.8 Â±0.11 MM(SD) in the absence of a modulator to 1.1 Â±
0.09 or 1.1 Â±0.16 MMin the presence of 10 MM5-fluorouracil or 5 MM
FdUrd, respectively. The D-54 cell line, which was the worst Â¡ncorporator
of BrdUrd, was found to have an extensive amount of BrdUrd into DNA
following biomodulation. The C$oin the absence of modulation was 7.3
Â±1.3 MM,which was reduced (P < 0.001) to 0.62 Â±0.04 and 0.32 Â±
0.13 MM,respectively, in the presence of 10 MM5-fluorouracil and 5 UM
FdUrd. This represents a 12- to 22-fold reduction in the concentration of
radiosensitizer required to achieve the same level of BrdUrd incorporation
into DNA. Furthermore, this enhancement of BrdUrd DNA incorporation
seen in the presence of the fluoropyrimidines is observed at clinically
achievable concentrations. The degree of radiosensitization was solely
dependent upon the amount of BrdUrd incorporated into DNA. D-54
cells grown in the presence of 0.18 MMBrdUrd plus 5 UMFdUrd or 2.8
MMBrdUrd alone yielded a similar level of BrdUrd incorporation into
DNA and radiosensitization, though a 15-fold lower BrdUrd concentra
tion was used in the presence of FdUrd. The combined use of a radiosen
sitizer with a fluoropyrimidine may overcome poor incorporation of
BrdUrd into DNA that may exist among resistant subpopulations of cells
within malignant glioma.

INTRODUCTION

It is well documented that halogenated pyrimidines are in
corporated in place of thymidine in DNA of replicating cells
and that as a result of this incorporation, cells are more suscep
tible to the effects of radiation (1-4). The amount of analogue
in DNA correlates with the magnitude of radiosensitization in
both rodent (2) and human tumor cells (5). It has been shown,
in vitro (3) and in vivo (6-8), that the amount of incorporated
radiosensitizing analogue can be increased if de novo production
of thymidine nucleotides is blocked.

However, in addition to tumor cells, these agents will affect
normal replicating cells. The 5-halogenated analogues of thy
midine (1) and deoxyuridine (9) induce cytotoxicity in the
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absence of radiation. This limits the clinical utilization of these
analogues to specific cancers. Brain tumors are among the more
promising tumor types for possible application of halopyrimi-
dine-radiation treatment because the growing tumor is sur
rounded by relatively quiescent normal tissue.

The prognosis for patients with malignant glioma treated
with conventional radiation or chemotherapy remains poor. To
improve the response to radiation therapy, some investigators
are adding halopyrimidine-radiosensitizing agents, such as
BrdUrd2 or 5-iodo-2'-deoxyuridine, to their radiation treatment

protocols (10-14). These S-phase specific agents are expected
to be readily taken up by tumor that has a high growth faction
compared with normal brain tissue. The S-phase fraction of
malignant glioma has been estimated in patients following
infusion of BrdUrd, and median values of 26% (15) and 9.3%
(16) have been obtained.

However, due to the heterogeneous nature of malignant
glioma ( 17-21 ), not all subpopulations of cells within the tumor
may incorporate radiosensitizer to the same extent. Cells that
are resistant to analogue uptake into DNA would be expected
to be refractory to treatment. If these resistant cells can be
made to incorporate analogue (i.e., through biomodulation with
inhibitors of thymidylate synthase), this may lead to improved
therapy.

In the present study, 2 of 3 human glioma-derived cell lines
were found to be quite resistant to thymidine replacement by
BrdUrd, and the possibility of circumventing this resistance
using inhibitors of thymidylate synthase was explored.

MATERIALS AND METHODS
Chemicals. [6-'H]BrdUrd (specific activity, 17 Ci/mmol) was pur

chased from Moravek Biochemicals, Inc. (Brea, CA). BrdUrd, FUra,
FdUrd, and the enzymes used for digestion of DNA were obtained from
Sigma Chemical Co. (St. Louis, MO).

Cells. Human glioma cell lines U-251, U-118, and D-54 were ob
tained from Dr. Darell D. Bigner of Duke University. Cells were fed
twice weekly with RPMI 1640 supplemented with 10% fetal bovine
serum (GIBCO, Grand Island. NY) and grown at 37Â°Cin a humidified

incubator with 5% CU2. Cultures were found to be free of Mycoplasma
contamination using a biological culture method.

Cells in the exponential phase of growth were used in experiments.
Cultures were incubated for 48 h before the addition of analogues. This
time was required for cultures to recover from the trypsinization used
during passing and to ensure that the cells had entered log-phase
growth. When cultures were exposed to BrdUrd, it was necessary to
change the medium every 12 h to maintain an adequate concentration
of the analogue.

2The abbreviations used are: BrdUrd. 5-bromo-2'-deoxyuridine: FUra, 5-
fluorouracil; FdUrd, 5-fluoro-2'-deoxyuridine; C50, the concentration of BrdUrd
in the culture medium required for 50% of maximum 5-bromo-2'-deoxyuridine
incorporation into DNA to be attained; I,,,,,. the maximum incorporation of 5-
bromo-2'-deoxyuridine into DNA for one doubling of the cells; GC/MS. gas

chromatography/mass spectroscopy.
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Drugs were present for one cell doubling (except for the initial
experiment using tritiated analogue), after which time the medium was
removed by aspiration, and cells were harvested by trypsinization.
concentrated, and washed with saline via low-speed centrifugation.

|3H|BrdUrd Uptake. Cultures were grown in the presence of varying

concentrations of tritiated BrdUrd for 24 h before being harvested and
subsequently applied to Whatman No. 1 paper discs. The discs were
washed twice with 5% trichloroacetic acid and twice with 95% ethanol.
The amount of radioactivity was quantified by liquid scintillation spec-
trometry.

Determination of Bromouracil in DNA. At the end of the treatment
period, cells were collected as above. Cell lysis and the isolation and
enzymatic hydrolysis of DNA were conducted as described (22). Briefly,
cells were lysed in a sodium dodecyl sulfate buffer, after which the
lysate was treated with proteinase K, extracted twice with chloroform,
and the DNA was precipitated with ethanol. DNA was hydrolyzed to
the nucleoside level following treatment with DNase I, snake venom
phosphodiesterase, and alkaline phosphatase. BrdUrd and thymidine
were converted to their respective base by thymidine phosphorylase.
After the addition of chlorouracil (internal standard), the bases were
extracted into ethyl acetate using saturated ammonium sulfate, deriva-
tized with bis(trimethylsilyl)trifluoroacetamide, and quantitated using
GC/MS with selected ion monitoring as reported previously (23).

To evaluate and compare the results between cell lines, the data were
fitted by the equation (24):

/ = (ImÂ«)(C)/(C50+ C)

where / is the quantity of bromouracil detected in the DNA digests
(reported as percentage of thymine replacement) and C is the concen
tration of BrdUrd that the cells were exposed to during the treatment
period. Imâ€žis the maximum amount of BrUrd incorporation after one
cell doubling and C50is the BrdUrd concentration required to achieve
half Imâ€žafter one population doubling (Imâ€ž/2).Curves were fit using
MINSQ nonlinear least-squares analysis (MicroMath, Salt Lake City,
UT).

Irradiation of Cells. Treated and untreated monolayer cultures were
resuspended in drug-free medium before exposure to 7 radiation using
AECL Theratron 80 ("Co) irradiator. Calibration was performed using
a Baldwin-Farmer ionization chamber connected to an electrometer
system directly traceable to that of the National Bureau of Standards.
Following radiation treatment, cultures were harvested and cell viability
was determined using the colony-forming assay method. Serial dilutions
were made such that for an experimental condition 50 to 150 colonies
were counted for viability determination. Radiation sensitivity was
assessed by calculating the mean inactivating dose (25), which estimates
the area under the cell survival curve.

RESULTS

BrdUrd Uptake in Cells. Tritiated BrdUrd was used to estab
lish the extent of variation between 3 glioblastoma cell lines.
The U-251 cell line incorporated label into the DNA to a
greater extent than did U-118 or D-54 (Fig. 1). However, it
could not be determined if all of the label was actually 5-
bromodeoxyuridine monophosphate, since it is known that
dehalogenation can occur with subsequent incorporation of
thymidylate in place of the analogue (26, 27).

Percent Replacement of Thymine by Bromouracil. To resolve
accurately the amount of bromouracil in DNA, cultures treated
with varying concentrations of BrdUrd were analyzed by GC/
MS (22, 23). Fig. 2 shows the percent replacement of thymine
by bromouracil for the 3 cell lines. Although saturation kinetics
is observed in each case, a higher concentration of BrdUrd is
required to achieve Imaxin the U-118 and D-54 cells compared
with U-251. The estimated C50 value for U-118 and D-54 is,
respectively, 2.8-fold (P< 0.001) and 6-fold (P< 0.001) greater
than that of U-251. This cell line variability exists despite the

0.0 8.0 12.0 16.0 20.0

flicromolar BrdUrd
Fig. 1. Determination of BrdUrd uptake into DNA for U-251, U-118, and D-

54 cells. Cells were grown in the presence of varying concentrations of |3H]-
BrdUrd for 24 h. DNA was precipitated on filter discs and the amount of
radioactivity was quantified (nmol tritiated nucleotide/10* cells) by scintillation

spectrometr). Triplicate cultures were used for each condition. Cunes were
generated by averaging 3 separate experiments. Data points shown represent the
mean Â±SE of the mean.
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Fig. 2. Comparison of the amount of thymine replacement by bromouracil in

DNA of U-251, U-118. and D-54 cell lines after one doubling. Duplicate cultures
were grown in the presence of BrdUrd at the indicated concentrations. Cells were
harvested and the percentage of thymine replacement in DNA by the analogue
was determined using GC/MS. Curves were generated using nonlinear least-
squares regression analysis.

fact that each culture was in exponential growth and that the
analogue was present for one cell doubling.

Fluoropyrimidine Effect on BrdUrd Uptake into DNA. The
finding that 2 of the 3 cell lines showed a poor response to
BrdUrd uptake into DNA suggests the possibility that gliomas
in vivo may be composed of subpopulations that vary in their
ability to incorporate the analogue into DNA, especially be
cause of the heterogeneity known to exist for this tumor (17-
21). Therefore, we attempted to manipulate radiosensitizer
DNA uptake by using the fluoropyrimidines to inhibit thymi
dylate synthase (28, 29). The best (U-251) and the worst (D-
54) incorporator of BrdUrd were selected for further evaluation.

To determine the effect of fluoropyrimidines on BrdUrd
incorporation into DNA, either FUra or FdUrd was added to
exponentially growing cells at the same time as BrdUrd. At the
end of the treatment period, cultures were harvested and the
amount of bromouracil in DNA was determined using GC/MS.

First we wanted to establish whether or not there was a
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concentration requirement for achievement of optimal modu
lation of uptake for either of the cell lines. The results (Table
1) demonstrate the thymidylate synthetase inhibitors are con
centration-dependent for maximal effect.

Using the optimal modulator concentration, BrdUrd uptake
into DNA in the absence or presence of 10 UM FUra or 5 nM
FdUrd is depicted for U-251 an D-54 cells in Figs. 3 and 4. In
the U-251 cell line, which was the best incorporator of BrdUrd,
the presence of fluoropyrimidines changed the amount of radi-

osensitizer uptake only slightly, with no significant effect on
the I,â„¢,-The C50 value for BrdUrd alone, with FUra or with
FdUrd, is 1.8 Â±0.11, 1.1 Â±0.09, and 1.1 Â±0.16 MM,respec
tively.

In the D-54 cell line (Fig. 4), analogue incorporation into
DNA was greatly enhanced when thymidylate synthase was
inhibited. The C50value was changed from 7.3 Â±1.3 MMin the
absence of fluoropyrimidine modulation to 0.62 Â±0.04 or 0.32
Â±0.13 //M, respectively, in the presence of FUra or FdUrd.
This means that the same level of thymine replacement by the

Table 1 Effect of fluoropyrimidines on BrdUrd uptake into DNA of U-251 and
D-54 cells"

50-r

FUraGIM)00.5121025FdUrd

(HM)0.21525cÂ»1.620.660.390.650.790.600.59U-251SD0.350.230.280.070.060.100.07H0.99510.98460.94410.99860.99940.99680.9981CÂ»6.526.243.020.680.946.392.820.41D-54SD0.740.560.260.010.140.720.790.10r20.97230.98320.99210.99990.98520.97300.90170.9757

" Cells were grown for 1 doubling in the presence of varying concentrations of

BrdUrd without or with a fluoropyrimidine as indicated. Medium was changed
every 12 h to avoid depletion of BrdUrd. Duplicate cultures were used for each
condition. Thymine replacement by bromouracil in DNA was determined using
GC/MS (22, 23). The CM value was estimated by fitting the data using nonlinear
least-squares regression analysis.
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Fig. 3. Effect of fluoropyrimidines on BrdUrd incorporation into DNA in U-

251 cells. Cultures (duplicate) were exposed for 1 doubling to various concentra
tions of BrdUrd in the absence and presence of FUra (10 UM)or FdUrd (5 nM).
At the end of the treatment period, cells were harvested and the percentage of
thymine replacement by bromouracil in DNA was determined using GC/MS.
Curves were generated using nonlinear least-squares regression analysis.

Micromolar BrdUrd
Fig. 4. Effect of fluoropyrimidines on BrdUrd incorporation into DNA in D-

54 cells. Cultures (duplicate) were exposed for 1 doubling lo various concentra
tions of BrdUrd in the absence and presence of FUra (10 JIM)or FdUrd (5 nM).
The percentage of thymine replacement by bromouracil in DNA was determined
by GC/MS. Curves were generated using nonlinear least-squares regression
analysis.

Table 2 Radiation survival in U-251 and D-54 cells grown in the presence of
BrdUrd with or without modulation with FdUrf

CellsU-251

U-251
U-251
D-54
D-54
D-54
D-54BrdUrd

OIM)0

0.7
0.40

0.18
2.8
0.18FdUrd

(nM)0

0
5
0
0
0
5%

thymine
replacement*0

13.7 Â±0.70
11.3Â±0.17

0
2.4 Â±1.5
9.1 Â±0.22
9.8 Â±0.59Mean

inac-
tivation

dose(Gy)2.3

1.7
1.7
1.4
1.5
1.0
0.92Coefficient

of
determination'0.9942

0.9956
0.9993
0.9940
0.9888
0.9959
0.9969

Â°Cells were grown for 1 doubling under the conditions described. Cultures to

be used for the GC/MS analysis were propagated at the same time as those to be
irradiated. Medium was changed every 12 h to prevent depletion of BrdUrd.
Drug-free medium was added to the cultures just prior to irradiation. Cell survival
was determined by application of the colony assay method using triplicate cultures
for each experimental condition.

* The amount of BrUra detected in the DNA digests using GC/MS is reported

as percentage of thymine replacement with SD.
'To determine the mean inactivation dose (25), the data were fit using

nonlinear least-squares regression analysis. The coefficient of determination is a
measure of the fraction of the total variance accounted for by the model and thus
provides an estimate of the goodness of fit.

analogue can be achieved with a 12- to 22-fold lower BrdUrd
concentration in the presence of the fluoropyrimidines.

Radiosensitization with and without Modulation. Radiation
survival was determined in the absence of radiosensitizer and
in the presence of BrdUrd alone or in the presence of BrdUrd
plus FdUrd (5 DM). Table 2 shows that for either cell line a
similar enhancement of the lethal effects of radiation is seen if
the level of BrdUrd incorporation in DNA is similar whether
or not a modulator was used to achieve that level of thymine
replacement by the analogue. However, in D-54 cells in the
presence of FdUrd, a 15-fold lower concentration of BrdUrd
was used to achieve the same level of BrdUrd incorporation
and subsequently the same magnitude of radiosensitizing effect
as that seen with BrdUrd alone (Fig. 5). Note that in the absence
of FdUrd this concentration of BrdUrd yielded a level of
incorporated analogue that did not sensitize cells to the lethality
induced by radiation (Table 2).

DISCUSSION

In an attempt to improve the effectiveness of radiation in the
treatment of cancers of the brain, investigators are including
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Fig. 5. Radiation survival in D-54 cells. Monolayer cultures grown in the

absence or presence of 2.8 MMBrdUrd or 0.18 JIMBrdUrd plus 5 nM FdUrd for
24 h were exposed to varying doses of radiation. Cell viability was determined
using the colony formation assay.

the use of the radiosensitizers BrdUrd or 5-iodo-2'-deoxyuri-

dine in their radiation protocols. These agents compete with
thymidine for incorporation into DNA and, once incorporated,
enhance the lethal effects of ionizing radiation (3). Since the
magnitude of this enhanced radiation effect correlates with the
level of analogue in the DNA (2,5) and since malignant gliomas
represent a tumor type that is composed of a heterogeneous
population of cells (17, 18, 20), we wanted to determine if
variability existed with respect to BrdUrd uptake into DNA.

Using 3 well-characterized human glioma cell lines, we have
shown that BrdUrd uptake into DNA follows saturation kinet
ics and that 2 of these lines are poor incorporators of BrdUrd
(Figs. 1 and 2). The experiments were carried out for 1 popu
lation doubling and therefore a maximum of 50% of thymine
would be expected to be replaced by bromouracil in DNA. The
observed value for Imaxis about 45%, suggesting that the average
amount of DNA in the cultures has gone through one replica
tion. This also correlates with cell number, which doubled
during the period of BrdUrd exposure (data not shown). Thus,
using this in vitro model, a variety of experimental conditions
can be examined for effects on BrdUrd incorporation. The
parameters, Imaxand C5o,generated from the model can be used
to compare conditions within a particular cell type or between
cell lines.

If these 3 cell types were present in the same tumor, two
would be more resistant to BrdUrd uptake into DNA. This is
consistent with the heterogeneity reported among clones iso
lated from the same tumor for other parameters such as kary-
otype, rate of growth, and sensitivity to the nitrosourea, BCNU,
or the DNA-damaging agent m-diaminedichloroplatinum(II)
(17, 18, 20, 21). It is the presence of subpopulations of cells
within a tumor that respond differently to a particular treatment
that, in part, may be responsible for the overall poor treatment
response of this tumor type. If a treatment strategy can be
devised to include subpopulations of cells that are resistant or
refractory to standard treatment, then response may improve.

The worst incorporator and the best incorporator of BrdUrd
were chosen for analysis using biomodulation with the fluoro-
pyrimidines. The assumption is that if the worst incorporator
can be modulated to increase DNA uptake of BrdUrd without
interfering with the uptake of the best incorporator, then cell
types that incorporate analogue intermediate between these

extremes will also have enhanced uptake. In essence, the range
of variability should be narrowed leading to more consistent
uptake of radiosensitizer within the heterogeneous tumor.

The nature of heterogeneity of incorporation among these
cell lines is not clear. The differences seen in the current study
cannot be due simply to differences in population doubling
times, since all cells were exposed to drugs for one cell doubling.
It seems likely that other factors, such as the level of anabolic
enzymes, deoxynucleoside triphosphate pool sizes, or DNA
repair play a role in determining the extent of analogue incor
poration into cellular DNA. Likewise, the mechanism under
lying biomodulation by fluoropyrimidines is not yet known. It
is probable that one important factor is the inhibition of thy-
midylate synthase by 5-fluoro-2'-deoxyuridine-5'-phosphate,

which results in a decrease in the dTTP pool (28). Regardless
of the mechanism of modulation, it was found that up to a 20-
fold lower concentration of BrdUrd could be used in the pres
ence of a fluoropyrimidine to achieve the same level of thymi
dine replacement in DNA.

This study suggests that the use of intra-arterial FdUrd with
BrdUrd could have advantages over the use of BrdUrd alone.
Following intra-arterial administration, the tumor would be
exposed to higher concentrations of both BrdUrd and fluoro
pyrimidines and therefore would be expected to have greater
levels of incorporated radiosensitizer. The converse is true for
the normal tissues distant to the tumor (i.e., no regional advan
tage) because the concentrations decline as the drugs are diluted
throughout the body. An estimate of the regional advantage for
intra-arterial administration of BrdUrd in patients with central
nervous system tumors has been reported by Russo et al. (12)
to be 11- to 16-fold and by Greenberg et al. ( 14) to be 6- to 16-
fold. In the latter study (14), an 8-week intra-arterial infusion
of BrdUrd at an infusion dose of 400-600 mg/m2/day yielded

systemic venous blood levels of 0.18 to 1.25 n\i. The maximum
tolerated dose for this treatment protocol was 400 mg/m2/day,

which yielded a median BrdUrd plasma concentration of 0.4
/Â¿M.Assuming the maximum 16-fold regional advantage, a
concentration of 6.4 juMwould only be near the C50 for a cell
subtype like D-54 and raising the BrdUrd dose would result in
greater systemic toxicity (14). These data suggest that bio-
modulators such as FdUrd or FUra may be required to ensure
maximum incorporation of BrdUrd into the more resistant
subpopulations of the tumor. Similar calculations of the re
gional advantage for the fluoropyrimidines suggest that concen
trations that would result in biomodulation regionally would
produce systemic concentrations that would be unlikely to cause
biomodulation, thereby limiting systemic toxicity. It should be
noted that a therapeutic benefit would be anticipated from the
drug combination for all 3 cell lines, but the cell types that
exhibit poor BrdUrd incorporation in the absence of modula
tion would demonstrate the largest benefit. These concepts will
need to be tested in animal model systems to determine if
regional selectivity of biomodulation can actually be achieved.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Colin K. Hill (University of
Southern California) for the helpful discussions and suggestions. The
technical assistance provided by Lisa Swanberg is greatly appreciated.

REFERENCES

1. Hakala, M. T. Mode of action of 5-bromodeoxyuridine on mammalian cells
in culture. J. Biol. Chem., 234: 3072-3076, 1959.

873

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/870/2446493/cr0510030870.pdf by guest on 19 M

ay 2023



FLUOROPYRIMIDINE MODULATION OF BrdUrd INTO DNA

2. Mohler, W. <'.. and Elkind, M. M. Radiation response of mammalian cells

in culture. Exp. Cell Res., 30: 481-491, 1963.
3. Djordjevic, B., and Szybalski, W. Genetics of human cell lines III. Incorpo

ration of S-bromo- and 5-iododeoxyuridine into the deoxyribonucleic acid of
human cells and its effect on radiation sensitivity. J. Exp. Mal.. II2: 509-
531, I960.

4. Erikson, R. 1 .. and Szybalski, W. Molecular radiobiology of human cell
lines. I. Comparative sensitivity to X-rays and ultraviolet light of cells
containing halogen-substituted DNA. Biochem. Biophys. Res. Commun., 4:
258-261, 1961.

5. Lawrence, T. S., Davis, M. A., Maybaum, J., Stetson, P. L., and Ensminger,
W. D. The dependence of halogenated pyrimidine incorporation and radi
osensitization on the duration of drug exposure. Int. J. RadiÃ¢t.Oncol. Biol.
Phys., 18: 1393-1398, 1990.

6. Berry, R. J., and Andrews, J. R. Modification of the radiation effect on the
reproductive capacity of tumor cells in vivo with pharmacological agents.
Radial. Res., 16: 84-88, 1962.

7. Maruyama, Y., Silini, G., and Kaplan, H. S. Studies of the LSA ascites
lymphoma of C57BI mice II. Radiosensitization in vivo with 5-bromodeoxy-
cytidine and combined 5-fluorodeoxyuridine and 5-bromodeoxycytidine. Int.
J. Radial. Biol., 7:453-464, 1964.

8. Brown, J. M., Goffinet, D. R., Cleaver, J. E., and Kallman, R. F. Preferential
radiosensitization of mouse sarcoma relative to normal skin by chronic intra
arterial infusion of halogenated pyrimidine analogs. J. Nati. Cancer Inst.,
47:75-89, 1971.

9. Heidelberger, C., Danenberg, P. V., and Moran, R. G. Fluorinated pyrimi-
dines and their nucleosides. Adv. Enzymol., 54: 58-119, 1983.

10. Hoshino, T. Radiosensitization of brain tumors. In: T. J. Deely (ed.). Modern
Radiotherapy and Oncology: Central Nervous System Tumours, pp. 170-
183. London: Butterworths, 1974.

11. Kinsella, T. J., Russo, A., Mitchell, J. B., Rowland, J.. Jenkins, J., Schwade,
J., Myers, C. E., Collins, J. M., Speyer, J., Kornblith, P., Smith, B., Kufta,( '.. and Glatstein, E. A phase I study of intermittent intravenous bromode-

oxyuridine (BUdR) with conventional fractionated irradiation. Int. J. RadiÃ¢t.
Oncol. Biol. Phys., 10: 69-76, 1984.

12. Russo, A., Gianni. L., Kinsella, T. J., Klecker, R. W., Jr., Jenkins. J.,
Rowland, J., Glatstein, E., Mitchell, J. B., Collins, J., and Myers, C.
Pharmacological evaluation of intravenous delivery of 5-bromodeoxyuridine
to patients with brain tumors. Cancer Res., 44: 1702-1705, 1984.

13. l'Implumi h. S., Levin, E. M., and Levin, V. A. Phase I study of intravenous
bromodeoxyuridine used concomitantly with radiation therapy in patients
with primary malignant brain tumors. Int. J. RadiÃ¢t.Oncol. Biol. Phys., 10:
1769-1772, 1984.

14. Greenberg, H. S., Chandler, W. F., Diaz, R. F., Ensminger, W. D., Junck,
L., Page, M. A., Gebarski, S. S., McKeever, P., Hood, T. W., Stetson, P. L.,
Lichter, A. S., and Tankanow, R. Intra- arti-rial bromodeoxyuridine radiosen
sitization and radiation in treatment of malignant astrocytomas. J. Neuro-
surg., 69: 500-505, 1988.

15. Yoshii, Y., Maki, Y., Tsuboi, K., Tomono, Y., Nakagawa, K., and Hoshino,

T. Estimation of growth fraction with bromodeoxyuridine in human central
nervous system tumors. J. Neurosurg., 65: 659-663, 1986.

16. Hoshino, T., Nagashima, T., Cho, K. G., Murovic, J. A., Nodes, J. E.,
Wilson, C. B., Edwards, M. S. B., and Pitts, L. H. S-phase fraction of human
brain tumors in situ measured by uptake of bromodeoxyuridine. Int. J.
Cancer, 38: 369-374, 1986.

17. Shapiro, J. R., Yung, W-K. A., and Shapiro, W. R. Isolation, karyotype, and
clonal growth of heterogeneous subpopulations of human malignant gliomas.
Cancer Res., 41: 2349-2357, 1981.

18. Yung, W-K. A., Shapiro, J. R., and Shapiro, W. R. Heterogeneous chemo-
sensitivities of subpopulations of human glioma cells in culture. Cancer Res.,
Â«.-992-998, 1982.

19. Shapiro, W. R., Yung, W. A., Basler, G. A., and Shapiro, J. R. Heterogeneous
response to chemotherapy of human gliomas grown in nude mice and as
clones m vitro. Cancer Treat. Rep., 65: 55-59, 1981.

20. Bigner, S. H., Milliard. D. E., Pegram, C. N., Wikstrand, C. J., and Bigner,
D. D. Relationship of in vitro morphologic and growth characteristics of
established human glioma-derived cell lines to their tumorigenicity in athymic
nude mice. J. Neuropathol. Exp. Neurol., 40: 390-409, 1981.

21. Bullan!. D. E., Schold, S. C., Jr., Bigner, S. H., and Bigner, D. D. Growth
and chemotherapeutic response in athymic mice of tumors arising from
human glioma-derived cell lines. J. Neuropathol. Neurol., 40:410-427,1981.

22. Maybaum, J., Kott, M. G., Johnson, N. J., Ensminger, W. D., and Stetson,
P. L. Analysis of bromodeoxyuridine incorporation into DNA: comparison
of gas chromatographic/mass spectrometric, CsCI gradient sedimentation,
and specific radioactivity methods. Anal. Biochem., 161: 164-171, 1987.

23. Stetson, P. L., Maybaum, J., Shukla, U. A., and Ensminger, W. D. Simul
taneous determination of thymine and bromouracil in DNA hydrolysates
using gas chromatography-mass spectrometry with selected-ion monitoring.
J. Chromatogr., 375:1-9, 1986.

24. Stetson, P. L., Maybaum, J., Wagner, J. G., AveriÂ»,D. R., Wollner, I. S.,
Knol, J. A., Johnson, N. J., Yang, Z., Preiskorn, D., Smith, P., Knutsen, C.
A., and Ensminger, W. D. Tissue-specific pharmacodynamics of 5-bromo-
2'-deoxyuridine incorporation into DNA in VX2 tumor-bearing rabbits.
Cancer Res., 48:6900-6905, 1988.

25. FÃ©rtil,B., Dertinger, H., Courdi, A., and Malaise, E. P. Mean inactivation
dose: a useful concept for intercomparison of human cell survival curves.
RadiÃ¢t.Res., 99:73-84, 1984.

26. Garrett, C., Wataya, Y., and Santi, D. V. Thymidylate synthetase: catalysis
of dehalogenation of 5-bromo- and 5-iodo-2'-deoxyuridylate. Biochemistry,
18: 2798-2804, 1979.

27. Commerford, S. L., and Joel, D. D. lododeoxyuridine administered to mice
is deiodinated and incorporated into DNA primarily as thymidylate.
Biochem. Biophys. Res. Commun., 86: 112-118, 1979.

28. Langenbach, R. J., Danenberg, P. V., and Heidelberger, C. Thymidylate
synthetase: mechanism of inhibition by 5-fluoro-2'-deoxyuridylate. Biochem.
Biophys. Res. Commun., 48: 1565-1571, 1972.

29. Santi, D. V., McHenry, C. S., and Sommer, S. Mechanism of interaction of
thymidylate synthetase with 5-fluorodeoxyuridylate. Biochemistry, 13: 471-
481, 1974.

874

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/870/2446493/cr0510030870.pdf by guest on 19 M

ay 2023




