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SUMMARY

The metabolism of 5-fluoro-2’-deoxycytidine (FdC) with and without tetrahydrouridine
(H4U) or 2’-deoxytetrahydrouridine (dH4U) was examined in log phase HEp-2 cells using
HPLC and TLC methods which quantified: (a) the incorporation of FdC-related anti-
metabolites into RNA and DNA and (b) pool size levels of FdC-related antimetabolites.
[3H]-FdC administered to log phase HEp-2 cells at a concentration of 0.01 �M for 24 hr
resulted in the incorporation of 5.22 x 10_8 mol of FdC/mol of DNA phosphate, a 0.021%
substitution of FdC for dC. Coadministration of 1.0 mM H4U or dH4U resulted in 2- and
25-fold increases in the incorporation of FdC, respectively. No detectable incorporation
of 5-fluoro-2’-deoxyuridine (FdU) into HEp-2 DNA resulted (detection limit, approxi-
mately 5 fmol). In contrast, treatment of HEp-2 cells with 0.1 �sM FdU resulted in the
incorporation of 1.83 X i0� mol of FdU (74.7 fmol detected)/mol of DNA phosphate. A
linear incorporation of FdC into the DNA of HEp-2 cells was found with increasing
concentrations of FdC and 1.0 mM dH4U. 0.1 �tM FdC resulted in the incorporation of
2.39 x 10-6 mol of FUMP/mol of cytoplasmic RNA phosphate and 2.23 x i0� mol of
FUMP/mol of nuclear RNA phosphate. Similarly, HEp-2 cells treated with 0.1 jzM FdU
resulted in the incorporation of 1.10 x i0� mol of FUMP/mol of nuclear RNA phosphate
and 9.44 x i0�7 mol of FUMP/mol of cytoplasmic RNA phosphate. In contrast, no
detectable FUMP incorporation into either nuclear or cytoplasmic RNAs of HEp-2 cells
resulted when H4U or dH4U was coadministered with 0.1 �iM FdC. Pool size analyses of
log phase HEp-2 cells following a 30-mm exposure to FdU or FdC with and without H4U
or dH4U were also performed; 0.1 jiM FdC treatment resulted in the formation of 169
fmol of FUMP/1.0 x 106 viable HEp-2 cells. Treatment with 0.1 �sM FdU produced 253
fmol of FUMP/1.0 x 106 viable HEp-2 cells. In contrast, no detectable FUMP pools were
formed when H4U or dH4U was coadministered with 0.1 �sM FdC (detection limit,
approximately 5 fmol). Pool levels of FdUMP, the inhibitor of thymidylate synthetase,
were also assayed; 36.9 fmol of FdUMP/1.0 x 106 viable HEp-2 cells were detected upon
administration of0.1 �M FdC. Coadministration of 1.0 mM H4U with 0.1 �iM FdC increased
FdUMP pools 2.3-fold, while 1.0 mM dH4U resulted in a 3.2-fold decrease; 0.1 �M FdU
resulted in the formation of 55.2 fmol of FdUMP/1.0 x 106 viable HEp-2 cells, 34.3%
less than that formed when 1.0 mM H4U was coadministered with 0.1 �tM FdC. These
studies demonstrate that the coadministration of H4U effectively directs the metabolism
of FdC in neoplastic cells through the deoxycytidine kinase-deoxycytidylate deaminase
pathway to the formation of FdUMP without the incorporation of FUMP into RNA or
the formation of RNA-level antimetabolite pools (i.e., FUra, FUrd, or FUMP); this
metabolic restriction was not found to be due to the inhibition ofthymidine phosphorylase
by H4U.

INTRODUCTION inhibit neoplastic cells while at the same time causing
minimal effects in host tissue. There are three major

Most antineoplastic agents, including the pyrimidine cytotoxic effects in neoplastic cells following FUra or
analogs FdU’ and FUra, lack the selectivity necessary to
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FdU treatment: (a) the production of FdUMP, a potent
inhibitor of thymidylate synthetase (EC 2.1.1.45) which
results in the depletion of dTMP and the cessation of
DNA synthesis (1, 2), (b) the misincorporation and sub-
sequent repair of FdUTP into DNA (3, 4), and (c) the
misincorporation of FUTP into RNA leading to the
inhibition of RNA maturation (5). Although the major
mechanism of action of FUra or FdU is thought to be
via the production of FdUMP and the incorporation of
FUMP into RNA is thought to contribute to “general”
toxicity (6-8), the exact antitumor mechanism of action
of these two agents remains controversial.

At the outset of our studies, we proposed that the
utilization of FdC with H4U would avoid the disadvan-
tages of FUra or FdU treatment and lead to superior
antitumor efficacy. Previous studies with FdC (9, 10)
have pointed to two possible metabolic pathways avail-
able to cells for the production of FdUMP: (a) the dCK-
dCMPD (EC 2.7.1.74, EC 3.5.4.12, respectively) and (b)
the CD-dTK (EC 3.5.4.5, EC 2.7.1.21, respectively) path-
ways (Fig. 1). To circumvent systemic catabolism, which
is responsible for the degradation of halogenated deox-
yuridine analogs, and to exploit elevations of dCK and
dCMPD present in many human malignant tumors (11),
FdC was coadministered with H4U, a potent inhibitor of
cytidine deaminase. We hypothesized that this strategy
would result in greater formation of FdUMP at the tumor
site, thus affording a unique, target-directed chemother-
apy. Consistent with this hypothesis, we have found that
an optimal dose of FdC + H4U resulted in greater anti-
tumor efficacy than that of FUra, F3dT, or FdU (10).
These studies did not, however, establish the exact met-
abolic pathway utilized by FdC when coadministered
with H4U. Therefore, we sought direct pharmacokinetic
evidence which would support our contention that the
administration of H4U would direct the metabolism of
FdC and provide a DNA-directed production of FdUMP.

The present study supplies direct evidence to support
the channeling of FdC via H4U in cell culture as deter-
mined by HPLC quantitation of FdC-related antimetab-
olite pools. This metabolic channeling was compared �o
the normal metabolism of FdC and FdU in log phase
HEp-2 cells. Additionally, the incorporation of antime-
tabolites into both RNA and DNA of HEp-2 cells was
assayed following treatments with FdU or FdC with and
without H4U or dH4U, an inhibitor of both cytidine and
deoxycytidylate deaminases.

‘ The abbreviations used are: FdU, 5-fluoro-2’-deoxyuridine; HPLC,

high performance liquid chromatography; H4U, tetrahydrouridine;

dH4U, 2’-deoxytetrahythouridine; FdC, 5-fluoro-2’-deoxycytidine;

FUMP, 5-fluorouracil-5’-monophosphate; dCMPD, deoxycytidylate

deaminase; dCK, deoxycytidine kinase; CD, cytidine-deoxycytidine de-

aminase; dTK, thymidine kinase; FdUMP, 5-fluoro-2’-deoxyuridine-
5’-monophosphate; dCMPK, deoxycytidylate kinase; HEp-2 cells, hu-

man epidermoid laryngeal carcinoma cells; FUra, 5-fluorouracil; FUrd,

5-fluorouridine; TS, thymidylate synthetase; EMEM, Eagle’s minimal

essential medium; PBS, phosphate-buffered saline; FdCTP, 5-fluoro-

2’-deoxycytidine-S’-triphosphate; FdCMP, 5-fluoro-2’-deoxycytidine-

5’-monophosphate; F3dT, 5-trifluorothymidine; FUTP, 5-fluorouri-

dine-5’-triphosphate; TLC, thin layer chromatography; PCA, per-

chioric acid; SDS, sodium dodecyl sulfate.

MATERIALS AND METHODS

Cell culture. HEp-2 cells were obtained from the American Type

Culture Collection and were grown in EMEM with a 95% air/5% CO2

humidified atmosphere. EMEM was supplemented with 10% fetal calf

serum, 0.25 pg/ml amphotericin B, 100 units/ml penicillin, and 100

units/mI streptomycin, and sodium bicarbonate was increased to 0.1%.

Media, sera, glutamine, trypsin, and antibiotics were purchased from

Grand Island Biological Co., (Grand Island, NY), Flow Laboratories
(McLean, VA), and K-C Biologicals (Lenexa, KS). HEp-2 cells were

maintained and passed at confluency (about 3 days) as described

previously (10). HEp-2 cells, which were previously shown to have

elevated levels of dCK, dCMPD, and CD (10), were stored in liquid

nitrogen with 10% glyceroL.All cell lines were analyzed routinely and

foundto be free ofMycoplasmacontamination (12). Cytotoxicity assays

measuring per cent survival as colony-forming ability were performed

as previously described (10).

Chemicals. Pyrimidine base and nucleoside and nucleotide standards
were purchased from Sigma Chemical Company (St. Louis, MO),

Calbiochem-Behring Corp. (La Jolla, CA), and P-L Biochemicals, Inc.

(Milwaukee, WI) with the following exceptions. 2’-Deoxytetrahydrour-

idine was supplied and 5-fluoro-2’-deoxycytidine was custom synthe-

sized by Calbiochem-Behring Corp. FdCMP was synthesized according

to the method of Tanaka et a!. (13). Tetrahydrouridine was a gift of

Dr. Leonard Kedda of the National Cancer Institute (Bethesda, MD).

Tetrabutylammonium phosphate was purchased from Eastman Kodak

Co. (Rochester, NY).

Radiochemicals. Generally tritiated 5-fluoro-2’-deoxycytidine was
custom synthesized by New England Nuclear (Boston, MA). Following

HPLC analysis, [‘H]FdC (specific activity, 18.0 Ci/mmol) was found

to be 99.9% pure and devoid ofany measurable [3H]FdU, its deaminated

counterpart; no [3HIdC was detected. [3HJFdU was synthesized from

[3H]FdC by heating for 5 mm at i00�, pH 5.0. The product was analyzed

by reverse phase HPLC and found to be 100% FdU, with a specific

activity of 14.7 Ci/mmol.

Enzymes. Pancreatic DNase I, snake venom phosphodiesterase I,

protease K, RNase A, and bacterial alkaline phosphatase were pur-

chased from Sigma Chemical Co.
Incorporation of FdC- and FdU-related antimetabolites into nucleic

acids. Fifteen 100-mm tissue culture dishes were each seeded with 5.0

x 10’ HEp-2 cells and incubated for 24 hr in a CO2-humidified atmos-

phere at 37� to ensure log phase growth. EMEM containing [3H)FdC

with and without I{,U or dI{,U (or [‘HJFdU) was then applied and the

cells were again incubated for 24 hr under the same conditions. At the

end of this incubation period, media were aspirated and HEp-2 cells
were washed three times with PBS (0.8% NaC1, 0.02% KC1, 0.02%

KH2PO4, and 0.15% Na,HPO4) at 4’ and gently scraped offwith sterile

rubber policemen. Cells were centrifuged for 15 mm at 500 x g and 4”.

Viability was determined via trypan blue exclusion (14) and cell pellets

were divided into cytoplasmic and nuclear fractions with TEN buffer

(10 m�i Tris, pH 8.0, 100 mM NaC1, and 1.0 mM Na2-EDTA) and

centrifugation at 1000 x g for 10-15 mm at 4”. The nuclear pellet was

digested with 1% SDS and 100 pg/ml protease K for 18 hr at 37”; the

cytoplasmic fraction was decanted and saved for further RNA analysis.
The nuclear fraction was then extracted with phenol and chloro-
form:isoamyl alcohol (24:1 by volume), and total nucleic acid was

precipitated in 70% ethanol and 0.25 M NaCl. After dialysis against

three changes of TEA buffer (10 mM Tris buffer, pH 8.0, 1.0 mM Na2-

EDTA) at 4”, the concentration of total nucleic acid was determined

by UV absorbance at 260 nm. Samples were then divided for the

purifications of RNA and DNA.

Purification of nuclear RNA. RNA samples were digested with 300

units of DNase I for 12 hr and dialyzed against TEA buffer at 4�.

Samples were then extracted with chloroform (3x) and the concentra-

tion of RNA was determined via UV absorbance. RNA samples were

digested with 0.05 units of snake venom phosphodiesterase for 24 hr at

37* and the RNA was analyzed for the presence of FUMP by HPLC
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FIG. 1. H4U leads to the inhibition of CD, while dH4U leads to the

inhibitions of both CD and dCMPD

using a C,8 reverse phase column (15); this then allowed us to quantitate

the amount of antimetabolites incorporated into RNA.

Purification of nuclear DNA. DNA samples were digested with 0.5

pg/ml ribonuclease A (5 mm preboiled) for 12 hr at 37” and dialyzed

against three changes of TEA buffer at 4”. After extraction with

chloroform (3x) and determination of DNA concentration via UV

absorbance, samples were sheared several times via passage through a

26-gauge needle and digested with 300 units of DNase I for 24 hr at

37”. The pH was adjusted to 8.5 and the samples were digested with

0.05 unit of snake venom phosphodiesterase and 500 pg of bacterial

alkaline phosphatase for 24 hr at 37”. The deoxynucleoside components

of DNA were separated from FdC and FdU by HPLC analysis using a

C,, reverse phase column according to the method of Briggle et al. (15).

Purification of cytoplo.smic RNA. The cytoplasmic fractions (super-

natant) were digested with 1% SDS and 100 pg/mI protease K for 12

hr at 37”. Samples were deproteinized via chloroform extractions (3x),

dialyzed against three changes of TEA buffer, pH 8.0, and digested

with 300 units of DNase I for 12 hr at 37”. Samples were then dialyzed

as previously described and the concentration of RNA was determined

via UV absorbance. Samples were digested for 24-48 hr at 37” with

0.05 unit of snake venom phosphodiesterase, pH 8.5, extracted with

6% perchloric acid, and neutralized with KOH, and then the RNA was

analyzed for the presence of FUMP by HPLC using a reverse phase

C,,column (15).
Quantitation of antimetabolite pool size leveLs. Ten 100-mm tissue

culture dishes were each seeded with 5.0 x 10’ HEp-2 cells and

incubated for 24 hr under conditions previously described to ensure log

phase growth. EMEM was aspirated, replaced with EMEM containing
various drug combinations, and incubated for 30 mm under conditions

described previously. After the 30-mm exposure, HEp-2 cells were

washed twice with PBS at 4”, placed on ice, and gently detached by

scraping. Cells were centrifuged at 500 x g and 4” for 1 mm. Viability

was determined by trypan blue exclusion (14). Cell pellets were washed

once with PBS at 4” and cell washings were analyzed for liberated

antimetabolite nucleosides, nucleotides, and free bases. The final cell
pellet was resuspended in 1.0 ml of distilled water containing 10 mM

NaF (to inhibit liberated phosphorylase activity) and 4.5 m�i p-nitro-

phenyl phosphate (to inhibit liberated phosphatases) and then soni-

cated (15-sec pulses at 20 kHz) at 4”. Samples were then heated (or

left unheated for unbound FdUMP quantitation) at 65” for 15 mm to

dissociate FdUMP from the ternary complex, FdUMP-TS-5,10-meth-

ylene tetrahydrofolate (16). Samples were cooled to 4” and extracted

for 1.0 hr with 6% HC1O,. KOH (5.0 M) was added to neutralize the

samples and, following deproteination with chloroform, samples were

analyzed by reverse phase HPLC (15) and various antimetabolite pool

size levels were quantitated. No general tritium exchange was detected

between FdC-related antimetabolites and either buffer systems or
RNA, DNA, or pool constituents which would have complicated the

quantitation of FdC-related antimetabolites; no radioactivity coeluted
with normal DNA or RNA bases or normal nucleoside or deoxynucleo-

side pool constituents, as measured at A��onm and by liquid scintillation.

HPLC techniques. Quantitation of the incorporation of antimetab-

olites into RNA and DNA and the quantitation of antimetabolite pools

were accomplished by reverse phase HPLC (Waters Associates, Mil-

ford, MA) using tetrabutylammonium phosphate and methanol on a

C,, column (Alltech, Deerfield, IL) (15). Antimetabolites eluting from

HPLC columns were collected in 0.7- or 1.0-ml fractions and the

radioactivity in each fraction was determined with a Packard Tri-Carb

Liquid Scintillometer (model 3320) with Aquasol scintillant (New

England Nuclear). Quenching was not detected in any of the samples

tested.

TLC techniques. FdC and FdU were separated by TLC using Baker-

Flex cellulose sheets (J. T. Baker, Atlanta, GA) and an isopropa-

nol:HCI:water (4:1:1 by volume) solvent system. R, values were 0.58

and 0.78 for FdC and FdU, respectively. Appropriate spots were visu-
alized via UV absorbance, excised, and counted as previously described

using a nonaqueous scintillant (3.8 liters of toluene/i5 g of 2,5-diphen-

yloxazole/0.38 g of 1,4-bis[2-(5-phenyloxazolyl)]benzene).

RESULTS

Incorporation ofFdC into DNA. Since it was previously
shown that FdC can be anabolized to FdCTP and ulti-
mately become an efficient substrate for DNA polymer-
ase (13, 17), the incorporation of FdC in HEp-2 cell DNA
and the effects of H4U or dH4U on such incorporation
were examined. The addition of 0.01 �M FdC to log phase
HEp-2 cells for 24 hr resulted in the incorporation of
5.22 x 10_s mol of FdC/mol of DNA phosphate as deter-
mined by HPLC; this corresponds to a 0.021% substitu-
tion ofFdC for dC. The coadministration of 1.0 mM H4U,
which was previously shown to result in 93% inhibition
of cytidine deaminase (10), resulted in a 2-fold increase
in the incorporation of FdC into HEp-2 DNA. dH4U (1.0
mM), which leads to 92 and 95% inhibitions of cytidine
and deoxycytidylate deaminases (10), respectively, re-
suited in a 25-foid increase in the incorporation of FdC
(0.53% substitution of FdC for dC) into HEp-2 DNA;
dH4UMP, which has been shown to be formed from dH4U
in vivo (18), inhibits dCMPD (Fig. 1).

To demonstrate that FdC was indeed the antimetab-
olite incorporated into the DNA of HEp-2 cells, samples
were analyzed by HPLC and appropriate peaks of FdC
and FdU were collected and counted. FdC and FdU peaks
from HPLC analyses were then reanalyzed using TLC
(Table 1). TLC analysis of FdU peaks (determined via
HPLC analysis of 12 pmol of FdU standard) showed no
counts associated with FdU (R1 0.78) or FdC (R1 0.58).
FdC peaks generated via HPLC (12 pmol of FdC stan-
dard included in all samples) were then reanalyzed by
TLC (Table 1) and counts associated solely with FdC
were detected; no detectable counts associated with FdU
were found. Levels of FdC incorporated, as determined
by TLC (Table 1), were consistent with those found
using HPLC. Further confirmation that FdC was the
antimetaboiite incorporated into HEp-2 DNA came from
the fact that FdC, when boiled for 5 mm at pH 5.0, was
shown by standard analysis to be converted 100% to
FdU. When samples were heated in this way, all counts
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TABLE 1

Confirmatory evidence via TLC that FdC is the antimetabolite incorporated into the DNA of log phase HEp-2 cells treated with FdC for 24 hr

1.0 x i0� HEp-2 cells were plated on each of 10 100-mm tissue culture dishes. At the end of a 24-hr incubation period to ensure log phase
growth, Eagle’s minimal essential medium containing drugs was added and exposure was allowed to continue for 24 hr. DNA from these cells

was then purified and digested with DNase I, alkaline phosphatase and snake venom phosphodiesterase. Deoxyribonucleoside components of

DNA were analyzed by HPLC with a reverse phase C,, column and a detection limit of 5 fmol.

Condition FdC”

(R1 0.58)

FdU#{176}

(R, 0.78)

DNA”

concentration

FdC incorporated in

DNA phosphateC

cpm pg/mi mol/mol

A. FdC (0.01 pM) 633 142 21.5 6.38 x iO’

B. FdC (0.01 pM) + H4U

(1.0 mM) 1433 105 21.3 1.26 x iO�

C. FdC (0.01 pM) + dH4U

(1.0 mM) 2554 86 19.3 1.54 x 10’
D. FdC (1.0 pM) + dH4U

(1.0 mM) 4516 126 13.4 2.79 x 10’

D.” FdC (1.0 pM) + dH4U

(1.0 mM) 241 2461 13.4 2.96 x i0”'

D.’� FdC (1.0 pM) + dH4U’

(1.0 mM) 2284 259 13.4 2.88 x i0�

a Following the injection of 25 pl of each sample into the HPLC, fractions were collected and analyzed via liquid scintillation counting of 10
p1/fraction. Once FdC and FdU peaks were determined via counting and HPLC standard analysis, the corresponding fractions were combined

and 48 p1 was run on a thin layer chromatography cellulose sheet with FdC and FdU standards; only 8 �l was analyzed with samples C and D.
FdC and FdU spots were analyzed as described in Materials and Methods.

b The concentration of DNA determined by absorbance at 260 nm from untreated HEp-2 cells was 15.7 pg/ml.

C Determined by TLC.
d A portion of sample D was heated for 5 mm at 100” or left untreated (‘). The samples were then reanalyzed by HPLC and TLC as in

Footnote a.
a Moles listed are moles of FdU incorporated/mol of DNA phosphate; only counts associated with FdU were detected.

were associated by retention time with HPLC analysis
of standard FdU, and no FdC was detected. TLC analysis
of heated and unheated samples (sample D, Table 1)
showed that, when heated, the amount of FdU derived
from FdC was essentially equivalent to the amount of
FdC from an unheated portion of the same sample.

The exogenous conversion of FdC to FdU via fetal calf
serum-derived cytidine deaminase, which could result in
the treatment of log phase HEp-2 cells with FdU and
thereby make the interpretation of data extremely com-
plex, was then examined. No conversion of FdC to FdU
occurred with normal EMEM containing 10% fetal calf
serum under conditions identical to those described for
incorporation or pool size experiments as assayed by
HPLC (data not shown).

Fig. 2 summarizes a series of experiments in which log
phase HEp-2 cells were treated with various concentra-
tions of FdC and 1.0 mM dH4U. The extent of incorpo-
ration of FdC into the DNA of treated HEp-2 cells was
then monitored. A linear relationship between the incor-
poration of FdC and the concentration of exogenously
supplied FdC was found with a correlation coefficient of
0.983.

Since FdC was thought to incorporate in place of
deoxycytidine, 0.1 mM dC was coadministered with 0.1
�M FdC and 1.0 mM dH4U. The administration of 0.1
mM dC led to a 5.3-fold decrease in the incorporation of
FdC into the DNA of log phase HEp-2 cells (Table 2,
experiment 2). The administration of 0.1 mM dC to 0.1
�tM FdC + 1.0 mM H4U resulted in a 2.1-fold decrease in
the incorporation of FdC into the DNA of HEp-2 cells

(Table 2, experiment 1). No detectable incorporation of
FdU into the DNA of log phase HEp-2 cells was found
following the administrations of FdC with and without
H4U or dH4U. Since the possibility existed that FdU,
derived from FdC, was not detected in DNA due to the
combined actions of the dUTPase and uracil-N-glyco-
sylase (19-21), we investigated whether or not FdU treat-
ment at concentrations comparable to those of FdC
(above) would result in the incorporation of FdU into
HEp-2 DNA over a 24-hr period (Table 2). In comparison
to a treatment of log phase HEp-2 cells with 0.1 zM FdU
which resulted in the incorporation of 1.84 x 10_8 mol of
FdU/mol of DNA phosphate, administrations of FdC
with or without H4U and dH4U resulted in no detectable
FdU incorporated into DNA (detection limit, 1.0 x i0�
mol of FdU or FdC/mol of DNA phosphate). It is inter-
esting that the extent of FdU incorporation with 0.1 and
1.0 �sM FdU treatments was essentially equivalent.
Whether this reflects extensive inhibition of growth (re-
flected in lower DNA concentration) with 1.0 zM FdU or
extensive and constant repair processes remains unde-
termined.

Incorporation into RNA. After determining that FdC
was incorporated into the DNA of HEp-2 cells, we asked
whether or not FdC-related antimetabolites were incor-
porated into the RNA of log phase HEp-2 cells. There-
fore, we set out to quantitate the extent of conversion of
FdC-related antimetabolites to the RNA level (i.e., pro-
duction of FUra, FUrd, and FUMP). Since the incorpo-
ration of FUMP into RNA may have been below our
detection limit, we designed our initial experiments so
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FIG. 2. Incorporation of FdC into the DNA of HEp-2 cells as a
function of concentration during a 24-hr incubation period

1.0 mM dH4U was coadministered with each concentration of FdC
used.

that both the formation and incorporation of FUMP
could be assayed (see legend to Table 3). When FdC was
administered alone without H4U or dH4U, extensive for-
mation and incorporation of FUMP into both the nuclear
and cytoplasmic RNAs occurred in 24 hr (Table 3).
However, when H4U or dH4U was coadministered, no
FUMP (a combination of FUMP pools and FUMP in-
corporated into RNA) was detected in either the cyto-
plasmic or nuclear RNA fractions. When the concentra-
tion of FdC was increased to 0.7 �tM with 1.0 mM dH4U,
a small amount of FUMP was detected in the cytoplasmic
RNA fraction; however, no FUMP was detected in the
nuclear RNA fraction.

The incorporation of FUMP (without FUMP pools)
into both the cytoplasmic and nuclear RNAs of HEp-2
cells following various drug treatments was then inves-
tigated (Table 2). When coadministered with H4U or
dH4U, 0.1 j�M FdC resulted in no detectable incorporation
of FUMP (derived from [3H]FdC) into either the cyto-
plasmic or nuclear RNAs of HEp-2 cells. In contrast,
treatment of log phase HEp-2 cells solely with 0.1 �tM

FdC resulted in considerable incorporation of FUMP
into both cytoplasmic and nuclear RNAs. When the
concentration of FdC was raised from 0.1 to 0.7 �M with
1.0 mM H4U (Table 2, experiment 2), FUMP was found
to be incorporated into both cytoplasmic and nuclear
RNAs. This is similar to the results obtained with FdC
(0.7 �sM) + dH4U (1.0 mM) (Table 3). Apparently, when
the concentration of FdC was increased, it effectively
competed with either H4U or dH4U for cytidine deami-

nase, leading to its conversion to RNA-level antimetab-
olites.

The extent of FUMP incorporation into the RNA of
HEp-2 cells derived from FdU treatments as compared
to that of FdC with and without H4U or dH4U was also
examined (Table 2, experiment 1). FUMP was found to
be incorporated into the RNA of HEp-2 cells treated
with FdU or FdC. Comparable levels of FUMP were
found with 0.1 �sM FdC or FdU. No FUMP was found
incorporated into the RNA of HEp-2 cells treated with
FdC and a deaminase inhibitor, H4U or dH4U.

Pool size studies. We initially performed pool size
studies without inhibitors ofliberated phosphorylase and
phosphatase enzymes (data not shown). However, the
presence of a significant amount of FdU following FdC
+ H4U or dH4U treatments (data not shown) to log phase
HEp-2 cells was inconsistent with previous RNA incor-
poration data shown in Table 2. Therefore, we investi-
gated the possibility that liberated phosphatases (via
sonication in our extraction protocol) converted FdUMP
to FdU. When NsF and p-nitrophenyl phosphate were
administered to inhibit liberated phosphorylase and
phosphatase enzymes, respectively, a significant decrease
in the formation of FdU resulted; essentially no FdU,
FUra, FUrd, or FUMP levels were found when either
H4U or dH4U was coadministered with FdC (Table 4).
Thus, it seems that liberated phosphatases may convert
FdUMP to FdU and alter the quantitation of actual
antimetabolite pools. Similarly, liberated phosphorylases
may alter quantitation of antimetabolite pools by allow-
ing the conversion of FdU to FUra, thus leading to the
production of FUrd and FUMP (see Fig. 1).

Using this protocol, the metabolism of FdU was com-
pared to that of FdC with and without H4U or dH4U
(Table 4). Treatment of log phase HEp-2 cells with 0.1
�zM FdC resulted in an essentially equal distribution of
antimetabolite pools (Table 4), including all RNA-level
antimetabolites (FUra, FUrd, and FUMP). However,
when coadministered with either H4U or dH4U, FdC-
treated log phase HEp-2 cells showed little or no forma-
tion of RNA-level antimetabolites or FdU.

The extent of FdCMP formation in 30 mm was also
assayed (Table 4). Coadministration of dH4U with FdC

resulted in the greatest levels of FdCMP; thus, the ad-
ministration of dH4U directs the metabolism of FdC
towards its incorporation into DNA. H4U coadministered
with FdC resulted in the formation of FdCMP, but less
than that formed with dH4U. Administration of FdC
alone resulted in the least amount of FdCMP. These
data are consistent with data concerning RNA and DNA
antimetabolite incorporation shown in Tables 1-3.

The formation of FdCMP in 24 hr was also quantitated
(Table 3). Levels of FdCMP pools produced in 24 hr
were consistent with, and reflected the incorporation of,
FdC into the DNA of log phase HEp-2 cells. In experi-
ment 1 (Table 3), 12.7 fmol of FdCMP were formed when
HEp-2 cells were treated with 0.01 �M FdC. When 1.0
mM H4U or 1.0 mM dH4U was coadministered with 0.01
�tM FdC, 4.2- and 10.4-fold increases, respectively, in the
formation of FdCMP resulted. In experiment 2, Table 3,
1.3- and 2.8-fold respective increases in the formation of
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TABLE 3

HPLC quantitation of the formation of FdCMP and FUMP

antimetabolite pools and the incorporation of FUMP into log phase

HEp-2 cells

Log phase HEp-2 cells were exposed to tritiated drug regimens for

24 hr as described in Materials and Methods. Following SDS-protease

K digestion, DNA samples were treated with RNase. DNA was precip-
itated and separated from the RNA components at -20” with 0.25 M

NaC1 + 70% ethanol, extensively dialyzed, digested with DNase I,

snake venom phosphodiesterase and bacterial alkaline phosphatase,
and analyzed by HPLC as described in Materials and Methods. The
results of DNA analyses are presented in Table 2 and Fig. 2. The 3’-

monophosphate components of the RNA fractions were purged of 70%

ethanol, extracted with chloroform and 6% perchloric acid at 4”, and

analyzed via HPLC using a reverse phase C,, column. The cytoplasmic
fraction was digested with RNase, extracted with chloroform and 6%

perchloric acid, and analyzed via HPLC under conditions identical to

that of the nuclear fraction analyses.

Expt. FdCMP formed FUMP formed or
Condition in incorporated into

HEp-2 cells HEp-2 cells RNA

FdC FI,U dH4U Nuclear Cytoplasmic

fmol/1 X 10� cells fmol/1 X 106 cells

1 0.01 12.7 104.6 506.6
1 0.01 1.0 53.6 0#{176} 0#{176}

1 0.01 1.0 132.2 0#{176} 0#{176}

2 0.1 37.4 78.0 1351.5
2 0.1 1.0 47.4 0#{176} 0#{176}

2 0.1 1.0 105.6 0#{176} 0#{176}

2 0.1 0.1 115.3 0#{176} 0#{176}
2 0.1 0.01 84.0 0#{176} 0#{176}

2 0.7 1.0 265.3 0#{176} 37.7

a <5�� fmol were detected.

FdCMP resulted over that formed with 0.1 �tM FdC,
when 1.0 mM H4U or dH4U was coadministered with 0.1
�tM FdC. We also determined the effect of lower dH4U

concentrations on the formation of FdCMP in log phase
HEp-2 cells. Within the concentrations of dH4U utilized
(1.0-0.01 mM) with 0.1 �iM FdC, no significant difference
resulted. Evidently, within this concentration range, cy-
tidine, and dCMP deaminases were effectively inhibited.

The administration of FdU to HEp-2 cells resulted in
the extensive formation of RNA-level antimetabolites
(FUra, FUrd, and FUMP) and FdU; formation of FUrd,
FUra, FUMP, and FdUMP pools was similar to the case
when only FIC was administered to log phase HEp-2
cells (Table 4).

Since the generation of FdUMP is thought to be the
critical determinant of antineoplastic activity with fluo-
ropyrimidines, we quantified its formation (Table 4).
Free and bound FdUMP levels were assayed following
exposure of log phase HEp-2 cells to FdC with and
without H4U or dH4U as compared to equivalent concen-
trations of FdU (Table 4). We also analyzed the repro-
ducibility of our pool size studies via triplicate drug
exposure followed by HPLC analysis of one condition,
FdC + H4U (Table 4). Following statistical analysis, a
standard error of less than 6% was found. Significantly
greater amounts of both free and bound FdUMP were
formed when H4U was coadministered with FdC than
when FdU was administered. Without a deaminase in-
hibitor, the administration of FdC resulted in a substan-
tial amount of bound FdUMP; however, no free FdUMP
levels were detected. When both cytidine and deoxycyt-
idylate deaminases were inhibited, following dH4U treat-
ment, very little bound FdUMP and no free FdUMP
levels were detected. It should be noted that no FdU,
FUra, or FUrd along with any of the nucleotides derived
from either [3HJFdC or [3H]FdU were detected in any
cell pellet washings. Thus, the protocol developed in our
studies apparently prevents the diffusion of nucleoside
and nucleotide antimetabolites out of HEp-2 cells.

TABLE 4

Antirnetabolite pool size analyses via HPLC of log phase HEp-2 cells over a 30-mm period following various drug exposures

Log phase HEp-2 cells (combination of 15 100-mm tissue culture dishes each plated with 5.0 x 10’ cells) were exposed to tritiated drugs for

30 mm. Cells were washed with PBS at 4” and gently detached via rubber policemen. The resulting cell pellet was prepared and analyzed by
HPLC as described in Materials and Methods.

Expt. and Condition Forma tion in viable HEp-2 cells”

FUra FdC FUrd FdU FdCMP FUMP Free FdUMPb Bound FdUMPb
(6, 7) (10, 11) (12, 13) (14, 15) (30-33) (39-41) (9, 10) (9, 10)

fmol/1 x 10� cells

1. FdC (0.1 �zM) 63.8 67.9 48.6 172 35.8 169 OC 36.9

1. FdC (0.1 pM) + H4U#{176}(1.0 54.9 91.5 22.0 62.0
mM)” #{216}C (±2.87) OC #{216}C (±2.83) #{216}C (±1.84) (±1.04)

1. FdC (0.1 pM) + dH4U (1.0

mM) #{216}C 54.2 OC OC 206.5 OC #{216}C
11.4

1. FdU (0.1 pM) 181 #{216}C 159.7 215.7 OC 253 11.3 43.9

2. FdU (0.01 pM) 46.9 #{216}C 41.3 76.2 OC 89.2 #{216}C 9.63

a Viability was measured via trypan blue exclusion (14). Samples were injected into the HPLC with appropriate standards and fractions were
collected (1.0-ml fractions/mm) as described previously (15); fraction numbers are in parentheses. For the analyses of FdUMP, a flow rate of 2.0

ml/min was utilized.
b Analysis of FdUMP was performed using 20% methanol. Free FdUMP represents that amount of FdUMP not bound to thymidylate

synthetase.
C <5.0 fmol detected.
d Standard error is in parentheses.

, Numbers represent the mean value of triplicate drug exposures followed by three separate HPLC analyses.
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We have not assayed for di- and triphosphate anti-
metabolites for three reasons: (a) less than 6% of the
total radioactivity, as assayed in 30 mm, was associated
with di- and triphosphate antimetabolite pools (FdCDP,
FdCTP, FdUDP, and FdUTP), which elute later than at
70 mm using 20% methanol; (b) FdCDP, FdCTP,
FdUDP, and FdUTP standards have not yet been syn-
thesized; and (c) the incubation periods (30 mm) used do
not seem to result in di- and triphosphate antimetabolite
pools indicative of regulatory events which may occur
during actual drug treatments. Studies concerned with
the kinetics of antimetabolite pool formation over var-
ious time periods are in progress.

It became apparent that the restriction of FdC-related
antimetabolites to the DNA level afforded by H4U coad-
ministration (i.e., production of FdCMP and FdUMP
only) may be the result of extensive inhibition of thy-
midine phosphorylase by H4U. Therefore, we investi-
gated the effect of H4U upon the metabolism of FdU
(Table 5), which, if H4U inhibited thymidine phospho-
rylase, would be restricted entirely to FdUMP and FdU
and no formation of FUrd, FUra, or FUMP would result.
When 1.0 mM H4U was coadministered with 0.1 �sM FdU,
the resulting antimetabolite pools formed in 30 mm were
no different from those produced from exposure solely
with 0.1 �sM FdU or with 0.01 mM H4U and 0.1 zM FdU
(Table 5A); when ratios of antimetabolite pools formed
divided by the total amount of antimetabolites detected
are compared, the aforementioned drug exposures result
in similar ratios.

Also investigated in Table 5 was the possibility of
antimetabolite pool size alterations caused by the extrac-
tion protocol using phosphatase and phosphorylase in-
hibitors (Table 4). When cells were extracted directly

from tissue culture plates with 6% PCA, neutralized with
5.0 mM KOH, and analyzed by HPLC, the resulting
antimetabolite pools formed were similar to those formed
using the extraction protocol developed in this laboratory
(compare A and B, Table 5). However, total FdUMP
pools as assayed by acid extraction (specifically bound
FdUMP levels) were not identical to those detected
following extraction using inhibitors of thymidine phos-
phorylase and phosphatases. In all cases, the bound
FdUMP levels were lower following acidic extraction
than following extraction using phosphatase and phos-
phorylase inhibitors. This is most likely due to the in-
ability of heating at 65#{176}for 15 mm in releasing bound
FdUMP from its inhibitory complex with TS following
KOH neutralization; heating of an unneutralized 6%
PCA extraction mixture must be avoided when exposing
cells to FdC to avoid the spontaneous deamination of
FdCMP to FdUMP which would result in significant
pool size aberrations. Additionally, we have investigated
the possibility that acid extraction at 4#{176}could result in:
(a) conversion of one form of ribo- or deoxyribonucleo-
tide to another nucleotide (e.g., deamination) or nucleo-
side; (b) the unlikely conversion of deoxyribunucleosides
to ribonucleosides; and (c) conversion of deoxyribonucle-
osides or deoxyribonucleotides to free bases. PCA (6%)
extraction under conditions used in this study did not:
(a) convert [3H]FdC or [3HJFdU to any free base or
ribonucleoside, (b) convert FdUMP or FdCMP to nu-

cleosides or free bases, or (c) alter any 5’-triphosphate
deoxyribonucleoside standard tested.

DISCUSSION

The data presented in this paper have demonstrated
that the metabolism of FdC can be directed using inhib-

TABLE 5

The effect of 114U upon the formation of FdU-related antimetabolite pools in 30 mm

Experimental conditions were identical to those described in Table 4 and in Materials and Methods.

Condition Forma tion in viable HEp-2 cells”

FdC FdU H4U FUra
(6, 7)

FdC
(10, 11)

FUrd
(12, 13)

FdU
(14, 15)

FdCMP FUMP
(30-33) (39-41)

Free FdUMP Bound FdUMP

�tM sM mM fmol/1 x 106 cells

A. Inhibitor extraction’�
0.1 1.0 OC 79.8 #{216}C OC 75.6 OC 31.0 54.2

0.1 1.0 109 OC 76 114 OC 41.6 12.3 24.6

0.1 0.01 112 OC 119 132 #{216}C 48.9 10.6 34.8
0.1 140 #{216}C 169 197 OC 89.2 16.6 32.6

B. Acid extractiond
0.1 1.0 OC 83.6 #{216}C 5�o 87.2 OC 15.3 27.2

0.1 143 OC 140 99.0 OC 82.6 9.04 5.23

0.1 1.0 172 OC 200 121 OC 57.0 10.4 8.54
a Numbers in parentheses are fraction numbers in which these compounds eluted from HPLC as described in Materials and Methods.

b Extraction was carried out using water containing 10 mM NaF and 4.5 mM p-nitrophenyl phosphate. Samples were heated to release FCIUMP

as described in Materials and Methods and finally extracted with 6% perchloric acid at 4#{176}for 1.0 hr. Samples were then processed for HPLC

analysis as described in Materials and Methods.
C <5�� fmol detected.

d Conditions were identical to that of extraction using inhibitors (A) except that, following the 30-mm drug exposure, cells were washed once

with ice-cold PBS and immediately extracted with 6% perchloric acid at 4#{176}.Cell extracts from 10 100-mm plates were quickly scraped and

combined. After 1 hr at 4#{176},the combined extract was neutralized with KOH. Samples were then divided for free and bound FdUMP analysis as

described in Materials and Methods; the precipitate was heated at 65� for 15 mm in an attempt to release bound FdUMP. Samples were then
processed as described in Materials and Methods.
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itors of its deamination. When H4U, an inhibitor of
cytidine deaminase, was coadministered with FdC: (a)
FdC was found to be incorporated to a small extent into
the DNA of HEp-2 cells; however, no detectable incor-
poration of FdU into DNA was found as with equivalent
concentrations of FdU; (b) no detectable FdC-related
antimetabolites were found incorporated into the RNA
(either cytoplasmic or nuclear) of HEp-2 cells; further-
more, no detectable RNA-level antimetabolite pools
(FUra, FUrd, or FUMP) or FdU were found; and (c) a
significant amount of FdUMP, the inhibitor of thymi-
dylate synthetase, was detected; greater levels of FdUMP
were formed than with equivalent concentrations of FdU.
The results of these studies are consistent with our
hypothesis that treatment of neoplastic cells with FdC
and H4U will result in the preferential conversion of
a nontoxic, phosphorylase-resistant fluoropyrimidine
(FdC) by the dCK-dCMPD pathway to substantial levels
of FdUMP without the formation, or incorporation, of
antimetabolites at the RNA level.

The coadministration of FdC and dH4U, a potent
inhibitor of both cytidine and deoxycytidylate deami-
nases (18), to log phase HEp-2 cells resulted in a chan-
neling of FdC towards its incorporation into DNA (see
Fig. 1). The incorporation of FdC, in place of deoxycyti-
dine, into DNA was not surprising since FdCTP has been
shown to be a substrate for a and j3 DNA polymerases
from calf thymus (13), and since FdC has been shown to
affect differentiation (17, 22). However, the extent of
incorporation found previously (17) is not consistent
with that found in HEp-2 cells. This discrepancy may be
explained based upon the lack of CD and dCMPD en-
zymes in Chinese hamster ovary cells. Without deami-
nating enzymes, FdC incorporated at extremely high
levels (17) since these cells do contain elevated dCK
levels. Since many tumors contain elevated CD and
dCMPD levels, the HEp-2 tumor model used in our
studies probably represents more accurate conditions for
the incorporation of FdC. Without labeled FdC, the
amount of FdC detected in the DNA of mammalian cells
would be subjected to considerable error using the meth-
ods previously described (17).

It is interesting that the treatment of HEp-2 cells with
FdC did not result in detectable incorporation of FdU
into DNA under any of the conditions tested. In contrast,
HEp-2 cells treated with FdU did incorporate FdU into
their DNA at levels comparable to those previously re-
ported (3, 23). It is possible that the incorporation of
FdU, derived from FdC, into DNA was simply below our
detection limit (<1.0 x 10� mol/mol ofDNA phosphate).
Whether the lack of incorporation of FdU derived from
FdC into the DNA of HEp-2 cells reflects increased
repair (by uracil-DNA glycosylase), increased FdUTP
degradation (by dUTPase) or some other allosteric reg-
ulatory events which prevent the incorporation of FdU
derived from FdC into DNA remains to be determined.
We are currently investigating the effect of various FdC
treatments, with and without H4U or dH4U, on normal

deoxynucleotide and deoxynucleoside pools to assess reg-

ulatory changes which may be occurring following treat-
ment with FdC and H4U or dH4U.

The significance of the incorporation of FdC into DNA
remains unclear. It is possible that the incorporation of
FdC into DNA and its subsequent repair (if it is repaired)
may lead to the production of small DNA fragments, as
previously found with the incorporation of uracil or 5-
fluorouracil into DNA (23-25). Even though the repair
of misincorporated FdC into DNA may involve an en-
tirely different set of enzymes than those involved in the
repair of uracil or fluorouracil, the overall deleterious
effects in a cell may be similar. The relationship between

FdC incorporation into DNA and cytotoxicity will be
explored in subsequent studies. The incorporation of FdC
into tumor as compared to normal tissue DNA may
provide a basis for selectivity against malignant cells
(due to elevated dCK activities in tumor tissue) in a
manner similar to that proposed for FdU (3). The effect
of FdC incorporation into DNA on normal maintenance
methylation patterns, both in vitro and in vivo with
normal and tumor tissues, also warrants further studies.
It is possible that a small portion of the antitumor
activity of FdC (10) may be related to its effects on
differentiation as proposed for 5-aza-2’ -deoxycytidine
(22, 26, 27).

It is apparent from the data that, at very high concen-
trations, FdC may compete with H4U or dH4U for cyti-

dine deaminase allowing some conversion of FdC to the
RNA level. The result of such conversion (either by
competition by FdC for CD or when FdC is administered
alone) is the ultimate incorporation of FUMP derived
from FdC into the RNA of HEp-2 cells. In contrast to
the administrations of FdC and H4U or dH4U, the ad-
ministration of FdU to log phase HEp-2 cells for 24 hr
resulted in extensive incorporation of FUMP into both
cytoplasmic and nuclear RNAs (Table 2). These results
are consistent with previous studies (5, 28, 29) which
have demonstrated FUMP incorporation into the RNA
of mammalian cells treated with FdU or FUra.

It is interesting that the extent of incorporation of
FUMP into RNA derived from FdU was similar to that
found with FdC when administered alone (Table 2).
From the data in Table 2, it is clear that the enzyme
pattern in HEp-2 cells favors a strong equilibrium for
FdC to be rapidly converted to RNA-level antimetabo-
lites and ultimately incorporate into RNA; FdC was
metabolized by both the dCK-dCMPD and CD-dTK
pathways. Since no apparent incorporation of FdU into
the DNA of HEp-2 cells was found when FdC was
administered alone and since very few FdUMP pools
were formed (all detectable FdUMP formed was bound
to thymidylate synthetase), catabolic processes must
have actively converted FdU formed from FdC to FUra.
FUra once formed was then converted to FUrd and
FUMP, which was then incorporated into RNA (see Fig.
1). Such nonspecific incorporation of FUMP into the
RNA of cells would contribute no antitumor selectivity
since there is no significant difference between phospho-
rylase activities in normal human tissue compared to

that present in human malignant tissue (11, 30, 31).
Even though in some tumors thymidine phosphorylase
activities are significantly elevated above those of normal

human tissue (30), the inherently high levels of uridine
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and thymidine phosphorylase present in systemic circu-
lation (serum) and in normal tissue would allow exten-
sive FUMP incorporation and thereby lead to general
toxicity rather than to a neoplastic-specific mechanism
of action. As a consequence, we propose that the same
extent of incorporation of FUMP following FUra or FdU
treatments would occur in actively dividing normal as in
tumor tissue; in vivo studies to support the proposal that
the drug combination FdC + H4U would avoid such
general toxic events are presently under way.

Results of antimetabolite pool size analyses following
exposure of HEp-2 cells to FdU or FdC with and without
H4U or dH4U are consistent with RNA and DNA incor-
poration data. The coadministration of H4U or dH4U to
inhibit cytidine deaminase effectively blocked the for-
mation of any RNA-level antimetabolites derived from
FdC; this restriction has been shown not to be related to
the inhibition of thymidine phosphorylase, but solely to
the inhibition of cytidine deaminase (Table 5). Without
the coadministration of a cytidine deaminase inhibitor,
exposure of log phase HEp-2 cells to FdC resulted in the
formation of essentially equal amounts of all antimetab-
olites at the ribose and deoxyribose levels, a result similar
to that of cells exposed to FdU. FdCMP pool levels were
elevated by the administration of H4U or dH4U in a
manner identical with the incorporation of FdC into
DNA following H4U or dH4U coadministration. Thus,
the inhibitions of CD (by H4U) and both CD and dCMPD
(by dH4U) diverted the anabolism of nontoxic levels of
FdC towards the formation of FCICMP and ultimately to
2- and 25-fold increases in the incorporation of FdC into
DNA.

The total levels of FdUMP derived from the coadmin-
istration of FdC and H4U were found to be consistently
greater than those formed following the administration
of FdU. The net result is a greater pool size level of free
FdUMP which would be used later to inhibit newly
synthesized TS; newly synthesized TS could lead to a
deinhibition of previously inhibited tumor cells. In con-
trast, it is believed that the cytotoxicity caused by FUra,
specifically to HEp-2 cells, is not directly related to the
formation of FdUMP, the potent inhibitor of TS; the
growth-limiting event for HEp-2 cells exposed to FUra
was not the inhibition of TS due to an inherently low
level of 5,10-methylene tetrahydrofolate (32, 33), a nec-
essary component in the formation of the inhibitory,
ternary TS complex. Indeed, in the presence of excess
folates, the growth-limiting event following exposure to
FUra became the inhibition of TS (34). Therefore, we
are currently investigating the effect of exogenously sup-
plied folate intermediates upon the cytotoxicities of FUra
or FdU compared to those of FdC with and without H4U
or dH4U upon HEp-2 cells. Such comparative studies
with FUra, FdU, and FdC + H4U both in vitro and in
vivo would allow the uncoupling of RNA incorporation
and TS inhibition and settle a currently controversial
matter: whether TS inhibition, or RNA incorporation
and the subsequent inhibition of RNA maturation, is the
major mechanism of antineoplastic action of 5-fluoro-
pyrimidines, including FdC.

ACKNOWLEDGMENT

The authors wish to thank Wynn Howard for her patience and

secretarial skills.

REFERENCES

1. Danenberg, P. V., R. J. Langenbach, and C. Heidelberger. Structures of
reversible and irreversible complexes of thymidylate synthetase and fluori-
nated pyrimidine nucleotides. Biochemistry 13:926-933 (1974).

2. Pogolotti, A. L., P. A. Nolan, and D. V. Santi. Methods for complete analysis
of 5-fluorouracil metabolite, in cell extracts. AnaL Biochern. 117:178-286
(1981).

3. Kufe, D. W., P. P. Major, E. M. Egan, and E. Loh. 5-Fluoro-2’-deoxyuridine
incorporation in L1210 DNA. J. BiOL Chern. 256:8885-8888 (1981).

4. Ingraham, H. A., B. Y. Tseng, and M. Goulian. Nucleotide level, and
incorporation of 5-fluorouracil and uracil into DNA of cells treated with 5-
fluorodeoxyuridine. MoL Pharrnacol. 21:211-216 (1981).

5. Wilkinson, D. S., and H. C. Pitot. Inhibition of ribosomal ribonucleic acid
maturation in Novikoff hepatoma cells by 5-fluorouracil and 5-fluorouridine.
J. BIOL Chem. 248:63-68 (1973).

6. Martin, D., R. Stolfi, R. Sawyer, S. Spiegelman, and C. Young. High dose 5-
fluorouracil with delayed uridine rescue in mice. Cancer Res. 42:3964-3970
(1982).

7. Klube,, P., and I. Cerna. Use of uridine rescue to enhance the antitumor
,electivity of5-fluorouracil. Cancer Res. 43:3182-3186 (1983).

8. Armstrong, R., and R. Diaaio. Selective activation of 5’-deoxy-5-fluorouridine
by tumor cells as a basis for an improved therapeutic index. Cancer Res.
41:4891-4894 (1981).

9. Newman, E. M., and D. V. Santi. Metabolism and mechanism of action of 5-
fluorodeoxycytidine. Proc. NatL Acad. Sci USA 79:6419-6423 (1982).

10. Mekra,, J. A., D. A. Boothman, L M. Perez, and S. Greer. Use of 5-
fluorodeoxycytidine and tetrahydrouridine to exploit high levels of deoxycyt-
idylate deaminase in tumors to achieve DNA- and target-directed therapy.
Cancer Res. 44:2551-2560 (1984).

11. Guisti, G., C. Mangoni, B. Petrocelli,, and E. Scarano. Deoxycytidylate
deamina,e and deoxycytidine deaminase in normal and neoplastic human
tissues. EnzyrnoL BiOL Clin. 1 1:375-383 (1970).

12. Chen, J. R. In situ detection of mycoplasma contamination in cell culture,
by fluorescent Hoechat 33258 stain. Exp. Cell Res. 104:255-262 (1977).

13. Tanaka, M., S. Yo,hida, M. Saneyo,hi, and T. Yamaguchi. Utilization of 5-
fluoro-2’-deoxyuridine triphosphate and 5-fluoro-2’-deoxycytidine triphos-
phate in DNA ,ynthe,is by DNA polymera,e and from calf thymu,. Cancer
Res. 41:4123-4135 (1981).

14. Kru,e P. F., Jr., and M. K. Patterson, Jr. (ed,). Tissue Culture: Methods and
Applications. Academic Press, New York (1973).

15. Briggle, T. v., D. A. Boothman, C. A. Pfaffenberger, and S. Greer. High
performance liquid chromatographic determination of FdC and F,methyldC
and their primary antimetabolites in DNA, RNA and free pools. AnaL
Biochern. in press (1985).

16. Washtien, W. L., and D. V. Santi. Assay of intracellular free and macromo-
lecular-bound metabolites of 5-fluorodeoxyuridine and 5-fluorouracil. Cancer
Res. 39:3397-3404 (1979).

17. Chamber,, J. C., and J. H. Taylor. Induction of si,ter chromatid exchanges
by 5-fluorodeoxycytidine: correlation with DNA methylation. Chrornosorna
85:603-609 (1982).

18. Moran, R G., P. V. Danenberg, and C. Heidelberger. Therapeutic response
of leukemic mice treated with fluorinated pyrimidines and inhibitors of
deoxyuridylate synthesis. Biochern. PharrnacoL 31:2929-2935 (1982).

19. Caradonna, S. J., and Y.- C. Cheng. The role of deoxyuridine triphosphate
nucleotidohydrolase, uracil-DNA glycosylase, and DNA polymerase a in the
metabolism of FUdr in human tumor cell,. MoL PharmocoL 18:513-520
(1980).

20. Ingraham, H. A., B. Y. Tseng, and M. Goulian. Mechanism for exclusion of
5-fluorouradil from DNA. Cancer Res. 49:998-1001 (1980).

21. Warner, H. R., and P. A. Rock,troh. Incorporation and excision of 5-
fluorouracil from deoxyribonucleic acid in Eseherichia coiL J. BacterioL
141:680-686(1980).

22. Jones, P., and S. Taylor. Cellular differentiation, cytidine analog, and DNA
methylation. Cell 20:85-93 (1980).

23. Danenberg, P. V., C. Heidelberger, M. A. Mulkins, and A. R. Peterson. The
incorporation of 5-fluoro-2’-deoxyuridine into DNA of mammalian tumor
cells Biochern. Biophys. Res. Commun. 102:654-658(1981).

24. Grafstrom, R., B. Tseng, and M. Goulian. The incorporation of uracil into
animal cell DNA in vitro. Cell 15:131-140 (1978).

25. Cheng, Y.- C., and K. Nakayama. Effects of5-fluoro-2’-deoxyuridine on DNA
metabolism in HeLa cell,. MoL PharmacoL 23:171-174 (1982).

26. Wilson, V. L., P. A. Jones, and R. L. Momparler. Inhibition of DNA
methylation in L1210 leukemic cells by 5-axa-2’-deoxycytidine as a possible
mechanism of chemotherapeutic action. Cancer Res. 43:3493-3496 (1983).

27. Momparler, R L, J. Bouchard, N. Onetto, and G. E. Rivard. 5-Aza-2’-
deoxycytidine therapy in patients with acute leukemia inhibits DNA meth-
ylation. Leukemia Res. 8:181-185 (1984).

28. Houghton, J., P. Houghton, and R. Wooten. Mechanism of induction of



594 BOOTHMAN ET AL.

gastrointestinal toxicity in the mouse by 5-fluorouracil, 5-fluorouridine and
5-fluoro-2’-deoxyuridine. Cancer Res. 39:2406-2413 (1979).

29. Houghton, J., and P. Houghton. On the mechanism of cytotoxicity of fluori-

nated pyrimidines in four human colon adenocarcinoma xenographs main-
tamed in immune-deprived mice. Cancer 45:1159-1167 (1980).

30. Maehara, Y., H. Nakamura, Y. Nakane, K. Kawai, M. Okamoto, and S.
Nagayama. Activities of various enzymes of pyrimidine nucleotide and DNA
synthesis in normal and neoplastic human tissues. Gann 73:289-298 (1982).

31. Cummins, R., and D. Balinsky. Activities of some enzymes of pyrimidine and
DNA synthesis in a rat transplantable hepatoma and primary hepatomas in
cell lines derived from these tissues and in human fetal liver. Cancer Res.
39:1235-1239 (1980).

32. Evans, R. M., J. D. Laskin, and M. T. Hakala. Assessment of growth-limiting

events caused by 5-fluorouracil in mouse cells and in human cell,. Cancer
Res. 40:4113-4122 (1980).

33. Yin, M.- B., S. F. Zakrzewski, and M. T. Hakala. Relationship of cellular
folate cofactor pools to the activity of5-fluorouracil. MoL PharmacoL 23:190-
197 (1983).

34. Evans, R. M., J. D. Laskin, and M. T. Hakala. Effect of excess folates and
deoxyinosine on the activity and site of action of 5-fluorouracil. Cancer Res.
41:3288-3295 (1981).

Send reprint requests to: David A. Boothman, Department of Mi-
crobiology and Immunology, School of Medicine, University of Miami,

Miami, FL 33101.




