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ABSTRACT

Treatment of C57BL x DBA/2 F, (hereafter called BD2F,) mice
bearing ascitic mammary adenocarcinoma-755 (AIM'-755) with |'H|-5-

fluoro-2'-deoxycytidine (|3H]FdCyd) plus tetrahydrouridine (H<Urd) re
sulted in antimetabolite pool sizes indicative of a tumor-selective, dual
pathway metabolism of FdCyd via both cytidine deaminase and deoxy-
cytidine kinase. In contrast to the high levels of all RNA- and DNA-level

antimetabolites (as assayed by high performance liquid chromatography)
derived from FdCyd found in tumor tissue, normal tissues (bone marrow,
intestine, liver, and spleen) and serum metabolized FdCyd to only a small
extent following FdCyd plus 114I rd treatment. RNA-level antimetabolite
pools and 5-fluoro-2'-deoxyuridine (FdUrd) were generally 100-fold
lower in normal than in tumor tissue, and 5-fluoro-2'-deoxyuridylate was

10- to 15-fold lower in normal than in tumor tissue.
The use of [3H)FdUrd, on the other hand, resulted in the formation of

higher levels (10- to 40-fold) of DNA- and RNA-level antimetabolites in
normal tissue and lower levels (1/8) of S-fluoro-2'-deoxyuridylate in
tumor tissue. Both [3H]FdCyd plus IU 'rd and | 'H|I dlrd were utilized

at their optimal drug doses.
FdUrd- and FdCyd-derived metabolic products incorporated into the

RNA and DNA of normal and tumor tissue of BD2I, mice bearing AIM -
755 were also examined. The drug combination [3H]FdCyd plus I I4l'rd

resulted in the selective incorporation of antimetabolites into tumor RNA
and DNA; only a very small extent of antimetabolites incorporated into
normal tissue RNA and DNA. FdCyd was incorporated 5- to 10-fold
greater in tumor than intestine, liver, or spleen following FdCyd plus
IU rd administration. FdCyd incorporation was 190-fold greater in
tumor than in bone marrow. Mice bearing AIM -755 treated with f 11|-
FdUrd resulted in only marginal selectivity in terms of antimetabolite
incorporation in tumor tissue.

Deoxycytidylate and cytidine deaminase enzyme assays have confirmed
that I I4l rd administration effectively inhibited normal cytidine deami
nase activities, while only weakly inhibiting the elevated levels found in
tumor tissue. Thymidine kinase, deoxycytidine kinase, deoxycytidylate
deaminase, and cytidine deaminase have been shown previously to be
significantly elevated in the mouse tumor model used; these enzymatic
elevations are also characteristic of many human tumors.

Treatment with FdCyd plus IM 'rd resulted in 17 of 30 cures against

ADC-755 compared to 4 of 20 and 0 of 20 for 5-fluorouracil and 5-fluoro-
2'-deoxyuridine treatments, respectively. FdCyd plus H4Urd has been
shown to be more efficacious than FdUrd or 5-fluorouracil used at their
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optimal drug doses against solid and ascitic ADC-755 and against Lewis
lung carcinoma in its solid form (Cancer Res., 44: 2551-2560,1984).

INTRODUCTION

Previous findings in our laboratory (1) using HEp-24 tissue
culture cells have illustrated that: (a) the use of 11,1'nl led to

the metabolic channeling of FdCyd exclusively through the
deoxycytidine kinase-deoxycytidylate deaminase pathway (see
Fig. 1) in neoplastic cells to the production of FdUMP, the
potent lhym idviate synthetase inhibitor (2); (b) the use of H4Urd
inhibited the formation of FdCyd-derived, RNA-level metabolic
products (FUrd, FUra, and FUMP) and FdUrd through the
inhibition of cytidine deaminase; (c) FdCyd incorporated, as
such, into the DNA of HEp-2 cells without the concomitant
incorporation of FdUrd; when treated with FdUrd, HEp-2 cells
incorporated significant levels of FdUrd into their DNA, RNA-
level antimetabolites were formed, and FUMP was incorpo
rated into their RNA.

The in vitro studies with HEp-2 cells were designed to provide
some indication of in vivo tumor metabolism, since this cell line
contains elevated cytidine and deoxycytidylate deaminase levels
representative of many human tumors (3-6). In the present
study we investigated the metabolism of FdCyd with or without
H4Urd or dH4Urd compared to that of FdUrd in female C57BL
x DBA/2 (hereafter called BD2F,) mice bearing ADC-755 in
its ascitic form. This in vivo tumor model not only contains the
influencing factors of excretion and systemic catabolism not
found in tissue culture but also demonstrates an enzymatic
profile similar to that of many human tumors (3-6). Serum,
normal (spleen, liver, intestine, bone marrow), and tumor
(ADC-755) tissues were examined for the incorporation of both
FdUrd- and FdCyd-related metabolic products into RNA and
DNA in 24 h and for the formation of antimetabolite pools in
60 min.

We hypothesized that FdCyd, when coadministered with an
optimal dosage of H4Urd, would result in a tumor-specific,
DNA-directed production of FdUMP. FdCyd would be exclu
sively activated by the deoxycytidine kinase-deoxycytidylate
deaminase pathway due to the inhibition of cytidine deaminase
by H4Urd (Fig. 1) as found previously in HEp-2 cells (1, 7).
This channeled activation of FdCyd would circumvent the
formation of FdUrd and other RNA-level antimetabolites,
which would lead to host toxicity due to the incorporation of

' The abbreviations used are: HEp-2, human laryngeal epidermoid carcinoma;
FdCyd, 5-fluoro-2'-deoxycytidine; FdCMP, 5-fluoro-2'-deoxycytidine 5'-mono-
phosphate; FUra, 5-fluorouracil; FUMP, 5-fluorouridine 5'-monophosphate;
FUTP, 5-fluorouridine 5'-triphosphate; FUrd, 5-fluorouridine; FdUrd, 5-fluoro-
2'-deoxyuridine; FdUMP, 5-fluoro-2'-deoxyuridine 5'-monophosphate; FdUTP,
5-fluoro-2'-deoxyuridine 5'-triphosphate; F3methyldCyd, 5-trifluoroinethyl-2'-
deoxycytidine; H.l'rd. tetrahydrouridine; dH>Urd, 2'-deoxytetrahydrouridine;
dH4UMP, 2'-deoxytetrahydrouridylate; ADC-755, mammary Adenocarcinoma-

755; LLC, Lewis lung carcinoma; HPLC, high performance liquid chromatogra
phy, dCyd, deoxycytidine; PBS, 0.8% NaCI-0.02% KCI-0.02% KH,PO4-0.15%
NaHPO4; TEA buffer, 10 mM Tris, pH 8.0-1.0 mM disodium EOT A; dUrd,
deoxyuridine; MDD, mean day of death; '.IIS. percentage of increase in life

span.
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TUMOR-SELECTIVE ACTIVATION OF FdCyd
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Fig. 1. Transport and metabolism of
FdCyd. I Uni leads to the inhibition of cyti-
dine (Cyd-dCyd) deaminase. dH,Urd leads to
the inhibitions of both cytidine deaminase and
deoxycytidylate (dCMP) deaminase. dThyd,
thymidine; PRPP, 5'-phosphoribosyl 1-pyro-

phosphale.
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FUTP into RNA as found following optimal treatments with
FUra or FdUrd (8, 9). Antineoplastic selectivity would be
increased by this circumvention of the formation of FdUrd,
since normal and tumor cells contain, in general, high levels of
thymidine phosphorylase (5, 6). In contrast, dCyd and its
analogues are inherently resistant to phosphorylytic catabolism
(Fig. 1). Since deoxycytidine kinase and deoxycytidylate de
aminase levels have previously been shown to be elevated in
tumor above that of normal tissue (3-7), we expected enhanced

selectivity in our strategy.
The data presented in this paper demonstrate that the coad-

ministration of H4Urd resulted in the overall protection of
normal tissues from the toxic effects of FdCyd-related meta
bolic products. In contrast to our initial hypothesis, we found
that not only was FdCyd metabolized by the deoxycytidine
kinase-deoxycytidylate deaminase pathway, but that cytidine
deaminase plays a significant role in generating tumor-selective
inhibitory antimetabolites. These data and the data presented
using LLC5 helps to explain the overall greater antitumor

efficacy of FdCyd plus H4Urd compared to FUra and FdUrd
(7), two agents which are currently utilized in the treatment of
neoplastic disease in humans.

MATERIALS AND METHODS

Chemicals. FUra, FdUrd, FUMP, FdUMP, nucleoside, nucleotide,
and pyrimidine base standards were purchased from the Sigma Chem
ical Co. (St. Louis, MO), ill U rd was supplied via custom synthesis by
Calbiochem-Behring Corp. (La .lolla, CA). FdCyd was initially synthe
sized by Fox et al. (10) and obtained from the Calbiochem-Behring
Corp. FdCyd was chemically phosphorylated yielding a FdCMP stand
ard according to the method of Tanaka et al. (11). HJJrd was a gift
from Dr. Leonard Kedda of the National Cancer Institute (Bethesda,
Ml)). I ci rahÂ»iyhiinmo nHIin phosphate was purchased from the East
man Kodak Co. (Rochester, NY).

Radiochemicals. Generally tritiated FdCyd was custom synthesized
by New England Nuclear (Boston, MA). A description of the charac
teristics of [3H]FdCyd (18 Ci/mmol) and [3H]FdUrd (14.7 Ci/mmol),
which was produced from [3H]FdCyd, was given previously (1).

Enzymes. Pancreatic DNase I, snake venom phosphodiesterase I,
protease K, RNase A, and bacterial alkaline phosphatase were pur
chased from Sigma.

9 D. A. Boothman, T. V. Briggle, and S. CrÃ©er.Tumor-selective metabolism
of 5-fluoro-2'-deoxycytidine coadministered with tetrahydrouridine compared to
S-fluorouracil in mice bearing Lewis lung carcinoma. Cancer Res., 47: 2354-
2362, 1987.

Incorporation of FdCyd- and FdUrd-related Antimetabolites into Nu
cleic Acids. Female BD2I , mice (20-23 g) were inoculated i.p. with 5.0
x 10s viable mammary ADC-755 tumor cells. Six days later animals
were given i.p. injections of the appropriate tritium-spiked drug doses;
drug combinations were given simultaneously. Each animal received
13.5 ltd. After 24 h, animals (3/group) were sacrificed and combined
spleen, liver, and intestinal tissues were homogenized in 10 mM Tris
buffer, pH 7.5, 10 HIMNaCl, 5 HIMMgClj plus 0.25 M sucrose at 4'C,

passed through 4 layers of cheesecloth to remove cell debris, and
centrifugea (5 min, 500 x g at 4*C for 2 min) to separate tissue nuclei

from the cytoplasm. For bone marrow and tumor cells, combined cell
pellets were washed once with PBS at 4'C and centrifuged (500 x g for
1 min at 4'C). The washed cell pellet was resuspended in 10 IHMTris,

pH 8.0-100 IHMNaCl-1.0 mMdisodium EDTA buffer, briefly vortexed,
and centrifuged (1000 x g for 10-15 min at 4*C) to isolate nuclei from

the cytoplasm. Samples were examined microscopically to ensure
proper nuclei isolation.

Purification and HPLC Analysis of Nuclear RNA and DNA. The
isolation of total nuclear nucleic acid and the purification of nuclear
RNA and DNA were performed as previously described (1,12). Briefly,
nuclear DNA was isolated by digesting total nuclear nucleic acid with
0.5 ÃÃg/mlRNase A at 37'C, followed by dialysis (3 times) against TEA
buffer at 4'C. The concentration of DNA was determined by UV

absorbance at 260 nm and samples were digested with 300 units of
DNase I for 24 h at 37'C. DNA was digested with 0.05 unit of snake

venom phosphodiesterase and 500 pg of bacterial alkaline phosphatase
and the deoxynucleoside components of DNA were separated from
FdCyd and FdUrd by HPLC using a C18reverse phase column accord
ing to the method of Briggle et al. (12).

Nuclear RNA was isolated by digesting a fraction of total nuclear
nucleic acid with 300 units of DNase I for 12 h at 37*C and dialyzing
against TEA buffer at 4'C. Following RNA concentration determina

tion via UV absorbance, samples were digested with 0.05 unit of snake
venom phosphodiesterase for 24 h at 37'C. S'-Monophosphate RNA

components were then analyzed for the presence of FUMP by HPLC
using a CIBreverse phase column (12).

Purification and HPLC Analysis of Cytoplasmic RNA. The purifica
tion and analysis of the extent of FUMP incorporation into cytoplasmic
RNA were described previously (1, 12). Cytoplasmic fractions were
digested with 1% sodium dodecyl sulfate and 100 Â¿in/mlof protease K
for 12 h at 37'C, dial wed (3 times) against TEA buffer at 4'C, and
digested with 300 units of DNase I for 12 h at 37'C. Samples were

deproteinized via chloroform extraction (3 times) and then dialyzed
against TEA buffer at 4'C. The concentration of RNA was determined

by UV absorbance at 260 nm. Samples were digested for 24-48 h at
37*C with 0.05 unit of snake venom phosphodiesterase, extracted with

6% perchloric acid, and neutralized with KOH, and the RNA was
analyzed for the presence of FUMP by HPLC (12).
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

Quantitation of Antimetabolite Pool Sizes. Female BD2F, mice were
given i.p. injections of 5.0 x 10*viable ADC-755 tumor cells. Animals

(3/group) were given injections of the appropriate tritiated drug 6 days
later. Each animal received an i.p. injection of 13.5 nCi. After 60 min
animals were decapitated; blood was collected; and tumor, bone mar
row, spleen, liver, and intestinal tissues were removed, weighed, and
placed on ice. Blood was allowed to clot and the samples were centri-
fuged (500 x g for 10 min at 4"( '). The serum supernatant was decanted

and the blood pellet was extracted with 1.0 ml distilled water containing
100 DIM NaF (to inhibit phosphorylase activities) and 4.5 HIM p-
nitrophenyl phosphate (to inhibit liberated phosphatases) at 4"( ' as

described previously (1, 12). The combined serum samples were then
extracted with 6% perchloric acid for l h at 4'C, neutralized with KOH,

and analyzed using HPLC for various FdCyd- and FdUrd-related
metabolic products (12). ADC-755 tumor cells and bone marrow cells
were separately pelleted via centrifugation (700 x g, 5 min at 4"C).
Pelleted cells were washed with 2.0 ml PBS at 4Â°C,viable cell counts

were recorded ( 13), and cells were recentrifuged as previously described,
resuspended in distilled water containing 100 HIMNaF and 4.5 HIMp-
nitrophenyl phosphate, and sonicated (three 15-s pulses, 20 KHz) at
4Â°C.The resulting extract was equally divided. One half of each sample

was extracted with 6% perchloric acid, neutralized with KOH, and
immediately frozen. The other half of each sample was heated for 15
min at 65"C to release bound FdUMP from its inhibitory complex with
thymidylate synthetase (14), cooled to 4Â°C,extracted with 6% perchlo

ric acid, neutralized with KOH, and analyzed using HPLC as described
previously (12).

Following pooled weight determinations, spleen, liver, and intestinal
tissues were homogenized at 4*C in distilled water containing 100 IHM

NaF and 4.5 mMp-nitrophenyl phosphate (4 ml/liver, 3 ml/spleen, and
4 ml/intestine). Homogenates were divided and one half of each sample
was heated for 15 min at 65Â°Cas described for tumor and bone marrow
tissues. Tissues were cooled to 4Â°C,extracted with 6% perchloric acid,

neutralized with KOH, and analyzed using HPLC as described previ
ously (1, 12). Di- and triphosphate nucleotide antimetabolite levels
were assayed from the same unheated samples described above via
snake venom phosphodiesterase digestion at 37Â°Cfor 48 h. Complete

conversion (>99%) of di- and triphosphates to the monophosphate level
occurred as assessed using dCTP and dTTP standards.

For antimetabolite pool size and incorporation studies, appropriate
control samples using nucleoside and nucleotide standards were per
formed to investigate the extent of deamination of FdCyd-related
metabolic products using the two procedures described above. Less than
0.1% spontaneous deamination of FdCyd or FdCMP occurred under
conditions identical to those described in the incorporation and pool
size protocols. These results are consistent with our previous study (1).
In addition, cell pellet PBS washings were analyzed for the presence of
FdCyd- or FdUrd-related metabolic products. No radioactivity was
detected with any of the normal tissue cell pellet PBS washings and
only unmetabolized FdCyd was detected by HPLC in ascitic fluid from
tumor cell pellets derived from animals exposed to [3H]FdCyd Â±HÂ»Urd
or [3H]FdUrd.

Enzyme Assays. Enzyme activities were determined as described by
Dobersen and CrÃ©er(15) except that the protein determination assay
developed by Bradford (16) was used to avoid nucleic acid interference.
To determine cytidine deaminase activity, [3H]dCyd and cellulose thin

layer chromatography were utilized to separate dCyd from dUrd and
to quantitate the percentage of deamination of dCyd to dUrd. The
reaction mixture consisted of 5 HIMMgCl2, 10 HIMNaF, 25 HIMTris-
HC1 (pH 8.0), and 50 nmol [3H]dCyd. Reactions remained linear for
45 min and 30-min assay points were used in quantitating enzyme
activity (7). Enzyme activity was calculated as nmol dCyd converted/g
protein/15 min at 37Â°C.In the deoxycytidylate deaminase assay, [5-
3H]-dCMP was utilized and the reaction mixture included dCTP, an

activator of deoxycytidylate deaminase. The reaction mixture consisted
of 2.5 mM MgCl2, 10 mM NaF, and 25 HIMI3H]dCMP. Reactions did
not normally remain linear beyond 15 min (7). Therefore, 5-min time
points were used in quantitating enzyme activity. Enzyme activity was
expressed as Â¿Â»moldCMP converted/g protein/30 min at 37Â°C.For

experiments dealing with the effects of H4Urd or dH4Urd upon cytidine

or deoxycytidylate deaminases, 3 separate experiments were performed.
Each experiment involved combining ADC-755 tumor, serum, or var
ious normal tissues from 3 animals in the treated or control groups.

Tumor Inhibition Studies. Antitumor studies were conducted with
female BD2F, mice. Mice (10 animals/group) were given injections of
5 x 10* viable ADC-755 tumor cells, randomly dispersed into groups,

and then coded. After 24 h, mice were given i.p. injections of filter
(0.45-nm Millipore filters; Millipore, Bedford, MA)-sterilized drug
regimens once a day for 7 days; drug combinations were given simul
taneously. The drug treatments used are indicated in Table I, which
summarizes the tumor inhibition studies. Mice were weighed every day
to measure maximum weight loss (morbidity). The MOD for each
group was computed and an overall %ILS was calculated as

%ILS = 1 - (MDD of treated group/MDD of control group) x 100%

Animal Care and Maintenance of Tumors. HI)2I , and C57/BL mice
were obtained from The Jackson Laboratory (Bar Harbor, ME). Ani
mals were provided Purina laboratory feed (St. Louis, MO) and water
ad libitum. The ascitic tumor line, mammary Adenocarcinoma-755,
was obtained from EG and G Mason Research Institute (Worcester,
MA) and passed i.p. every 7 to 10 days into female C57/BL mice.
Animals were sacrificed by cervical dislocation and ascitic tumor cells
were removed aseptically via aspiration using a 20-gauge needle. Tumor
cells were centrifuged, resuspended in sterile PBS, and reinjected into
female C57/BL mice. Female C57/BL mice were used solely for tumor
passage, all experiments were performed with female BD2Fi mice.

RESULTS

Antitumor Studies against ADC-755. Table 1 summarizes
several experiments in which the antitumor efficacies of FUra
and FdUrd, each given at their optimal doses, were compared
with FdCyd (or F3methyldCyd) plus H4Urd against ADC-755.
The antitumor efficacy of an optimal dosage of F3methyldCyd
plus H4Urd administered i.p. has been noted previously (17).
Drugs were given i.p. once a day for 7 days; drug combinations
were given simultaneously. The optimal drug doses were deter
mined previously for FUra and FdCyd plus H4Urd (7, 17), and
a range was tested with FdUrd. H4Urd or dH4Urd administered
alone up to 75 mg/kg showed only a slight degree of antitumor
activity against ADC-755 without significant toxicity (Table 1).
FdCyd plus H4Urd treatment resulted in a greater overall
antitumor efficacy with less morbidity and mortality than treat
ments of FUra, FdUrd, or FdCyd when administered alone.
The %ILS afforded by FdCyd plus H4Urd was significantly
greater than FUra (P < 0.005), FdUrd at either dose tested (P
< 2.5 x 10~4), FdCyd when administered alone (P < 2.5 x
10~5),or when FdCyd was coadministered with various concen

trations of the cytidine- and deoxycytidylate deaminase inhibi
tor, dH4Urd (P < 0.005). Additionally, FdCyd plus H4Urd
treatment resulted in a greater frequency of cures than any
other group, 17 of 30; animals living for >60 days were consid
ered cured but were not used in the calculation of %ILS (Table
1). The dosage of FdCyd (12 mg/kg) plus dH4Urd (100 mg/kg)
resulted in 100% toxic deaths. Lower doses of dH4Urd did
decrease the morbidity and mortality caused by FdCyd; how
ever, only a dose of 25 mg/kg dH4Urd approached the antitu-
mor efficacy of FdCyd (12 mg/kg) plus H4Urd (25 mg/kg).
FdCyd (12 mg/kg) plus dH4Urd (25 mg/kg) treatment, how
ever, resulted in significantly less (/' < 0.01) antitumor activity

than that of FdCyd (12 mg/kg) plus H4Urd (25 mg/kg). FdCyd
administered alone at a dose of 12 mg/kg was essentially
inactive as an antitumor agent. The tremendous increase in the
antitumor efficacy of FdCyd (12 mg/kg) afforded by the coad-
ministration of H4Urd at 25 mg/kg has been demonstrated
previously against the solid tumor models, ADC-755 and LLC
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

Table 1 Comparison of FdCyd plus H4Urd with FUra, FdUrd, and FdCyd alone against mammary adenocarcinoma-755 in its asciticform in BD2Ft mice
Animals, 10/group, were given injections of 5 x 10* viable ADC-755 tumor cells, as assayed by trypan blue exclusion (13). After 24 hr, drug treatment regimens

were initiated. Control groups receiving no drug treatment resulted in 100% tumor deaths yielding a mean day of death of 12.93 Â±0.62.

Treatment(mg/kg)R,Urd
(25)'H,Urd

(75)dH4Urd
(75)FdCyd
(60)FdCyd
(12)FdUrd
(60)FdUrd
(70)F3dThdÂ»(250)FUra

(26)FdCyd(12)

+H4Urd(25)F,methyldCyd
(225) + H,Urd(50)FdCyd(12)

+dH,Urd(100)FdCyd(12)
+dH4Urd(75)FdCyd(12)
+dH,Urd(50)FdCyd(12)
+dH4Urd(40)FdCyd(12)
+ dH,urd(25)No.

of toxic
deaths/group0/100/100/102/100/100/2010/100/100/200/300/1010/105/103/101/100/10Maximum

wt loss"

(% of initialweight)0.<r0.0*0.0Â»15.21.016.2

Â±o.oy18.416.317.2

Â±1.314.1

Â±2.0416.318.616.314.18.4%ILS**

(T/C)2.23.74.632837

Â±44062

Â±19151

Â±3575175158179118No.

of
cures/group'0/100/100/100/100/100/200/100/104/2017/303/100/100/101/102/100/10

"Animals which died of toxicity on days 5-10 were excluded from the calculation.
* % ILS was calculated as in "Materials and Methods." Cured animals were excluded from the calculations. T/C, treated versuscontrol.
' Cures were recorded as the number of animals alive after 60 days which showed no sign of tumor growth.
''Numbers in parentheses, drug doses given once/day for 7 days.
' Animals showed no weight loss, but rather gained weight due to tumor burden.
1 Mean Â±SE.
* FjdThd, 5-trifluorothymidine.

(7,17). The results of Table 1 illustrate that FdCyd plus H4Urd
treatment resulted in greater antitumor efficacy than that of 5-
trifluoromethyl-2'-deoxycytidine plus H4Urd. F3methyldCyd

plus H4Urd treatment, however, resulted in greater antitumor
efficacy than FdUrd or 5-trifluorothymidine as noted previously(17). '

Antimetabolite Pool Size and Enzyme Inhibition Studies. In
an attempt to explain the overall greater antitumor efficacy of
FdCyd plus H4Urd against ADC-755 over that of the other
structurally related chemotherapeutic agents, we investigated
the extent of formation of various FdCyd- and FdUrd-related
metabolic products within a 60 min time period. Fig. 2 sum
marizes the antimetabolites quantitated in tumor and normal
tissue via HPLC following various tritiated drug treatments. It
should be noted that the ordinate in Fig. 2A (antimetabolites
formed in ADC-755 tumor tissue in 60 min) is scaled roughly
10-fold greater than those in Fig. 2, B-F (antimetabolites
formed in various normal tissues).

FdCyd administered alone at 12 mg/kg i.p. resulted in the
formation of all FdCyd-related metabolic products in tumor
and normal tissues. No tumor-selective formation of FdCyd-
related metabolic products occurred. The level of antimetabolite
pools following FdCyd administration in normal tissue (such
as the liver) was as high as or higher than those found in tumor
tissue. In the serum, FdCyd was converted to substantial levels
of all RNA-level antimetabolites, except FUra; serum-related
cytidine deaminase (including cell-mediated activities) actively
converted FdCyd to FdUrd, thus allowing the formation of
FUrd and FUMP (Fig. 2F).

The levels of cytidine and deoxycytidylate deaminases were
measured following H4Urd or dH4Urd administration in tumor
and normal tissues (Figs. 3 and 4). Sixty min following the i.p.
administration of 25 mg/kg H4Urd, normal tissue cytidine
deaminase levels were inhibited to a much greater extent than
tumor tissue (Fig. 3). Serum cytidine deaminase levels were
inhibited 98% by this dosage of H4Urd (Fig. 3). Deoxycytidylate
deaminase levels in both normal and tumor tissues were not
affected by the administration of 25 mg/kg H4Urd. In contrast,
when 100 mg dH4Urd/kg were administered i.p. to mice bearing

ADC-755 both cytidine and deoxycytidylate deaminase levels
in normal and tumor tissues were inhibited extensively. Cyti
dine deaminase levels were inhibited from 62 to 100% and
deoxycytidylate deaminase levels were inhibited from 60 to
100% (see Figs. 3 and 4).

For percentage of enzyme inhibition determinations (Figs. 3
and 4) following i.p. injections of H4Urd or dH4Urd after 60
min, control activities of cytidine and deoxycytidylate deami
nases were measured along with treated activities. Control
cytidine deaminase activities from BD21 , mice were 15.2 Â±2.0
(SE), 9.3 Â±3.6, 2907.6 Â±65.4, 86.9 Â±20.7, 106.7 Â±24.3, and
517.4 Â±154.9 nmol dCyd converted/g protein/15 min at 37'C
for spleen, liver, ADC-755 tumor, serum, intestine, and bone
marrow, respectively. Control deoxycytidylate deaminase activ
ities from BD2F, mice were 20.6 Â±1.3, 10.9 Â±6.1, 217.6 Â±
32.8, 11.0 Â±0.37, and 21.0 Â±5.0 Â»moldCMP converted/g
protein/30 min at 37Â°Cfor spleen, liver, ADC-755 tumor,

intestine, and bone marrow, respectively; no measurable activity
was found in serum.

The levels of all antimetabolites (FUra, FUrd, FdUrd,
FUMP, FdCMP, and FdUMP) following FdCyd plus H4Urd
treatment were found to be elevated in tumor tissue compared
to normal tissues (compare Fig. 2, B-F, to Fig. 2A). The
coadministration of H4Urd with FdCyd resulted in the forma
tion of lower levels of all RNA-level antimetabolites (FUra,
FUrd, FUMP) and FdUrd in normal compared to tumor tissue.
For example, in bone marrow very little FUrd and FdUrd, with
no measurable FUMP or FUra pools were detected. A range of
>2080- to 1.6-fold less antimetabolites in normal tissues and
serum were detected following FdCyd plus H4Urd treatment
than with FdUrd. Without the coadministration of H4Urd with
FdCyd significant levels of free FdUMP, FdUrd, FUrd, FUra,
and FUMP were formed in bone marrow (see Fig. 2B). Fur
thermore, little or no RNA-level antimetabolites were found in
serum following FdCyd plus H4Urd treatment; thus, H4Urd
coadministration protected FdCyd from deamination by serum
cytidine deaminase, including cell-mediated deamination by
normal tissues and circulating cells. In tumor tissue, however,
not only were all antimetabolites formed following exposure to
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Fig. 2. Antimetabolite pool size formation assayed by HPLC in mammary ADC-755 tumor (A), bone marrow (B), intestine (C), spleen (/'), liver I/O- and serum(/ I. Drug treatments were: FdCyd (12 mgAg) plus dll.l rd (100 mg/kg) (D).'FdCyd (12 mg/kg) plus IM rd (25 mg/kg) (â€¢),FdCyd (12 mg/kg) (D) and FdUrd (60

mg/kg) (â€¢).0*, detection limit of <0.2 fmol/g tissue, except for bone marrow in which <2.0 fmol/g tissue were detected.

FdCyd plus H4Urd, but their levels, in general, were elevated tumor above that of normal tissues (compare Fig. 2, B-E, to
from 5- to 1000-fold. FdUMP levels were increased 40-fold in Fig. 1Ã„).

tumor tissue in animals treated with FdCyd plus H4Urd over When 100 mg/kg dH4Urd, which leads to the inhibition of
animals treated with FdCyd alone. In general, FdUMP levels both cytidine and deoxycytidylate deaminases in tumor and
(both bound and free) were increased from 312- to 7-fold in normal tissues in 60 min (Fig. 4), were coadministered with
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

IKK
Fig. 3. Extent of inhibition of tumor (TU), bone marrow (BM), serum (SE),

liver (LI), spleen (SPL), and intestinal (INT) cytidine deaminase (CD) levels
following the i.p. administration of IU nl (25 mg/kg) (â€¢)or dH4Urd (100 mg/
kg) (O) in 60 min.
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Fig. 4. Extent of inhibition of tumor ( / f ). bone marrow (Â«A/Â»,liver (/./),
spleen (SPL), and intestinal (/AT) deoxycytidylate deaminase (dCMPD) levels
following the i.p. administration of H,l rtl (25 mg/kg) (â€¢)or JH41 ni (100 mg/

FdCyd a general channeling of FdCyd to FdCMP was seen in
normal tissues (Fig. 2, B-E); analysis of tumor tissue did not
seem to demonstrate an increased level of FdCMP (Fig. 2A).
However, >3-fold incorporation of FdCyd was found in tumor
tissue (Fig. 5/4) when dH4Urd was used compared to H4Urd
treatment. FdCMP levels increased from 1.7- to >32-fold in
normal tissues following dH4Urd administration (Fig. 2, B-E).
The coadministration of dH4Urd, as seen with H4Urd, restricted
the conversion of FdCyd to its RNA-level metabolic products
and FdUrd in both normal and tumor tissues (Fig. 2F). As a
result of the extensive inhibition of normal and tumor cytidine
and deoxycytidylate deaminase levels, however, no overall tu
mor-selective conversion of FdCyd to FdUMP or FUMP oc
curred (Fig. 2F). These results are consistent with the decrease
in antitumor efficacy observed (Table 1).

The metabolism of FdCyd plus H4Urd was also compared to
that of FdUrd (Fig. 2). Although there was substantial tumor-
selective conversion (indicated by antimetabolite pool size ele
vations) of FdUrd to inhibitory antimetabolites (FUMP and
FdUMP) and antimetabolite precursor pools, normal tissues
and serum also converted FdUrd to inhibitory antimetabolites

(compare Fig. 2, B-F, to Fig. 2A). [3H]FdCyd plus H4Urd
treatment resulted in the formation of 4.5- to 8.3-fold greater
levels of antimetabolite pools in tumor cells than did an optimal
dose of [3H]FdUrd. Normal tissues also formed significantly
greater levels of FdUMP (both bound and free) from [3H]FdUrd

than from FdCyd plus H4Urd. FdUrd treatment resulted in
high levels of all RNA-level antimetabolites in normal tissues
and serum (compare Fig. 2, B-F, to Fig. 2A). H4Urd coadmin
istration with FdCyd prevented (protected) the conversion of
FdCyd to FdUrd, thus preventing the conversion of FdUrd to
other inhibitory antimetabolites in serum and normal tissues.
For example, the level of RNA-directed antimetabolites formed
following FdCyd plus H4Urd exposure was at least 1500-fold
greater in tumor than in bone marrow. FUMP levels were 2-
fold higher in tumor following FdUrd treatment than FdCyd
plus H4Urd. The level of FUMP pools following FdUrd treat
ment were, however, >40-, 115-, 25-, and 9.8-fold higher com
pared to a treatment with FdCyd plus H4Urd in bone marrow,
intestine, liver, and spleen, respectively. Bound FdUMP levels
following treatment with FdCyd plus H4Urd were more than
100-fold higher in tumor than in bone marrow. Furthermore,
bound FdUMP levels in tumor tissue were 8.3-fold higher
following FdCyd plus H4Urd treatment than with FdUrd.

Combined di- and triphosphate pools [FdUXP, FUXP, and
FdCXP pools (Table 2)] were quantitated following the diges
tion of unheated extracts with snake venom phosphodiesterase
for 72 h at 37'C. Di- and triphosphate pool sizes correlated

with the extent of incorporation of FdUrd, FUMP, FdCyd, and
FUra into nucleic acids following various drug treatments (Fig.
5). For example, in tumor tissue the treatment of FdCyd plus
dH4Urd resulted in 4- and 3.3-fold greater incorporation of
FdCyd into DNA than treatments of FdCyd or FdCyd plus
H4Urd, respectively. Correspondingly, FdCyd di- and triphos
phate pool levels in tumor tissue following FdCyd plus dH4Urd
treatment were 10- and 3.6-fold greater than FdCyd or FdCyd
plus t^Urd treatments, respectively (Table 2). FdCyd plus
1141Jrd treatment resulted in more di- and triphosphate metab
olites in tumor than in normal tissues. Treatment with FdCyd
alone did not result in the tumor-selective formation of di- and
triphosphates. FdUrd treatment resulted in elevated di- and
triphosphate levels in both tumor and normal tissues. The
tumor-selective formation of di- and triphosphates was signifi
cantly less following FdUrd compared to FdCyd plus H4Urd
treatment.

Antimetabolite Incorporation Studies. To confirm the anti-
metabolite formation studies described above and to further
explain the tumor-selective toxicity afforded by FdCyd plus
H4Urd, the extent of FdCyd- or FdUrd-derived metabolic prod
ucts incorporated into the RNA and DNA of HD2I-, mice
bearing ascitic mammary ADC-755 was quantitated (Fig. 5).
When FdCyd was administered alone at a dose of 12 mg/kg,
FdCyd and FdUrd were found to incorporate nonselectively
into the DNA of all normal and tumor tissues; FUMP also
incorporated into the RNA of both normal and tumor tissues
(Fig. 5). Coadministration of 100 mg/kg dH4Urd with 12 mg/
kg FdCyd essentially channeled FdCyd towards its incorpora
tion into DNA; in tumor tissue a 4-fold increase in the extent
of incorporation of FdCyd was observed. This channeling was
apparently nonselective, since incorporation of FdCyd into the
DNA of normal tissue also resulted; the exception to this rule
was liver, which did not incorporate FdCyd or any antimetab
olite analyzed (Fig. 5C). Although normal tissues did not
incorporate FdCyd into DNA to the same extent as tumor
tissue, a significant amount of FdCyd was found following
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

Table 2 HPLC quantitotion of combined di- and triphosphale pool sizes from BD2F, mice bearing ADC-755 exposed to various drug regimens in 60 min
Data represent HPLC analyses of unheated samples from Fig. 2 which were digested with snake venom phosphodiesterase as described in "Materials and Methods."

FUMP, FdUMP, and FdCMP pools from undigested samples were subtracted to obtain the combined di- and triphosphate pools listed. Analyses of FdUMP,
FdCMP, and FUMP were performed using the HPLC techniques described in "Materials and Methods."

mg/kgFdUrd

FdCyd1

122
123
124
601

122
123
124
601

122
123
124
601

122
123
124
601

122
123
124
601

122
123
124

60FdUTP-FdUDPH4Urd

dH,Urdpool65325

1780100
10.0739113025

80.6100
43.3154033425

17.2100
0.0Â«61241125

50.00.0Â«36634025

0.0Â°100
0.0Â«3080.0e25

0.0"100
0.0Â°0.0*fmol/g

tissueFUDP-FUTP

pool10802150690138075318.00.0Â»188054974.60.0"47338921.90.0"1100298380.0"42876.70.0"0.0"153FdCDP-FdCTPpool440124045200.0"15184.04370.0Â»38862.22770.0"26093.011.40.0"2551261600.0"0.0"0.0"0.0"0.0"TissueTumorBone

marrowIntestineLiverSpleenSerum'

* Detected <0.2 fmol/g tissue.
*Detected<2.0 fmol/g tissue.
' Values are presented as fmol/ml.

dH4Urd coadministration. In general, treatment with dH4Urd
(100 mg/kg) restricted the conversion of FdCyd to FUMP,
since little or no FUMP was found incorporated into the RNA
of normal tissue (Fig. 5).

Tumor-selective incorporation of FdCyd, FdUrd, and FUMP
did, however, occur when 25 mg/kg H4Urd were coadministered
with 12 mg/kg FdCyd (compare tumor to normal tissues in
Fig. 5). In tumor tissue, the incorporation of FdCyd was ele
vated from 4.8- to 190-fold above that of any normal tissues
analyzed. Incorporation of FdUrd was elevated from 3.7- to
>80-fold in tumor tissue. FUMP (both cytoplasmic and nu
clear) incorporation was from 14- to > 143-fold greater in tumor
above that of normal tissues. As expected, treatment of tumor-
bearing mice with FdUrd did not result in any detectable
incorporation of FdCyd into the DNA of tumor or normal
tissues (Fig. 5).

Treatment of BD2F, mice bearing ADC-755 with [3H]FdUrd
did not result in tumor-selective incorporation of FdUrd as
such into DNA, while a slight tumor-selective incorporation of
FUMP into RNA did occur. Tumor tissue incorporated 2.5-
and 2.1-fold more FdUrd than bone marrow and spleen, re
spectively. Intestine and liver, however, incorporated 4.2- and
2.9-fold more FdUrd than tumor tissue. Overall, the incorpo
ration of FdUrd into the DNA of normal tissue was 55-,
18-, >279-, and 4.6-fold greater in bone marrow, intestine,
liver, and spleen, respectively, when FdUrd rather than FdCyd
plus H4Urd was utilized. Tumor tissue incorporated FUMP to
higher levels than any normal tissue; however, the levels of
FUMP incorporated into normal tissues were substantial (com
pare tumor to normal tissues in Fig. 5). The combined incor
poration of FUMP into cytoplasmic and nuclear RNA was
39.7-, 3.5-, 6.0-, and 31.7-fold greater in bone marrow, intes

tine, spleen, and liver, respectively, when FdUrd rather than
FdCyd plus H4Urd was utilized.

Since it was possible that H4Urd treatment might inhibit
thymidine phosphorylase and restrict the conversion of FdCyd
to RNA-level antimetabolites at the phosphorylase level (Fig.
1), the effect of H4Urd upon the metabolism of FdUrd was
investigated (data not shown). H4Urd did not significantly affect
the metabolism of FdUrd as seen by the incorporation of FdUrd
into DNA and FUMP into RNA. An overall statistical evalua
tion of these two separate treatments followed by HPLC anal
ysis was assessed by comparing FdUrd and FdUrd plus H4l rd
treatments (data not shown). The standard error of these two
separate analyses ranged from 12 to less than 1% when anti-
metabolite levels incorporated into RNA and DNA following
FdUrd treatment were compared to those incorporated follow
ing FdUrd plus H4Urd treatment.

DISCUSSION

From the enzymatic data presented in Figs. 3 and 4 and the
pool size data presented in Fig. 2, it appears that the antitumor
selectivity of FdCyd plus H4Urd is provided by both enzymatic
elevations of cytidine deaminase, thymidine kinase, deoxycyti-
dylate deaminase, and deoxycytidine kinase (overall elevation
in deoxycytidine metabolism) in tumor tissue and the ability of
optimal doses of H4l rd to inhibit cytidine deaminase levels in
normal tissues. It has been previously noted that H4Urd is
relatively nontoxic (18, 19) and an extremely potent inhibitor
of cytidine deaminase (20). Cytidine and deoxycytidylate dea m
inases, thymidine kinase, and deoxycytidine kinase levels were
found to be elevated in the mouse tumor models, ADC-755 and
LLC (7, 17).5 H4Urd administration results in the differential
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

Figure 5A
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Fig. S. HPLC quantitation of antimetabolite incorporation following 24 h
drug exposure into the DNA and RNA of ADC-755 tumor and bone marrow (A),
intestine and spleen (B), and liver Â«). Drug treatments were identical to those in
Fig. 2: FdCyd (12 mg/kg) plus ill U rd (100 mg/kg) m, FdCyd (12 mg/kg) plusH,lrd (25 mg/kg) (â€¢).'FdCyd (12 mg/kg) (O), and FdUrd (60 mg/kg) (â€¢).

Il M P incorporation levels into RNA are the summation of both nuclear and
cytoplasmic fractions. 0", detection limit of <1.0 x Id"1 moles incorporated/mol

nucleic acid phosphate.

inhibition of normal cytidine deaminase levels but not ADC-
755 tumor tissue (Fig. 3). Therefore, FdCyd is able to enter
normal as well as tumor tissues (Fig. 2) but is not metabolized

2351

in normal tissues due to the strong inhibition of cytidine de
aminase by H4Urd (Fig. 3) and low levels of deoxycytidine
kinase (7).s Furthermore, since H4Urd did not affect the activity
of deoxycytidine kinase in both //; vitro and /'// vivo enzyme
studies,5 the presence of H4Urd in normal tissues and its sub

sequent inhibition of cytidine deaminase does not appear to
channel FdCyd into DNA through the deoxycytidine kinase
pathway. In contrast, heightened enzymatic levels allow tumor
tissue to metabolize FdCyd via deoxycytidine kinase and cyti
dine deaminase (Fig. 1) to a variety of tumor-inhibitory metab
olites in the presence of optimal concentrations of H4Urd (Fig.
2). The elevated, uninhibited cytidine deaminase level in tumor
tissue actively converted FdCyd to FdUrd, which provided an
additional source of FdUMP via thymidine kinase and a source
of RNA-level antimetabolites due to the actions of thymidine
and uridine phoshorylases (Fig. 1). For example, far less anti-
metabolites were formed (Fig. 2, B-F) and incorporated (Fig.
5) into bone marrow and intestinal tissues (the sites of major
toxicity found with most chemotherapeutic approaches using
pyrimidine analogues) following doses of FdCyd plus H4Urd
than with FdUrd. This tumor-selective metabolism of FdCyd
coupled with the protection of normal tissues by H4Urd results
in an antitumor efficacysuperior to those of FUra, FdUrd with
or without H4Urd, or 5-trifluorothymidine (7). A comparison
of the metabolisms of FdCyd Â±H4Urd, FUra, and FdUrd
against LLC is presented in the accompanying study.5

The differential inhibition of normal but not tumor tissue
cytidine deaminase activities by H4Urd (Fig. 3) is an extremely
interesting phenomenon. Whether this inhibition is due todifferences in enzyme affinities (A',differences between neo-

plastic and normal tissues), H4Urd transport differences, or
simply to differences in the levels of cytidine deaminase in
tumor compared to normal tissues remains to be determined
and is currently under investigation in our laboratory. The
enzyme inhibition data presented in Figs. 3 and 4 are consistent
with previous studies on the clearance and half-life of H4Urd
(18, 21) and with the inhibitions of cytidine and deoxyeytidylau
di-aminuses by H4Urd (17, 19, 20) and dH4Urd (21, 22). The
data shown in Figs. 3 and 4 are also consistent with previous
studies which demonstrated the effect of H4Urd and dH4Urd
upon normal and tumor tissue cytidine and deoxycytidylate
deaminase activities of BD2I , mice bearing Lewis lung carci
noma (17).5 LLC tumor cytidine deaminase levels were found

to be inhibited to a lesser extent than normal cytidine deaminase
levels in 60 min following an i.p. administration of 25 mg
H4Urd/kg (17). Only when the concentration of H4Urd was
increased to 75 mg/kg was this differential cytidine deaminase
inhibition abolished (17).

The antimetabolite pool size formation and incorporation
data are consistent with the hypothesis that H4Urd has a
protective effect on normal but not tumor tissue from FdCyd-
related metabolic products. Figs. 2 and 5 illustrate that without
the coadministration of H4Urd, normal tissues are able to
activelymetabolize FdCyd by several pathways (Fig. 1).Normal
cells form significant amounts of FUMP (Fig. 2, B-F) derived
from FdUrd and, therefore, incorporate FUTP into RNA,
which is known to lead to base pair alterations in mammalian
mRNA (9) and to interfere with the enzymes responsible for
processing 45S rRNA precursor species to mature forms (8,9).
Although this dosage of FdCyd (12 mg/kg) administered alone
did not result in either effectiveantitumor activity or significant
toxicity (Table 1), higher doses of FdCyd (60 mg/kg) increased
the antitumor activity to levels statistically equivalent to that
of an optimal treatment with FdUrd (7, 17). From the data in
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TUMOR-SELECTIVE ACTIVATION OF FdCyd

Figs. 3 and 4 it appears that it is the high level of serum-related
cytidine deaminase activity (including cell-mediated cytidine
deaminase activities) which converts FdCyd to FdUrd; this
deamination before reaching or upon entering the cell explains
the antitumor efficacy similarities of optimal dosages of FdCyd
and FdUrd. Inhibition of cytidine deaminase by H4Urd also
helps to explain the drastic increase in overall antitumor effi
cacy of FdCyd plus H4Urd; FdCyd is protected from deamina
tion by H4Urd before reaching normal tissue, or its tumor target
in the case of solid tumors.5

It was both unexpected and interesting that H4Urd coadmin-
istration did not lead to increases in the di- and triphosphate
levels of FdCyd or in the increased incorporation of FdCyd into
DNA, particularly in normal cells where cytidine deaminase
levels were extensively inhibited. Similar results were obtained
using LLC.S It should be noted that the pool size data presented

represent an evaluation only after 60 min. Studies to determine
the temporal changes in the formation of metabolic products
derived from FdCyd are now in progress. The concentration of
FdCyd used alone ( 12 mg/kg) was relatively nontoxic; therefore,
normal cells apparently metabolized FdCyd to a greater extent
than when exposed to FdCyd plus H4Urd. Since normal cells
did not form significant amounts of FdUMP following a treat
ment of FdCyd alone (Fig. 2), it seems reasonable to conclude
that thymidylate synthetase was relatively uninhibited. The
resulting high levels of dTTP could lead to the activation of
deoxycytidine kinase and the inhibition of deoxycytidylate de
aminase. These regulatory events could explain the observed
increases in both the di- and triphosphate levels of FdCyd and
its ultimate incorporation into DNA. Since FdCyd (without
H4Urd) and FdUrd administration at optimal dosages (60 and
40 mg/kg, respectively) against LLC and ADC-755 (7,17) were
statistically similar, this dosage of FdCyd was not examined for
ant Â¡metaboliteformation or incorporation in the present study.
Examination of the ant Â¡metabolites formed and incorporated
following the administration of 60 mg/kg FdCyd and evaluation
of normal nucleotide and nucleoside pool levels, including
dTTP, are now in progress to investigate this phenomenon.

It is tempting to correlate the formation or incorporation of
a specific antimetabolite into tumor tissue to the antitumor
efficacy observed following FdCyd plus H4Urd treatment. We
have found that tumor cells incorporate FdCyd and FdUrd into
DNA, incorporate FUTP into RNA, and form high levels of
FdUMP, the potent inhibitor of thymidylate synthetase follow
ing FdCyd plus H4Urd treatment. It, therefore, does not seem
possible to make such a correlation when four events are
occurring simultaneously. The relationship between cytotoxic-
ity and the incorporation of FdUrd into DNA or FUTP into
RNA has been controversial and relatively unexplored in detail
(23). Directed incorporation of ant Â¡metabolitessuch as FdUrd
or FdCyd into tumor DNA or FUTP into RNA may, however,
provide a basis for selectivity against malignant cells (24, 25).
The excision of FUra moieties incorporated into DNA may
result in lethal effects (26-28). Indeed, FUra-incorporated
moieties into DNA have been found to produce small DNA
fragments (29-31). Thus, the tumor-selective incorporation of
FdUTP (Fig. 5) following treatment with FdCyd plus H4Urd
may cause fragmentation of tumor DNA via the combined
action of uracil-DNA glycosylase followed by the repair restric
tion endonuclease (23, 32).

FdCyd was also found to be incorporated selectively into
tumor tissue DNA. Since it has been shown that FdCyd treat
ment affects methylation (33) and cellular differentiation (34),
the effects of FdCyd upon maintenance methylation patterns

in tumor compared to normal tissues may lead to tumor-
selective terminal differentiation, thus contributing to the an-
titumor efficacy observed (Table 1). In fact, we hypothesized
that an optimal dH4Urd dose could be found which would cause
the inhibitions of both cytidine and deoxycytidylate deaminase
activities in normal and tumor tissues. Selective antitumor
efficacy would, thus, be achieved through the incorporation of
FdCyd into DNA by taking advantage of elevated deoxycytidine
kinase levels (3, 5, 6).5 Unfortunately, an optimal dH4Urd

dosage was not found (Table 1). At 25 mg/kg, dH4Urd coad-
ministration led to the inhibitions of cytidine and deoxycyti
dylate deaminase activities in ADC-755 and Lewis lung carci
noma tumors5 and normal tissues which were statistically iden

tical to a treatment of 25 mg/kg H4Urd (data not shown). No
effects upon deoxycytidylate deaminase activities in normal or
tumor tissues were found. When the dosage of dH4Urd was
increased above 25 mg/kg the toxicity of FdCyd greatly in
creased (Table 1). We have previously shown that 75 mg/kg
dH4Urd resulted in the inhibitions of both cytidine and deoxy
cytidylate deaminases in normal and LLC tumor tissue (7). The
similarities of H4Urd and dH4Urd at 25 mg/kg may be due to
an insufficient amount of substrate for deoxynucleotide phos-
photransferase to produce dH4UMP, which then inhibits deox
ycytidylate deaminase (22, 35, 36). At present it is not known
why the toxicity of FdCyd increases with increasing doses of
dH4Urd. FdCyd was incorporated in high levels into normal
and tumor DNA following the addition of FdCyd and a high
concentration of dH4Urd (i.e., 100 mg/kg). It is possible that
the incorporation of FdCyd into normal tissues, such as intes
tine, may be related to the gastrointestinal toxicity observed
(7).

Another, yet unexplored, possible cause of the antitumor
efficacy of FdCyd plus H4Urd is that FdCyd, H4Urd, or both
may be transported differently in tumor compared to that of
normal tissues. It is known that FdCyd has a higher affinity
than dCyd for many of their metabolic enzymes, including
cytidine and deoxycytidylate deaminases (37, 38)5 and deoxy
cytidine kinase (39).5 It seems reasonable to hypothesize that

FdCyd may also have a higher affinity for the enzyme(s) which
transports pyrimidines across cellular membranes. Thus, much
of the tumor-selective antimetabolite formation and incorpo
ration data presented here may be the result of such differential
transport alone or coupled with the other enzymatic differences
discussed above. The administration of a transport inhibitor,
such as nitrobenzylthioinosine, to inhibit normal, but not tu
mor, nucleoside transport (40) may lead to an even greater
antitumor efficacy with FdCyd plus H4Urd.

Many human tumors have been shown to contain elevated
levels of deoxycytidylate deaminase and/or cytidine deaminase
which would make them responsive to FdCyd plus H4Urd
chemotherapy. Giusti et al. (3) found that malignant melanoma;
epidermoid carcinoma of the buccal mucosa and of the skin;
basal cell carcinoma of the skin, adenocarcinoma of the breast,
mouth, and ovary; bronchiogenic carcinoma of the lung; carci
noma of the uterus; astrocytoma of the brain; and adenocarci
noma of the colon and rectum are all elevated in cytidine and
deoxycytidylate deaminases. Recently, Ellims and Medley (4)
found that deoxycytidylate deaminase was unusually high in T-
cell acute lymphocytic leukemia, common acute lymphocytic
leukemia, certain cases of non-Hodgkin's lymphoma and in
certain cases of Hodgkin's disease. The tumor models used in
this and the accompanying study5 contain roughly 10-fold ele

vations in cytidine and deoxycytidylate deaminase levels (7).
Since the human tumors analyzed above (3, 4) also contained
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> 10-fold elevations in cytidine deaminase and/or deoxycyti-
dylate deaminase, it is reasonable to hypothesize that FdCyd
plus H.,1ml treatment to human subjects may result in an
antitumor efficacy against the above mentioned tumors as great
or greater than that found with the animal tumor models used
in this and in previous studies (7, 17).
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