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SUMMARY

The nucleoside 2'-deoxy-2'-fluorocytidine (FCdR) inhib

its the growth of various human lymphoblastic cell lines in
culture. FCdR is deaminated to 2'-deoxy-2'-fluorouridine

and phosphorylated to the triphosphate level. Two addi
tional FCdR-containing metabolites, comprising about 50%
of the acid-soluble metabolites, were also detected. The
FCdR incorporated into acid-insoluble material was pri
marily in DNA. Deoxycytidine protected these cell lines
from growth inhibition by FCdR, but for only a limited
time.

INTRODUCTION

The synthesis of FCdR3 has been described (4, 12), and
some aspects of the biochemistry of the corresponding
nucleotides have been reported (3). As there is no informa
tion in the literature on the biological activity or metabolism
of this nucleoside, we have examined the effects of FCdR on
various human lymphoblastic cell lines in culture. We have
found that the growth-inhibitory properties and metabolism
of this agent differ in various aspects from those observed
with ara-C.

MATERIALS AND METHODS

The human lymphoblastic cell lines, PIR (Raji), RPM1
6410, RPMI 1788, and RPM1 6237 were obtained from
Associated Biomedic Systems (Buffalo, N. Y.). The cells
were grown at 37Â°in suspension cultures with the use of
RPMI 1640 medium supplemented with 10% fetal calf
serum (Grand Island Biological Co., Berkeley, Calif.) and
no antibiotics. These cell lines have doubling times of
approximately 20 hr and grow exponentially to cell concen-
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trations of about 1,000,000 cells/ml. The lines were rou
tinely subcultured to 100,000 cells/ml every 3 days.

The FCdR was prepared as previously described (12).
Tritium was introduced into the 5-position of FCdR by first
preparing the 5-iodo-2'-deoxy-2'-fluorocytidine as described
for 2'-deoxycytidine (3) and then catalytically reducing this

iodo derivative in the presence of tritium gas. A mixture of
5-iodo-2'-deoxy-2'-fluorocytidine (2 mg), water (0.2 ml), l N

NaOH (0.01 ml), and palladium black was briefly evacu
ated, and tritium gas (Oak Ridge National Laboratory,
Oak Ridge, Tenn.) was introduced. The mixture was stirred
at room temperature for 3 hr and then was evacuated to
remove the unreacted tritium. The residue was purified by
paper chromatography, with the use of a water-saturated
1-butanol system. Elution of the paper with water gave an
aqueous solution of FCdR-5-3H (17 Ci/mmole) possessing
the expected spectral and Chromatographie properties. The
phosphorylation of the unprotected FCdR was by the
method of Yoshikawa et al. (13). The conversion of this
5'-monophosphate to the corresponding di- and triphos-
phates was accomplished by reacting the 5'-phosphodi-

chlorodate of FCdR with tetrabutylammonium phosphate
and pyrophosphate, respectively. The details of this latter
procedure will be published elsewhere. The FUdR was
prepared by nitrous acid deamination of FCdR essentially
as described for the conversion of adenine to hypoxanthine
derivatives (9).

Thymidine-14C, CdR-MC, dCMP-3H, and CMP-sialic
acid-14C were obtained from New England Nuclear (Bos
ton, Mass.). All other chemicals were of reagent-grade
quality.

For studies of intracellular metabolites, cells (5 to 10 x
IO6)were collected by centrifugation and the cell pellet was
extracted for 15 min at 0Â°with 0.10 ml of 0.4 Mperchloric

acid. After centrifugation, the pellet was reextracted with
0.05 ml of the perchloric acid, and the combined superna-
tants were neutralized to between pH 6 and 7 with KOH and
the potassium perchlorate was removed. The acid-insoluble
pellet was washed 3 times with 0.4 M perchloric acid,
solubilized with 0.5 ml of NCS solubilizer (Amersham/
Searle Corp., Don Mills, Ontario, Canada) and the radioac
tivity was determined with a toluene scintillation solution
containing PPO and POPOP.

The distribution of radioactivity in the acid-soluble
fraction and the cell-free medium was determined after
chromatography on either Whatman No. 3MM paper
(descending) with a solvent system of ethyl acetate :isopro-
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pyl alcohol :water (65:23:12); on PEI-cellulose thin layers
(Polygram CEL300, Brinkmann Instruments, Toronto,
Ontario, Canada) with 0.2 Mformate, pH 3.4, as solvent; or
as described by Brown (1) on a Varian Aerograph
LCS-1000 nucleotide analyzer. Chromatograms containing
tritium were oxidized with a Packard Model 305 sample
oxidizer. The PEI-cellulose was scraped from the Mylar
backing and wrapped in filter paper prior to oxidation.
Samples from the nucleotide analyzer were collected and
counted in Bray's scintillation solution. The specific activity

of the labeled drug and the counting efficiency for each type
of experiment were determined so that the amount of the
metabolites formed could be calculated.

RESULTS AND DISCUSSION

The inhibition of growth of the RPMI 6410 and the Raji
lines by FCdR is shown in Chart 1. Two additional human
lymphoblastic lines, RPMI 1788 and RPMI 6237, displayed
intermediate sensitivity to this nucleoside. After 72 hr, the
cell viability of the Raji cells (Chart 1), as evidenced by dye
exclusion with trypan blue, was 95 and 25% for the 1and 10
MMconcentrations, respectively. The cell viability of the
RPMI 6410 cells was in excess of 90%.

The mean cell diameter of Raji cells that had been
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Chart 1. Inhibition of cell growth by FCdR. The drug was added at
zero time to cultures of the Raji and RPMI 6410 lines; the cell numbers
were determined at the indicated times with a Model ZBCoulter counter.

exposed to FCdR for 48 hr at an initial concentration of 20
MMincreased from 13.8 to 15.8 urn. This represents an
increase in cell volume of 150%. High-pressure liquid
chromatography demonstrated that the amount of acid-
soluble NAD, UDP-glucose, and ATP per cell increased
1.7, 1.9, and 1.9 times, respectively. These observations
suggest that the Raji cells undergo some type of unbalanced
growth prior to cell death.

The possibility that the differing sensitivities of these
human lines to FCdR was due to different rates of drug
inactivation was examined. The FCdR is deaminated,
presumably by cytidine deaminase, to the inactive FUdR
that appears in the cell medium. Chart 2A shows for a
culture of Raji cells the disappearance of FCdR from the
medium, together with the concomitant increase in FUdR.
Similar data for CdR and deoxyuridine are presented in
Chart 2B. There was no deaminase activity in the fetal calf
serum used in the growth medium. From Chart 2, it is
possible to calculate that the initial rates of deamination of
10MMFCdR and 10MMCdR were 10.3 and 19.0Mmoles/hr/
IO9cells, respectively. The rate of deamination of FCdR by
the RPMI 6410 cells was at the most 15% slower. We have
not carried out sufficient experiments to determine whether
this small difference is statistically significant, but it would
appear that inactivation rates alone cannot explain the
differing sensitivities of these 2 cell lines. It is also seen from
Chart 2 that the Raji cells appear to be more efficient in
deaminating low concentrations of CdR than of FCdR. It is
not known whether this reflects a difference in the Michaelis
constants for the deaminase or for the nucleoside transport
process. None of the cell lines appeared to effect to any
extent the phosphorolytic cleavage of either FCdR or
FUdR.
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Chart 2. Deamination of 10 ^M FCdR-3H (A) and CdR-"C (ÃŸ)by a

culture of Raji cells at 700,000 cells/ml. After removal of the cells by
centrifugation, a 50-^1 aliquot of medium was chromatographed on
Whatman No. 3MM paper, with the use of the ethyl acetate:isopropyl
alcohol: H2O system. , FCdR, and CdR; â€”¿�-,FUdR and deoxyuridine.
Ordinale, cpm/ml of medium.
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The data in Chart 3 show that FCdR was taken up and
anabolized by both the Raji and RPMI 6410 lines, although
incorporation into both the acid-soluble and -insoluble
fractions of the Raji cells was more extensive. Chart 4 shows
that the acid-soluble fraction of Raji cells exposed to
FCdR-3H contains at least 3 major metabolites. The
enzyme responsible for the initial phosphorylation of FCdR
is probably deoxycytidine kinase. Evidence for this comes
from the observation that a line of L1210, which is resistant
to ara-C because it lacks deoxycytidine kinase (8), will also
not phosphorylate FCdR (G. A. LePage, unpublished
results). We have previously reported that the combined
CTP and dCTP pools in these cell lines amount to between
150 and 200 nmoles/10" cells (5). It is evident from Charts 3
and 4 that the amount of acid-soluble 2'-fluoro-dCTP

formed from 20 /KMexogenous FCdR in 4 hr is also of this
magnitude.

The peak eluting at 72 min (Chart 4) corresponds to
2'-fluoro-dCTP, while the minor peaks at 34 and 52 min
represent 2'-fluoro-dCMP and 2'-fluoro-dCDP, respec
tively. The mono-, di-, and triphosphates of FCdR are
eluted from this anion-exchange column somewhat later
than the corresponding deoxycytidine phosphates. This was
expected, since the reported pKa for FCdR is 3.9 as opposed
to 4.3 for CdR (4).

The peak at 12 min appears at the column void volume
and would contain any FCdR and FUdR present. These
nucleosides may have been either intracellular or extracellu
lar, since the cell pellet was not washed before the perchloric
acid extract was made.

The peaks at 20 and 24 min have not been completely
characterized. They do, however, contain FCdR, since
treatment with a crude snake venom preparation results in
all the radioactivity chromatographing with authentic
FCdR. The CDP derivatives of choline and ethanolamine,
as well as CMP-sialic acid derivatives, Chromatograph in

2

TIME (hr)
Chart 3. Acid-soluble ( ) and -insoluble (â€”-)material after expo

sure of either the Raji â€¢¿�or RPMI 6410 (O) lines to 20 JÃŒMKCdR-3H

(112,000 cpm/nmole). The cell densities were 650,000 cells/ml. The
acid-soluble FCdR metabolites were determined by PEI-cellulose thin-
layer chromatography. The radioactivity in the acid-insoluble fraction was
determined after solubilization in NCS solubilizer.

this region. CMP-sialic acid derivatives appear to be ruled
out, since these unknown metabolites are stable to 0.02 N
H2SO4 under conditions that hydrolyze CMP-sialic acid
(10). Preliminary experiments have shown that these 2
metabolites are also present in L1210 cells in vivo after
treatment with labeled FCdR. Work on the characterization
of these metabolites is continuing in the L1210 system since
more tissue is readily available than from cell culture. It is
of interest to note that 2 similar cytidine-containing me
tabolites were observed by Caldwell (2) when Ehrlich ascites
carcinoma cells were incubated in vitro with CdR-14C.

The accumulation of these unknown metabolites was
somewhat slower than the accumulation of 2'-fluoro-dCTP.

This would be consistent with the idea that the FCdR
portion of these metabolites arose from 2'-fluoro-dCTP and

not directly from the nucleoside. Table I shows a typical
labeling experiment with Raji cells in which not only is the
faster accumulation of 2'-fluoro-dCTP observed, but also its

faster decay relative to the unknown metabolites. The cell
concentration of this experiment is similar to that of Chart
2, so that the actual FCdR concentration in the medium has
dropped from 10 to about 1 JUMwithin 4 hr.

To examine the distribution of the FCdR incorporation
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Chart 4. Radioactivity profile of an acid-soluble extract of Raji cells
that had been exposed to 20 JIM FCdR-3H for 4 hr. The sample was
chromatogruphed on a Varian Aerograph LCS-IOOOliquid Chromatograph
equipped with a I-mm x 3-m pellicular anion-exchange column of PA-39
resin. Samples were collected and counted in Bray's solution.

Table I
Time dependence of the acid-soluble metabolites of FCdR

Raji cells (680,000/tnl) were incubated with FCdR-3H at an initial
concentration of 10 ^M. At the times indicated, perchloric acid extracts
were made and chromatographed on PEI-cellulose thin-layer plates.

nmoles/IO9 cells

Time(hr)0.51241827Unknown
FCdR

metabolites651303455103501802'-Fluoro-dCTP18027030536014085
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into the acid-insoluble fraction, this material was hydro-
lyzed for 18 hr at 37Â°in 0.3 N NaOH. The hydrolysate was

acidified and the extent of incorporation was determined in
both the insoluble DNA and hydrolyzed RNA fractions. In
all cases, there was in excess of 85% of the acid-insoluble
incorporation in DNA. In various labeling experiments with
the different cell lines, between 6 and 15%of the acid-insolu
ble counts were apparently solubilized by alkaline hydrol
ysis. However, even this radioactivity did not Chromato
graph as a 2'- or 3'-monophosphate, as would be expected if

this material had originated in RNA. We concluded that
most of this alkali-soluble radioactivity represented incom
plete precipitation of DNA. This observation that FCdR
does not appear to be readily incorporated into the RNA of
these lymphoblasts is in contrast to data that showed that
2'-fluoro-dCTP was indeed a substrate in an in vitro assay
for the Escherichia coli DNA-dependent RNA polymerase
(S. Hendler, in preparation). This apparent difference is
under investigation.

Chart 5 shows that a short preincubation with FCdR does
inhibit the incorporation of thymidine-14C into DNA, but
not as completely as does ara-C. It should be pointed out
that these cell lines cleave thymidine very rapidly, so that
relatively short incubation times and high thymidine con
centrations have to be used to maintain linear rates of
incorporation.

The incorporation studies of FCdR into DNA are
complicated by another factor. This nucleoside is labeled in
position 5 of the pyrimidine ring. If 2'-fluoro-dCMP were
deaminated to 2'-fluoro-dUMP, which was in turn a

substrate for thymidylate synthetase, it is conceivable that
now-unlabeled 2'-fluoro-dTTP may be formed and incorpo-

TIME

Chart 5. Inhibition of thymidine-14C incorporation into Raji cell
DNA. After a 15-min preincubation with 20 /Â¿Mof either cytosine
arabinoside (A), 2'-fluoro-2'-deoxycytidine (O), or no drug (â€¢),thymi-
dine-"C (47,888 cpm/nmole, 17^M) was added (zero time). At 0, 10, and
20 min, 5-ml aliquots were taken and perchloric acid extracts were made.
After the acid-insoluble precipitates were washed 3 times with 0.4 M
perchloric acid, the pellet was solubilized in NCS solubilizer and counted.
The cell density was 760,000 cells/ml.

rated into DNA. Therefore, the apparent inhibition of DNA
synthesis by FCdR (Chart 5) may simply be due to the
dilution of the dTPP pool with 2'-fluoro-dTTP. As there is
dCMP deaminase activity present in the Raji cell-free
extracts, we are pursuing this problem. Competition by
FCdR and thymidine for the nucleoside transport system
has also not been ruled out.

A comparison of the biochemistry of FCdR and ara-C
indicates both similarities and differences. Both nucleosides
are readily deaminated, and both appear to be deoxycyti-
dine analogs in that they are phosphorylated by deoxycyti-
dine kinase. Deoxycytidine protects various cell lines in
culture from the growth-inhibitory effects of ara-C. Simi
larly, deoxycytidine at 50 /Â¿Mwill prevent the growth
inhibition of the Raji cells by 10 Â¿tMFCdR (as in Chart 1)
for 2 to 3 days. At this time, the growth rate gradually slows
until the increase in cell number has finally ceased by 4 days.

However, the extensive incorporation of FCdR into DNA
is in marked contrast to the results reported for ara-C, for
which the incorporation is very low (6, 7, 11). Second, the 2
major acid-soluble metabolites eluting at 20 and 24 min
(Chart 5) have never been observed in similar labeling
experiments with ara-C-3H, where essentially all of the
acid-soluble radioactivity corresponds to cytosine arabino
side triphosphate.

We conclude that FCdR and ara-C inhibit cell growth in
different manners, but at this time it is not possible to define
the mechanism of action for FCdR.
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