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A B S T R A C T  

Cyclopentenyl cytosine (CPEC) exhibits oncologicai activity in murine 
and human tumor cells and has now entered Phase I clinical trials. Its 
mode of action as an antitumor agent appears to be inhibition by its 
triphosphate (CPEC-TP) of CTP synthase, the enzyme which converts 
UTP to CTP. In an attempt to elucidate the mechanism of resistance to 
CPEC, a murine leukemia cell line resistant to CPEC (L1210/CPEC) was 
developed by N-methyl-N.nitro-N-nitrosoguanidine-induced mutagenesis 
and subsequent selection by cultivation of the L1210 cells in the presence 
of 2/~M CPEC. Resistant clones were maintained in CPEC-free medium 
for 6 generations before biochemical studies were performed. The resis- 
tant clone selected for further studies was "-q3,000-fold less sensitive to 
growth inhibition by CPEC than the parental cells, and the concentration 
of CPEC required to deplete CTP in the resistant cells was 50-fold higher 
than in the sensitive cells. 

A comparison of the kinetic properties of CTP synthase from sensitive 
and resistant cells indicated alteration in the properties of the enzyme 
from the latter; the median inhibitory concentration for CPEC-TP in- 
creased from 2 to 14/tM, Km for UTP decreased from 126 to 50/~M, and 
Vmax increased 12-fold from 0.2 to 2.3 nmol/mg/min. Northern blot analy- 
ses of polyadenylated RNA from the resistant and sensitive cells indicated 
a 3-fold increase in transcripts of the CTP synthase gene in the resistant 
line. Consistent with these alterations in the properties of the enzyme, the 
resistant cells exhibited significantly expanded CTP and dCTP pools (4- 
5-fold) when compared with the sensitive cells. No change was observed, 
however, in the properties of uridine-cytidine kinase, the enzyme respon- 
sible for the initial phosphorylation of CPEC; despite this, however, cel- 
lular uptake of CPEC was greatly decreased, and phosphorylation of 
CPEC and its incorporation into RNA were 10-fold less than in the pa- 
rental cells. These latter observations are most readily explained by feed- 
back inhibition by the increased CTP levels of the resistant cells of uridine- 
cytidine kinase and/or of the membrane transport process used for initial 
entry of CPEC. 

I N T R O D U C T I O N  

CPEC 2 (NSC 375575), a carbocyclic analogue of cytidine in which 

the ribofuranose moiety is replaced by a modified cyclopentenyl ring, 
shows potent activity against several murine leukemias, human tumor 
xenografls (1-3), and human colon carcinoma cells cultured in vitro 

(1, 4). Intracellularly, CPEC is converted to its 5'-triphosphate, 3 
whose accumulation engenders a parallel decrease in the pool sizes of 
CTP and dCTP in both murine and human cells (5, 6). The 5'- 

triphosphate of CPEC, CPEC-TP, is a potent inhibitor of the conver- 
sion of UTP to CTP in the reaction catalyzed by CTP synthase (EC 

6.3.4.2). Ki for CPEC-TP is difficult to obtain because of the complex 
nature of the observed inhibition; however, an IC5o of 6/xM has been 
determined in the presence of 0.25 mM UTP (5). In addition, CPEC 
acts as a substrate-inhibitor for uridine-cytidine kinase, the enzyme 
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catalyzing its initial phosphorylation; with cytidine as a substrate, 

CPEC was found to be a competitive inhibitor of the latter with Ki of 
144 p,M (5). Since CPEC has recently entered Phase I clinical trials, 

elucidation of the mechanism(s) of resistance to the drug has become 
especially relevant. In the present study, we have used a combination 

of chemical mutagenesis and subsequent cultivation in the presence 
of an ordinarily lethal concentration of CPEC to develop a variant 
of L1210 cells which exhibits -13,000-fold  resistance to CPEC 
and substantial biochemical changes in CTP synthesis and CPEC 

metabolism. 

M A T E R I A L S  AND M E T H O D S  

Chemicals 

CPEC (NSC 375575), CPEU (NSC 375574), 3-deaza-Urd (NSC 126849), 
and 1-/3-o-arabinofuranosylcytosine (NSC 63878) were supplied by the Phar- 
maceutical Resources Branch, Developmental Therapeutics Program, National 
Cancer Institute. CPEC-TP was prepared from CPEC by Sierra Bioresearch, 
Tucson, AZ. N-Methyl-N-nitro-N-nitrosoguanidine was purchased from Sigma 
Chemical Co.(St. Louis, MO); 5-fluorouridine and other nucleosides and 
nucleotides were also purchased from Sigma. Restriction endonucleases were 
obtained from Boehringer Mannheim Corp. (Indianapolis, IN). Other reagents 
used for RNA purification, gel electrophoresis, and Northern blotting were 
purchased from Bethesda Research Laboratories (Gaithersburg, MD) and Phar- 
macia LKB Biotechnology, Inc. (Milwaukee, WI). The human CTP synthase 
probe, covering nucleotides 1-712 of the eDNA sequence, was kindly provided 
by Dr. Mark Meuth, Clare Hall Laboratories, Imperial Cancer Research Fund, 
South Mimms, Hertfordshire, United Kingdom. 

Radiochemicals 

[5-3H]CPEC (specific radioactivity, 18.6 Ci/mmol) was prepared for the 
Developmental Therapeutics Program of the National Cancer Institute by the 
Research Triangle Institute (Research Triangle Park, NC) and provided by Dr. 
R. Haugwitz. [5-3H]Cytidine (22 Ci/mmol), [U-14C]cytidine (50 mCi/mmol), 
[5-3H]uridine (26 Ci/mmol), [u-laC]uridine (53 mCi/mmol), [2-14C]UTP (40 
mCi/mmol), [5-3H]2'-deoxycytidine (26 Ci/mmol), and [6-3H]thymidine (25 
Ci/mmol) were purchased from Amersham Corp. (Arlington Heights, IL). 
[~/-3Zp]ATP was purchased from ICN Biomedicals, Inc. (Irvine, CA). 

Cells 

L1210 cells were grown at 37~ in RPMI 1640 supplemented with 10% 
heat-inactivated fetal bovine serum (56~ for 60 min), gentamicin (44 txg/ml), 
and 4 mM L-glutamine, in a humidified atmosphere of 95% air/5% CO2. Cells 
in logarithmic growth were used for all studies reported herein. 

Development and Isolation of CPEC-resistant Cells 

L1210 cells at a density of 5 • 106 cells/ml were incubated with 0.1 mg/ml 
N-methyl-N-nitro-N-nitrosoguanidine for 4 h at 37~ Following this treat- 
ment, 98% of the cells took up trypan blue. After centrifugation at 800 • g for 
10 min, the medium was discarded and viable cells were grown in the presence 
of 2 p,M CPEC for 28 days; fresh medium was added every 3 days while 
maintaining the original CPEC concentration. The doubling time of the cell 
lines and their sensitivity to CPEC were determined as described previously 
(6). 

Selective Subcloning of CPEC-resistant Cells 

Resistant cell populations were suspended in semisolid (0.3% agarose) 
culture medium containing 2 /~M CPEC and plated at densities of 1 • 105 
cells/0.1 ml in 100-mm diameter plastic dishes. The dishes were sealed and 
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RESISTANCE TO CYCLOPENTENYLCYTOSINE 

incubated at 37~ in a humidified CO2 incubator for 7 days. Single colonies 
were sampled with a wire loop; resuspended in RPMI 1640 supplemented with 
10% fetal calf serum, 4 mM L-glutamine, plus 2 ~r~ CPEC; and allowed to grow. 
The resistant clones were incubated in CPEC-free medium for 6 generations 
before experiments were performed with them. Of the 15 clones so isolated, the 
clone with the highest degree of resistance to the drug (see below) was selected 
for the work described here. This clone (L1210/CPEC) has proven to be 
genetically stable over the course of 150 generations. In addition, the doubling 
time of L1210/CPEC was identical to that of the wild type, i.e., 12 ___ 2 h under 
the culture conditions used. 

Preparation of Cellular Extracts for HPLC 

After the appropriate incubation, cellular extracts from L1210 and L1210/ 
CPEC were prepared. In a 13-ml polypropylene tube, 100/zl of 10% trichlo- 
roacetic acid were overlayered with 3 ml of bromododecane:dodecane (1:24, 
v/v) (Aldrich Chemical Co., Milwaukee, Wl). After centrifugation at 4000 • 
g for 3 min, the tubes were equilibrated at 37~ with 95% air/5% CO2 for at 
least 60 rain; after equilibration, 10 ml of the cell suspension (106 cells/ml) 
were added and the mixture was centrifuged at 4000 • g for 3 rain. The bottom 
layer, containing the trichloroacetic acid extract, was carefully aspirated and 
neutralized; the clear supernatant was used for HPLC analysis either immedi- 
ately or after storage at -70~ as described previously (6). Alternatively, 60% 
methanolic extracts were prepared, heat inactivated, and analyzed as described 
previously (6). 

HPLC of CPEC Metabolites 

Gradient Anion-Exchange HPLC. The major phosphorylated metabolites 
of CPEC, including dearninated phosphorylated products, ribonucleotides, and 
deoxyribonucleotides were measured by anion exchange HPLC on Partisil 10 
SAX columns, essentially as described previously (6). 

Reverse-Phase Chromatography. In experiments which sought to quan- 
tify the incorporation of CPEC into RNA and DNA, digests were analyzed by 
reverse-phase chromatography on a Beckman Ultrasphere ODS column (4.6 • 
250 ram) using 0.1 M ammonium formate (,pH 5.0) as the mobile phase (6). 

Assessment of Drug Sensitivity 

IC5o values of CPEC and structurally related pyrimidine analogues were 
determined in both sensitive and resistant cells as described previously (6). 
Potency was expressed as that concentration of compound at which the rate of 
cell growth was reduced to 50% of control. 

Uptake of 13H]CPEC 

Logarithmically growing cells were harvested by centrifugation and resus- 
pended at a density of 4 • 106 cells/ml in fresh medium. After incubation at 
37~ with 0.2 /ZM [aH]CPEC for various times, the cells were transferred to 
1.5-ml Eppendorf tubes containing 0.5 ml of Versilube F50 silicon oil, density 
1.02 (Aldrich) which had been equilibrated at 37~ with 95% air/5% CO2 for 
at least 30 min. Uptake was stopped by sedimenting the cells at 10,000 • g for 
30 s through the inert oil layer. After pelleting the cells, vessels were imme- 
diately placed on dry ice, and the cell pellets (at the apex of the tube) were cut 
off with a guillotine or with a hot wire. After digestion of the cell pellets in 1 
N NaOH for 24 h, an equal volume of 1 N HCI solution was added; radioactivity 
was determined by liquid scintillation counting. 

Phosphorylation of [3H]CPEC 

L1210 and L1210/CPEC cells (50 ml) in logarithmic growth were incubated 
with various concentrations of [3H]CPEC (1 ~Ci/ml of cell suspension) for 16 
h at 37~ The cell suspensions were centrifuged and the pellets were extracted 
with 60% methanol. A representative aliquot was analyzed for intracellular 
nucleotides and tritiated CPEC metabolites by using ion-exchange HPLC on a 
Partisil 10 SAX column, essentially as described previously (6). Peaks were 
identified by cochromatography with authentic standards. 

Incorporation of [3I-I]CPEC into RNA. Incorporation of CPEC into cel- 
lular RNA in L1210 and L1210/CPEC cells was compared. After 16 h of 
incubation with various concentrations of [3H]CPEC (1 p, Ci/ml), RNA was 
isolated from -0 .5  • 10 s L1210 and L1210/CPEC cells with guanidine 

isothiocyanate and centrifugation through cesium chloride using the method of 
Schweizer and Goerttler (7). The RNA (50/~g) was then precipitated with 10% 
trichloroacetic acid, washed once with 95% ethanol, and centrifuged at 12,500 
rpm for 5 min. Radioactivity in the RNA pellets was determined by liquid 
scintillation spectrometry. 

To document the properties of the incorporated radioactive materials in the 
RNA samples, the purified RNA (50/xg) was treated with 0.45 ml of 1 N NaOH 
overnight, neutralized by 0.45 ml of 1 N HC1, and digested by 10/xg of snake 
venom phosphodiesterase (Crotalus durissus; 1.5 units/mg) and 2 units of 
alkaline phosphatase from Escherichia coli, essentially as described previously 
(6). The samples (200 ~1) were filtered and analyzed by reverse-phase HPLC. 

Deamination of CPEC and Its Metabolites in Intact  Cells. The rates of 
deamination of CPEC metabolites in L1210 and L1210/CPEC cells were 
compared by exposing the ceils (5 • 105 cells/ml) to 40 nM [3H]CPEC for 24 
h; the cells were then harvested, extracted, and analyzed by anion-exchange 
and reverse-phase chromatography as described previously (6). Peaks were 
identified by cochromatography with authentic standards. 

Cytidine Metabolism 

Flux of [3H]Cytidine into Cytidine Ribonucleotide Pools. Logarithmi- 
cally growing cells were incubated for periods of up to 60 min in the presence 
of 0.22 /xM [3H]cytidine (5 /xCi/ml). At the times indicated, cells were har- 
vested, extracted, neutralized as described above, and loaded on a Partisil 10 
SAX column with on-line UV and radiometric detectors, as described for 
cellular ribonucleotide determinations (6). 

Determination of Intracellular 2'-Deoxyribonucleotides. Cellular de- 
oxyribonucleotide pools were determined as described previously using so- 
dium periodate to remove ribonucleotides; deoxyribonucleotides were then 
determined by ion-exchange chromatography (8). 

CTP Synthase Studies 

Partial Purification ofCTP Synthase. L1210 and L1210/CPEC cells (5 • 
109 cells) were harvested by centrifugation at 1500 X g for 10 min (4~ after 
24 h of growth in 1640 RPMI containing 10% fetal calf serum and 4 mM 
glutamine. The cells were washed once with phosphate buffered saline (pH 
7.2), and the packed L1210 or L1210/CPEC cells were resuspended in 10 ml 
of 50 mM Tris-HCl (pH 7.4) buffer containing 0.1 M L-glutamine and 100 mM 
2-mercaptoethanol. Cells were homogenized using a Teflon homogenizer. The 
homogenates were centrifuged at 100,000 • g for 60 min, and an ammonium 
sulfate fractionation of the supematants was carried out as described previously 
(5). The fraction containing CTP synthase activity was dissolved in an extrac- 
tion buffer containing 100 mM Tris-HCI (pH 7.5), 10 mM MgCI2, 100 mM 
2-mercaptoethanol, and 20% glycerol. The samples were then centrifuged and 
desalted by microconcentration using a Centricon 10 microconcentrator (Ami- 
con, Inc., Beverly, MA) at 4000 • g for 1 h at 4~ and then stored at -70~ 
Protein was determined as described previously (5). 

CTP Synthase Assay. CTP synthase activity was assayed as described 
previously (5). For kinetic studies, the reaction mixture contained the partially 
purified CTP synthase, various concentrations of [2-~4C]UTP, 50 mM Tris-HCl 
(pH 7.8), 8 mM ATP, 0.9 mM GTP, 10 mM MgC12, 33 mM L-glutamine, and 37.5 
mM/3-mercaptoethanol in a total volume of 25 ~1. Reactions were initiated by 
the addition of enzyme, and reaction mixtures were incubated for 45 min at 
37~ For inhibition assays, various concentrations of CPEC-5'-triphosphate 
were added. The [2-14C]CTP that was formed from [2-14C]UTP was separated 
by ion-exchange HPLC using an ammonium phosphate gradient system: buffer 
A, 10 mM ammonium phosphate (pH 2.5); buffer B, 0.75 M ammonium phos- 
phate (pH 3.7); flow rate, 2.0 ml/min; gradient, 0-1 min with 100% buffer A; 
1-51 min, linear gradient from 100% buffer A to 100% buffer B; 51-55 min, 
linearly from 100% buffer B to 100% buffer A. The eluate was monitored by 
on-line radiometric and ultraviolet detectors; concentration of [2-14C]C'I'P was 
determined by liquid scintillation spectrometry. 

CTP SynthaseAssay in Intact  Cells. L1210 cells resistant and sensitive to 
CPEC were preincubated for 24 h in the presence or absence of various 
concentrations of CPEC and then pulsed with 0.20 /XM [5-3H]uridine (5 p.Ci/ 
ml) for 2 h. Cells were harvested, extracted, neutralized as described above, 
and loaded onto a Partisil 10 SAX column with on-line UV and radiometric 
detectors as described earlier. 
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Table 1 Comparison of growth inhibitory effects of several cytotoxic pyrimidine 
analogues in L1210 and L1210/CPEC cells 

Growth inhibition was determined as described under "Materials and Methods." The 
results are the mean • SD from three independent experiments. 

IC5o (p.M) 
Resistance 

Drug L1210 L1210/CPEC (-fold) 

CPEC 0.03 _ 0.01 340 _+ 34 a 11,333 
5-Fluorouridine 0.06 • 0.01 272 +_ 22 a 4,533 
3-Deazauridine 1.50 • 0.12 11 + 1" 7 
1-/3-D-Arabinofuranosyl- 0.02 • 0.01 0.10 • 0.01 a 5 

cytosine 
ap < 0.01. 

Northern Blot Analysis. Total RNA from L1210 and L1210/CPEC cells 
was isolated by a procedure described previously (7). Cellular polyadenylated 
RNA was then isolated from total RNA by oligodeoxythymidylate cellulose 
chromatography (9). Northern blots were obtained by electrophoresis of 5 ~g 
of cellular mRNA from L1210 and L1210/CPEC cells through a 2.2 M for- 
maldehyde-1% agarose gel followed by blotting onto a Nytran membrane 
(Schleicher and Schuell Co., Keene, NH). The human CTP synthase probe 
covering nucleotides 1-712 of the cDNA sequence was originally produced by 
Race polymerase chain reaction, cloned as a Sall/BclI fragment into M13 
mpl9 and recloned as a HindlII/EcoRI fragment into Bluescript SK- (Strata- 
gene) using the polylinker site of M13 (10). The insert (0.712 kilobase) was 
isolated by electroelution after digestion by HindlII and EcoRI and labeled to 
high specific activity as described previously (9). The blot was hybridized to 
the 32p-labeled, nick-translated CTP synthase probe, washed under stringent 
conditions, dried, and developed for 12 h. The intensity of the hybridization 
signals was determined by scanning densitometry using an LKB Ultrascan XL 
densitometer with a smoothing program designed to ensure optimal resolution 
of adjacent bands. Band intensities were quantified by integrating the area 
under the absorbance peak for each band and subtracting the blank absorbance 
of the film. The same RNA samples were also hybridized to a 32p-labeled 
control DNA probe composed of a fragment of mouse /3-actin DNA (see 
"Results"). 

Nucleoside Kinase Assay. L1210 cells (2.5-5 • 107 cells), both parental 
and resistant to CPEC, were harvested by centrifugation and washed three 
times in ice-cold phosphate-buffered saline; the cell pellets were disrupted by 
sonication in 500/~1 of an extraction buffer containing 100 mM Tris-HC1 (pH 
7.5), 10 mM MgC12, 10 mM 2-mercaptoethanol, and 20% glycerol. After cen- 
trifugation at 100,000 • g for 1 h, the supernatant fraction was dialyzed and 
used as the source of relevant enzymes (5). Uridine/cytidine kinase, deoxy- 
cytidine kinase, and thymidine kinase activities were measured by procedures 
published previously (5, 11). Activity at 37~ was expressed as pmol of the 
respective nucleotide formed/mg of protein/min under conditions which 
yielded linear rates with respect to added protein and time of incubation. 

Protein concentrations were determined colorimetrically as described 
previously (5). 

RESULTS 

Sensitivity to CPEC and Cytotoxic Pyrimidine Nucleosides 

Resistance to CPEC. The sensitivities of L1210 and L1210/CPEC 
cells to increasing concentrations of CPEC were compared; parental 
L1210 cells were highly sensitive to CPEC with an ICso of 26 nu, 
whereas the resistant ceils were insensitive to CPEC with an ICso of 
340 /XM (Table 1). 

Cross-Resistance to Several Cytotoxic Pyrimidine Nucleosides. 
The sensitivities of L1210 and L1210/CPEC cells to increasing con- 
centrations of several pyrimidine nucleosides were next compared. 
L1210/CPEC cells were cross-resistant to the growth inhibitory ef- 
fects of 5-fluorouridine, 3-deaza-Urd, and 1-/3-D-arabinofuranosylcy- 
tosine (Table 1). In addition, thymidine was cytotoxic to L1210 cells 
(IC5o 20 ~M), whereas concentrations 50 times greater than this failed 
to exert any detectable inhibition of the growth of the L1210/CPEC 
cell line (data not shown). 

Metabolism of CPEC 

Uptake and Accumulation of [3H]CPEC. When the entry and 
retention of [3H]CPEC by L1210 and L1210/CPEC cells was com- 
pared, L1210/CPEC cells exhibited a rate for these processes - 2 0 %  
that of the wild-type L1210 cells (Fig. 1A). When the uptake of 
[3H]CPEC (0.2 /XM) was studied in L1210 cells in the presence or 
absence of cytidine (5 ~M), deoxycytidine (5 /~M), or the nucleoside 
transport inhibitor p-nitrobenzylthioinosine (NBMPR) (1 /.LM), it was 
observed that the interiorization of the drug remained unchanged by 
coincubation with 2'-deoxycytidine, whereas NBMPR and cytidine 
inhibited its accumulation (Fig. 1B). 

Phosphorylation of [3H]CPEC: Influence of CPEC-TP on CTP 
Pools. To compare the anabolic fates of CPEC in L1210 and L1210/ 
CPEC cells, exponentially growing cells were incubated for 16 h with 
various concentrations of CPEC and extracted with 60% methanol; the 
extracts were subjected to chromatography on a Partisil 10 SAX 
column using gradient elution with ammonium phosphate (6). As 
illustrated in Fig. 2, the kinetics of CPEC-TP accumulation in L1210 
and L1210/CPEC cells were quite different. CPEC-TP accumulated 
linearly in both cell lines as a function of the CPEC concentration in 
the medium, while the pool size of CPEC-TP was consistently 4- to 
20-fold lower in L1210/CPEC than in the parental cell line. For 
instance, at concentrations of CPEC above 1 ftM, cellular CPEC-TP 
accumulation in the resistant ceils was - 1 0  pmol/106 cells, 19-fold 
lower than in the parental ceils. Because higher concentrations of 
CPEC induce pronounced cytotoxicity in the parental cell line, phos- 
phorylation of CPEC at such concentrations could not be examined. 

The kinetic properties of the depletion of the CTP pools by CPEC 
also differed remarkably in L1210 and L1210/CPEC cells. Similar 
reciprocal relationships between increasing cellular CPEC-TP concen- 
tration and decreasing CTP levels, as the concentration of CPEC 
increased in the medium, were seen in both cell lines except that an 
initial "plateau" phase was observed with the resistant cells where 
CPEC-TP concentrations up to 2 pmol/106 cells ( - 2  ~M assuming a 
cell volume of 1 pl) caused no detectable decrease in CTP concen- 
tration (Fig. 2). In the parental cells, 20 nM CPEC depleted CTP pools 
to 50% of the initial level (from 250 pmol/106 to 125 pmol/106 cells), 
while cellular CPEC-TP concentration reached 2.5 pmol/106 cells. 
However, 1000 nM CPEC was required to achieve 50% depletion of 
CTP pools in the resistant cells, at which point cellular CPEC-TP had 
reached 15 pmol/106 cells. 

Incorporation of [3H]CPEC into RNA. The rates of incorpora- 
tion of [3H]CPEC into RNA from the parental and resistant cell lines 
were next examined after a 16-h incubation of exponentially growing 
L1210 and L1210/CPEC cells with various concentrations of CPEC. 
As shown in Table 2, incorporation of [3H]CPEC into the RNA of 
L1210 and L1210/CPEC cells was quite different: thus, whereas RNA 
incorporation of [3H]CPEC in both cell lines was a function of [3H]- 
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Fig. 1. CPEC entry into L1210/CPEC and wild-type L1210 cells. A. L1210/CPEC 
cells; (D); wild-type L1210 cells (O). B. CPEC entry in L1210 cells was determined in 
the absence ((3) and presence of 5 ~M cytidine (153); 5 /~M deoxycytidine, (A); or 1 ~M 
NBMPR (0). 
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Fig. 2. Intracellular phosphorylation of [3H]CPEC; the influence of CPEC-TP on CTP 
pools in L1210 and L1210/CPEC cells. Suspensions of L1210 and LI210/CPEC cells (50 
ml) in logarithmic growth (5 • 105 cells/ml) were incubated with various concentrations 
of [3H]CPEC (1 p.Ci/ml of cell suspension) for 16 h at 37~ The cell suspensions were 
centrifuged, the supernatant was discarded, and the pellet was extracted with 500/~1 of 
60% methanol. A representative aliquot was taken for the analysis of cellular nucleotides 
and CPEC metabolites by HPLC as described previously (6). The data are from three 
experiments and are shown as the means • SD (bars). L1210 cells (0 ,  [3H]CPEC-TP; (3, 
CTP); L1210/CPEC cells (&, [3H]CPEC-TP; A, CTP). 

Biochemical Phenotypes Associated with CPEC Resistance 

Cellular Pools of Cytidine Nucleotides. The cellular cytidine 
nucleotide pools of L1210 and L1210/CPEC cells were determined in 
the absence of exposure to CPEC. As shown in Table 4, the L]210/ 
CPEC cell line showed a marked elevation of its CTP pools, the 
concentrations of this nucleotide being 4 times that seen in the pa- 
rental L1210 cells. Additionally, CMP and CDP were significantly 
elevated in L1210/CPEC cells over the comparable values measured 
in the parental cell line (Table 4). 

Flux of [3H]Cytidine into Cytidine Ribonucleotide Pools. When 
logarithmically growing cells were incubated with 0.22 /XM [3H]- 
cytidine (5 /xCi/ml) for periods of 10, 30, and 60 minutes, and the 
radioactive cytidine nucleotide pools determined by ion-exchange 
HPLC, the rate of flux of [3H]cytidine into CTP pools in L1210/CPEC 
cells was substantially lower than in L1210 cells (Fig. 3). Flux of 
[3H]cytidine into CMP and CDP was also decreased (data not shown). 
In the light of these results, it can be conjectured that the expanded 
cytidine nucleotide pools of the resistant cell line may modify the 
events related to the entry and/or phosphorylation of cytidine, thereby 
retarding the flux of [3H]cytidine into cytidine nucleotides. The ex- 
pansion in total cytidine nucleotide pools appears also to explain the 
observation that the specific radioactivities of the cytidine nucleotide 
pools were decreased in the resistant cells under the conditions of 
these experiments. 

Response to Exogenous Cytidine. We next explored the impact of 
exogenous cytidine on cellular CTP pools in L1210 and L1210/CPEC 
cells. As shown in Fig. 4, when the parental and resistant cells were 

Table 2 Incorporation of CPEC into RNA ofL1210 and L1210/CPEC cells 

L1210 and L1210/CPEC cells were incubated for 16 h with concentrations of [5-3H] - 
CPEC ranging from 5 nM to 0.5 raM. R N A  was purified and CPEC incorporation was 
determined as described in "Materials and Methods." Data are the average of independent 
duplicate experiments with individual values varying by <10%.  

CPEC (pmol p,g RNA) 
CPEC 
(riM) L1210 L1210/CPEC 

5 0.061 0.001 
25 0.089 0.005 
50 0.115 0.007 
10 z 0.222 0.014 
103 2.472 0.292 
5 x 103 N D "  0.634 
104 ND 1.689 
5 • 104 ND 3.842 
105 ND 5.823 
5 • 105 ND 5.422 

a ND, because of cytotoxicity, RNA incorporation of CPEC at concentrations above 
1 p~M could not be determined. 

Table 3 lntracellular phosphorylation and deamination of CPEC in L1210 and 
L1210/CPEC cells 

Logarithmically growing L1210 cells (5 • 105 cells/ml) were exposed to [3H]CPEC 
(0.04 /XM) for 24 h. The cells were extracted with 60% methanol, and intracellular 
nucleotides and CPEC metabolites were determined by ion-exchange HPLC with an 
on-line radiometric detector as described in "Materials and Methods." MP, DP, TP: 
5'-mono-,  di-, and triphosphate. Data are the mean • SD from three independent experi- 
ments. 

[3H]CPEC metabolites 
(pmol/105 ceils) 

Metabolites L1210 L1210/CPEC 

CPEU-MP 0.20 --- 0.02 0.03 • 0.01 
CPEC-MP 11.03 + 1.31 1.72 • 0.20 
CPEU-DP 0.45 --- 0.04 0.12 • 0.02 
CPEC-DP 10.1 - 1.2 5.00 • 0.60 
CPEU-TP 0.88 • 0.12 0.23 --- 0.03 
CPEC-TP 10.3 • 1.4 3.40 • 0.40 

CPEC-XP/CPEU -XP a 20.50 26.60 

'~ CPEC nucleotides: CPEU nucleotides. 

CPEC concentration in the medium, the amount incorporated was 
consistently an order of magnitude lower in L1210/CPEC cells than 
in the parental cell line. For instance, at a concentration of CPEC of 
100 nM, RNA incorporation of [3H]CPEC in L1210/CPEC cells was 
-16-fold lower than in the parental cells. Because of pronounced 
cytotoxicity, RNA incorporation at CPEC concentrations higher than 
1000 nM could not be examined in the L1210 cell line. 

Deamination of CPEC and CPEC-Nucleotides in L1210 and 
L1210/CPEC Cells. Deamination of CPEC and its metabolites was 
compared in L1210 and L1210/CPEC cells after exposure of the cells 
(5 • 105 cells/ml) to 40 nM [3H]CPEC for 24 h. As shown in Table 3, 
the total levels of CPEU-5'-monophosphate, CPEU-5'-diphosphate, 
and CPEU-5'-triphosphate derived from [3H]CPEC were --4-fold 
lower in the resistant cells; a parallel decrease in CPEC-nucleotides 
was also observed in the resistant cell line. CPEC-nucleotide:CPEU- 
nucleotide ratios in L1210 and L1210/CPEC cells were 20.5 and 26.6, 
respectively. 
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Table 4 Comparison of cellular nucleotide pools ofL1210 and L1210/CPEC cell lines 

Logarithmically growing L1210 cells (106 cells/ml; 10 ml) were harvested and ex- 
tracted, and extracts were then neutralized and analyzed as described in "Materials and 
Methods." Data are the mean _+ SD of triplicate experiments. 

Intracellular nucleotide pools 
(pmol/106 cells) 

Nucleotide L1210 L1210/CPEC 

CMP 30 --- 8 52 • 5 a 
CDP 118 • 4 244 • 20 a 
CTP 296 --- 34 1220 --- 100 a 

UMP 173 • 16 205 • 18 
UDP 553 - 35 330 • 32 a 
UTP 778 • 64 418 +- 44 a 

ADP 713 • 68 580 • 55 
ATP 3174 • 285 2809 --- 254 

GDP 104 - 12 120 --- 15 
GTP 432 - 36 552 - 60 

a p < 0.05. 
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Fig. 3. Time dependency of the flux of [3H]cytidine into CTP pools. Logarithmically 
growing cells were incubated for periods of up to 60 min in the presence of 0.22 tXM of 
[3H]cytidine (5 /xCi/ml). At the times indicated, cells were harvested, extracted, and 
neutralized as described above. The samples were loaded on a Partisil 10 SAX column 
with on-line UV and radiometric detectors as described for cellular ribonucleotide deter- 
mination (6). The data are from three experiments and are shown as means • SD (bars). 
L1210 cells (A, CTP; A, [3H]CTP); L1210/CPEC ceils (V, CTP; V, [3H]CTP). 
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Fig. 4. Response to increments in exogenous cytidine. L1210 and L1210/CPEC cells 
were exposed to cytidine over a concentration range up to 1000 /aM. Following a 24-h 
incubation, cells were harvested and extracted, and the extracts were neutralized as 
described above. The samples were loaded on a Partisil 10 SAX column as described for 
cellular ribonucleotide determination (6). The data are from three experiments and are 
shown as means • SD (bars). L1210/CPEC cells (A, CTP); L1210 cells ((3, CTP). 

exposed for 24 h to cytidine at concentrat ions ranging f rom 50 nM to 

1000/XM, an increase of  CTP pools occurred only in the parental cells. 

C e l l u l a r  Pools of Deoxyribonucleotides. For the reasons ad- 

dressed above, the cellular deoxynucleot ide  pools of  L1210 and 

L1210/CPEC cells were  de termined in the absence o f  exposure to 

CPEC. Whereas  the L1210/CPEC cell line showed a 5-fold elevation 

in its dCTP pools, the other deoxyribonucleot ide  pools, dATP, dTTP, 

and dGTP, were  not significantly perturbed (Table 5). 

Kine t ics  o f  C T P  Syn thase .  In order to characterize further  the 

kinetic characteristics of  the inhibition o f  CTP synthase by CPEC-TP, 

partially purified preparations o f  the enzymes  f rom resistant and pa- 

rental cells were  obtained by a m m o n i u m  sulfate fractionation (5) 

fol lowed by a one-step desalting and concentrat ion procedure  (see 

"Materials  and Methods") .  CPEC-TP inhibited CTP synthases both 

f rom the sensitive cells and resistant cells with median  inhibitory 

concentrat ions of  2 and 14 /XM, respectively, under  the condit ions of  

this assay (Fig. 5). When  the substrate UTP was varied in the presence 

of  a saturating concentrat ion of  ATP, L-glutamine, and GTP, the ki- 

netics of  CTP synthase fol lowed the classical Michael is -Menten equa- 

tion as shown in double-reciprocal  plots (Fig. 6). Kms o f  ~ syn- 

thases f rom L1210 and L1210/CPEC cells were  126 and 50 /~M, 

respectively, with UTP as the variable substrate. The Vm,x values for 

CTP synthases f rom L1210 and L1210/CPEC cells were  0.2 and 2.3 

nmol /min/mg,  respectively. It can be concluded that the kinetic prop- 

erties o f  CTP synthase in the resistant cells were  substantially altered. 

In contrast, the activities of  deoxycyt id ine  kinase, uridine-cytidine 

kinase, and thymidine  kinase showed no significant differences in 

L1210/CPEC vis-~z-vis parental L1210 cells (Table 6). 

Inhibition of CTP Synthase Activity in I n t a c t  Cells. When  the in 

situ conversion of  [3H]uridine to [3H]cytidine nucleotides was exam- 

ined, the capacity o f  L1210/CPEC cells to produce [3H]CTP f rom 

[3H]uridine was significantly ( - -4-fold)  increased over  the compa-  

rable activity in L1210 cells (Table 7). Furthermore,  in parental L1210 

cells, 50 nM CPEC blocked (by 75%) the synthesis o f  [3H]CTP from 

exogenous  [3H]uridine, resulting in a decrease o f  [3H]CTP concen-  

tration and an increase of  [3H]UTP concentration; conversely,  in 

L1210/CPEC, levels o f  CPEC as high as 1.25 /XM failed to perturb 

either the rate or the amount  of  [3H]CTP formation f rom exogenous  

[3H]uridine (Table 7). 

Expression of the CTP Synthase Gone. Northern blots of  cellular 

m R N A  were  carried out with a 0.712-kilobase f ragment  probe cov- 

ering the sequence of  CTP synthetase f rom 1 to 712 (10). A 2.8- 

kilobase m R N A  species was detected in both wild- type L1210 cells 

and in the CPEC-resistant  line (Fig. 7). Densi tometr ic  analysis indi- 

Table 5 Comparison of cellular deoxyribonucleotide pools in L1210 and 
L1210/CPEC cells 

Intracellular deoxynucleotide triphyosphate (dNTP) levels were determined as de- 
scribed in "Materials and Methods." Data are the mean • SD of triplicate determinations 
from a single experiment. 

Intracellular dNTP pools 
(pmol/106 cells) 

L1210 L1210/CPEC 

dCTP 11.4 • 0.1 50.9 • 1.6 a 
dlq? 16.0 - 0.4 19.9 • 1.2 
dATP 7.5 • 0.2 10.5 • 0.4 
dGTP 2.5 • 0.1 3.8 • 0.3 

a p < 0.01.  

100 O'~O L1210/CPEC 
(ICso 14ktM) 

IT X H L 21o 
03 (IC~o 2.0/~M ) 

40 
< 

20 �9 

0 10 20 30 40 

[ CPECTP],/aM 
Fig. 5. Inhibition by CPEC-TP of CTP synthase derived from L1210 and L1210/CPEC 

cells. CTP synthase (CTPS) activity was assayed essentially as described previously (5); 
briefly, 100 ~.M [2-14C]U'I~, 8 mM ATP, 0.9 mM GTP, 50 mM Tris-HCl, (pH 7.8), 10 mM 
MgCI2, 33 mM L-glutamine, 37.5 mM /3-mercaptoethanol, and various concentrations of 
CPEC-TP were mixed in a total volume of 25/xl. Reactions were initiated by the addition 
of enzyme, and reaction mixtures were incubated for 45 min at 37~ CTP production was 
then analyzed by HPLC. Each point represents the average of the results obtained from 
triplicate samples. CTP synthase from L1210 cells (O); and from L1210/CPEC cells ((3). 
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Fig. 6. Kinetics of CTP synthase. For kinetic studies, the reaction mixture contained 
partially purified CTP synthase, various concentrations of [2-14C]UTP, 8 mM ATP, 0.9 mM 
GTP, 50 mM Tris-HCl (pH 7.8), 10 mM MgCI2, 33 mM L-glutamine, and 37.5 mM 
/3-mercaptoethanol in a total volume of 25 p,l. Reactions were initiated by the addition of 
enzyme, and reaction mixtures were incubated for 45 min at 37~ Any [2-14C] c r P  
formed was separated from [2-14C]UTP by ion-exchange HPLC. Each point represents the 
average of the results obtained from triplicate samples of an individual experiment, c r P  
synthase from L1210 cells (O); and from L1210/CPEC cells ((3). Bars, SD. 

Table 6 Activities of relevant enzymes of pyrimidine nucleotide synthesis in L1210 cell 
lines sensitive and resistant to CPEC 

Activities of the indicated enzymes of pyrimidine nucleotide synthesis in wild-type 
L1210/CPEC cells were measured as described in "Materials and Methods." Data are the 
mean • SD of triplicate experiments. 

Enzyme activity 
(pmol/min/mg protein) 

Enzyme L1210 L1210/CPEC 

C I ~  synthase 65 • 6 610 _• 33 a 
Uridine/cytidine kinase 1740 • 120 1853 • 111 
Deoxycytidine kinase 200 ___ 32 199 • 10 
Thymidine kinase 560 • 90 600 ___ 60 

a p < 0.01. 

the enzyme increased 12-fold. Moreover, the total enzyme activity 
increased, with Northern blot analyses of polyadenylated RNA from 
the resistant cells indicating a 3-fold increase in transcripts of the CTP 
synthase gene. 

No change was noted in either the specific activity or the suscep- 
tibility to feedback regulation (by CTP) of uridine/cytidine kinase, an 
enzyme which has also been implicated in CPEC-resistance (12), and 
which plays a major role in CPEC phosphorylation, as well as in the 
utilization of preformed uridine and cytidine by the "salvage" path- 
way. Similarly, no changes were noted in the pyrimidine salvage 
enzymes deoxycytidine kinase and thymidine kinase in the resistant 
cells as compared to the CPEC-sensitive line (Table 6). 

Some of the biochemical changes observed in the resistant line 
could be attributed to an alteration and increased catalytic activity of 
CTP synthase. These include a 4-fold increase in CTP and a 5-fold 
increase in dCTP. Most of the other changes observed appear not to be 
a direct consequence of altered CTP synthase activity but rather sec- 
ondary effects arising from the increases in intracellular CTP and 
dCTP resulting from the altered enzyme. Prominent among these is a 
major decrease in the formation of CPEC-5'-phosphates, including the 
active form of the drug, CPEC-TP. The initial step in the activation of 
this drug is monophosphorylation by uridine-cytidine kinase, an en- 
zyme extremely sensitive to feedback inhibition by CTP (13). Thus 

Table 7 Effect of CPEC on the incorporation of [3H]uridine into UTP and CTP of 
L1210 and L1210/CPEC cell lines 

L1210 and L1210/CPEC cells were incubated for 24 h in the presence and absence of 
the indicated concentrations of CPEC and then pulsed with 0.2 p,M [5-3H]uridine for 2 h 
as described in "Materials and Methods." Data are the mean • SD of triplicate experi- 
ments. 

3H-Metabolites arising from [3H]uridine 
(dpm/103 cells) 

Concentration 
of CPEC CTP UTP 

L1210 
None 4 __- 0.2 18 - 1 
0.05 /~M 1 • 0.1 a 214 • 14 a 

L1210/CPEC 
None 1 7 •  1 2 1 - 3  
0.05 /~M 17 ----- 2 22 _+ 2 
1.25 p,M 18 • 2 33 • 2 a 

a p < 0 . 0 1 .  

cated that the transcription level of the gene in L1210/CPEC cells was 
3.2-fold higher than in wild-type L1210 cells, while there was no 
change in the transcription level of the/3-actin control. 

DISCUSSION 

Mutagen-induced resistance to CPEC, a nucleoside analogue pres- 
ently in Phase I clinical trial, has been studied in a mouse leukemia 
cell line (L1210). Selection was carried out by cultivation of the 
mutagen-treated cells in the presence of 2 /.~M CPEC. The resistant 
clone utilized for further detailed study was maintained in CPEC-free 
medium for 6 generations before biochemical studies were under- 
taken. The parental cells were sensitive to 50% growth inhibition at a 
CPEC level of 26 nM, whereas the same level of growth inhibition 
required a 13,000-fold increase in CPEC concentration (to 340 /~M). 

The most striking biological alteration in the CPEC-resistant line 
was a change in the properties of the enzyme CTP synthase (E.C. 
6.3.4.2), commonly thought to be the major site of action of the drug 
(via inhibition by the CPEC anabolite CPEC-5'-triphosphate of the 
CTP synthase-catalyzed generation of CTP from UTP). In the resistant 

2 8 S  - 

1 8 s  - 

a b 

�9 ' C T P s  

13 -  a c t i n  

Fig. 7. Northern blot analysis of CTP synthase gene transcripts in L1210/CPEC and 
wild-type L1210 cells. Northern blot analysis was conducted on mRNA (5 p,g/lane) 
extracted from L1210 cells (Lane a) and L1210/CPEC cells (Lane b), respectively. The 
CTP synthase gene-specific probe was a 0.712-kilobase fragment which covered the 
nucleotide sequence 1-712 of the CTP synthase gene. The size of the transcripts (~2 .8  
kilobases) was measured by comparison with the location of 28S and 18S rRNA (left). 
Blotting and hybridization were conducted as described in "Materials and Methods." 
Densitometric analysis indicated that the transcription level of the CTP synthase gene in 
L1210/CPEC cells was increased almost 3.2-fold compared to that of the wild-type cells 

line, the median inhibitory concentration of CPEC-TP increased from (top). The same RNA samples were reprobed with a mouse /3-actin DNA probe as a 

2 to 14/XM, K m for UTP decreased from 126 to 50/XM, and Vma• for loading control (bottom). 
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the decreased formation of  all the CPEC phosphates,  and the de- 

creased incorporation of  CPEC into R N A  of  the resistant cells, could 

be attributed to the feedback effect of  the increased pools of  CTP in 

the resistant line, together  with direct competi t ion by  elevated CTP 

with CPEC-TP for R N A  incorporation. Cross-resistance to 5-fluoro- 

uridine and to 3-deaza-Urd could l ikewise be attributed to feedback 

inhibition by CTP since uridine-cytidine kinase is also responsible for 

the initial phosphorylat ion of  these two anti tumor drugs (14, 15). 

Similarly, dCTP is a potent feedback inhibitor of  deoxycyt id ine  

kinase (16), the enzyme  responsible for the initial phosphorylat ion of  

1-/3-D-arabinofuranosylcytosine; the cross-resistance of  L1210/CPEC 

to the latter drug can, in this context,  very likely be attributed to 

greatly increased dCTP levels seen in the CPEC-resistant  line. Resis- 

tance to the toxic effects of  high concentrat ions o f  thymidine  may 

have a similar explanation in view of  the reported ability of  dCTP to 

act as a feedback inhibitor of  mitochondrial  thymidine  kinase (17); in 

this case, however ,  the elevated dCTP levels may  also function by 

protecting the resistant cells f rom thymidine  toxicity attributable to 

dTI 'P  inhibition of  the r ibonucleotide reductase-catalyzed conversion 

o f  CDP to dCDP (18, 19). 

These studies, therefore, although carried out in  vi tro,  add another 

mode  o f  resistance to CPEC, i .e. ,  alteration in both the activity and 

properties o f  the key enzyme  CTP synthetase,  to that described by 

Blaney e t  al. (12) as a decrease in uridine/cytidine kinase activity (12). 

It is o f  interest that Blaney e t  al. (12) also noted an increase in CTP 

synthase activity in their studies of  a human leukemia cell line se- 

lected for CPEC resistance. The extent to which  these and possibly 

other mechanisms  contribute to clinical resistance to CPEC will have 

to await studies carried out with tumor tissues derived f rom patients 

participating in therapeutic trials of  the drug. 
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