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Abstract—Cytidine, a non-toxic endogenous nucleoside, was found unexpectedly to augment the
cytotoxicity of a pyrimidine antimetabolite N-phosphonacetyl-L-aspartate (PALA) in human
ovarian carcinoma cells. The PALA/cytidine synergy is confirmed here in other human tumor cells
(7242 melanoma, HL6O promyelocytic leukemia and SKOV3 ovarian carcinoma) in the cytidine
conceniration range of 1-10 micromolar. The synergy was not observed in Chinese hamster ovary
(CHO) cells. Exogenous uridine (5-50 wM) completely reversed the PALA/cytidine cytotoxicity
in a concentration-dependent manner. Measurements of cellular ribonucleotide levels revealed that
the PALA treated cells had reduced UTP and CTP pools (10% and 40% of control respectively);
and the PALA/cytidine treated cells had elevated CTP and GTP levels while their UTP levels
remained at 10% of control. Deoxyribonucleotide levels were unremarkable except for a slight
elevation of dCTP in the PALA/cytidine treated cells. Uridine competitively inhibited radioactive
eytidine transport into 2008 cells, which may explain its ability to antagonize the PALA/cytidine
synergy. These results suggest that the ribonucleotide biosynthetic mechanism is the primary cellular
target for PALA/cytidine activity, and that the ratio of ribonucleotides to each other is an important
determinant of tumor cell viability. The use of non-cytotoxic nucleosides to augment the activity of

antimetabolites may have clinical relevance in cancer therapy.

INTRODUCTION
WE HAVE REPORTED that the membrane nucleoside
transport inhibitor dipyridamole can dramatically
augment the anti-tumor activity of the pyrimidine
antimetabolite PALA [1, 2]. Other workers have
documented similar augmentation using different
antimetabolite/dipyridamole combinations in dif-
ferent tumor model systems [3-5]. In the human
ovarian carcinoma cell line 2008, PALA potently
inhibited the de novo synthesis of UTP and CTP,
but was associated with modest cytotoxicity [2].
Our observations were in agreement with earlier
studies reporting that the profound inhibition of
pyrimidine biosynthesis by PALA did not result in
appreciable anti-cancer activity in clinical trials. It
has been demonstrated in cultured tumor cells
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that the presence of preformed nucleosides in the
medium, specifically uridine in the case of PALA,
allowed salvage metabolism to proceed and negated
the effects of the de novo blockage [2, 6]. In exper-
iments designed to screen the ability of various
nucleosides to antagonize the cytotoxicity of PALA
and PALA combined with dipyridamole, we
observed that the presence of cytidine markedly
potentiated the activity of PALA against 2008 cells.
Under the same conditions, cytidine alone was
completely non-cytotoxic even at millimolar concen-
trations [7]. We have since confirmed the PALA/
cytidine synergism in other human tumor cell lines
and have further characterized the underlying
mechanisms in human ovarian tumor cells. The
mechanism of synergy between cytidine and PALA
seems to be related to disruptions of cellular nucleo-
side triphosphate (NTP) pools and the subsequent
unbalanced growth resulting from the disruption.

MATERIALS AND METHODS

Drugs and chemicals

All nucleosides and nucleotides were purchased
from Sigma Chemical Company (St. Louis, MO).
PALA.disodium was obtained from the Division
of Cancer Treatment, National Cancer Institute
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(Bethesda, MD) and all other chemicals were pur-
chased from Fisher Scientific (Fairlawn, NJ). Tissue
culture media (RPMI 1640 and DME) were pur-
chased from Irvine Scientific (Santa Ana, CA), all
bovine sera and other reagents for cell culture work
were obtained from Gibco (Grand Island, NY).
Cytidine (5-*H) was purchased from New England
Nuclear (Boston, MA).

Cell lines and culture conditions

The human tumor lines: 2008 (ovarian carci-
noma), T242 (malignant melanoma) and HL60
(promyelocytic leukemia) were maintained in
exponential growth in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum and 1% L-
glutamine. SKOV3 (ovarian carcinoma) cells were
maintained in DME medium supplemented with
10% newborn calf serum and 1% L-glutamine; and
CHO (Chinese hamster ovary) cells were grown in
DME medium supplemented with 5% newborn
bovine serum and 1% each of non-essential amino
acids and L-glutamine. All cell lines were incubated
at 37°C under 5% CO, atmosphere in humidified
incubators.

Cylotoxicity assays

The synergy between PALA and cytidine was
tested in T242, HL60, SKOV3 tumor cells and
CHO cells using a 72-h growth rate assay. Initial
seeding densities of 1 X 10* cells per well of CHO,
2008 and SKOV3; and 2 X 10* cells per well of
T242 and HL60 were plated onto Linbro type 24-
well plates (Flow Lab., VA). Details of this assay
have been published previously [2]. The concen-
trations of PALA used in these assays were 10, 100
and 1000 pM with or without cytidine (1, 10,
100 pM). Further characterization of the PALA
plus cytidine cytotoxicity was performed on 2008
cells using clonogenic assays on plastic culture
dishes. Briefly, exponentially dividing cells were
harvested by trypsinization, washed and plated
in triplicates onto 60 mm plastic culture dishes
(Falcon Plastics, MD) at a cell density of 300 cells
per plate. Varying concentrations of PALA and
nucleosides (cytidine 5 uM, uridine 1-100 pM)
were added to the plates with the control cultures
receiving aliquots of normal saline. The plates were
then incubated under 7% CO, at 37°C for 10-14
days. Cells were then washed once with phosphate
buffered saline (PBS), fixed in methanol and stained
with Giemsa stain. Each cluster of greater than 50
cells was counted as one colony, and the control
plates usually have 100-120 colonies with less than
5% wvariation in triplicates. Nucleoside concen-
trations in the media were routinely monitored
using a reverse-phase HPLC method developed in
our laboratory [2, 8].

Cytidine uptake in 2008 cells

Since we have collected an abundance of bio-
chemical data on 2008 cells, we decided to continue
our mechanistic investigations using this cell line.
Freshly harvested cells were suspended in ‘uptake
medium’ consisting of normal growth medium sup-
plemented with dialyzed serum in the presence and
absence of uridine. Cytidine (5-*H, 30 Ci/mM) was
added to the cell suspensions to achieve a final
concentration of 10 pM (10 wCi/ml) and the sus-
pensions (5 X 10° cells in 2.0 ml) were incubated
at 37°C with constant shaking. Aliquots of cells
were removed at 1, 5, 10, 20 and 30 min and diluted
into 10 volumes of chilled PBS and centrifuged at
4°C for 5min at 1000 g. The cell pellets were
washed twice with 1 ml chilled PBS and then resus-
pended in 0.9 ml of 0.1 M NaOH. After 10 min of
alkaline digestion on ice, a 500 pl aliquot from
each sample was removed and added to 9.5 ml of
Scintiverse BioHP (Fisher) and the radioactivity
quantified in a Beckman liquid scintillation counter
[2]. Typical loss of radioactive cytidine from the
cells after loading was less than 2% per hour in
chilled PBS and cells preincubated for 1 hin 50 pM
PALA before the uptake experiments had cytidine
uptake rates similar to untreated control cells.

Cytidine transport into 2008 cells was measured
using a modified oil-stop method [9]. Briefly, 100 !
of the uptake medium containing radiolabeled cyti-
dine was layered carefully onto 100 pl of an oil
mixture of 9:1 silicon oil (Aldrich 17563-3):parafin
oil (Fisher 0-119) in a 1.5 ml Eppendorf microcen-
trifuge tube. Transport measurements were
initiated by the addition of 100 pl of cell suspension
and the reactions were stopped at timed intervals
between 0 and 60 s by pelleting the cells through
the oil cushion at 12,000 g for 30s. The oil was
then aspirated and the cell pellet digested with
0.1 M NaOH and the radioactivity quantified using
liquid scintillation counting. The amount of radio-
activity in the cell pellet not associated with trans-
port was estimated by pre-incubating cells in
medium containing 10 pM dipyridamole and init-
iating the reaction with the transport inhibitor
present.

Cellular ribonucleoside triphosphates (NTPs) measurement

Cells (2008 and CHO) were seeded into T-75
{Corning) flasks containing growth medium with
predetermined concentrations of drugs and nucleo-
sides and incubated from 1 to 24 h. They were then
harvested and washed twice in fresh medium and
an aliquot from each sample was removed for cell
number determination on a Coulter ZF counter
(Hialeah, FL). Perchloric acid (0.4 N) extraction of
cells was carried out on ice for 10 min and the
resultant precipitates were removed by centrifug-
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ation. The supernatants were necutralized with
2.2 M potassium bicarbonate, and after a second
centrifugation, measured volumes of the clear super-
natants were injected into the HPLC for NTP
analysis. The HPLC system consisted of the follow-
ing Waters Associates equipment: two Modecl
6000A pumps, Model 660 solvent programmer,
Model 440 dual-channel u.v. detector and Model
730 data module. The column used was a Waters
SAX-10 pm radial compression cartridge in a Z-
module®. Elution was effected using the following
mobile phase: Buffer A, 0.1 M KH,PO,/0.1 M
KCl, pH 4.0; and Buffer B, 0.25M KH,PO,/
0.5 M KCI, pH 5.0. The initial conditions were
80% A and 20% B, and a hyperbolic gradient
(curve 4 of the controller) to 100% B was generated
over 30 min at a flow rate of 2.0 ml/min (retention
times: UTP, 19.0; CTP, 23.2; ATP, 30.0 and
GTP 34.8 min). Nucleotide concentrations were
extrapolated from A5, using standard curves con-
structed before the analysis run, and values were
normalized to picomoles/10° cells. The identity
of each nucleotide was confirmed by its 254/280
absorbance ratio and co-elution of cellular extract
with nucleotide standards [2].

Measurements of deoxyribonucleoside triphosphates
(dNTPs)

The levels of cellular ANTP after PALA and
cytidine treatments were measured using a modified
periodate/methylamine method first reported by
Garrett and Santi [10]. Briefly the cells were har-
vested after being treated with the various combi-
nations of drugs, extracted with perchloric acid and
neutralized with potassium bicarbonate as outlined
above. Fifty microliters of 0.5 M sodium periodate
were added to 0.85 ml of neutralized cell extract
and left at room temperature for 5 min. Then 50 pl
of freshly prepared methylamine (pH adjusted to 7.5
with H4,PO,) were added to each sample, vortexed
vigorously, and the samples were incubated at 37°C
for 30 min. Fifty microliters of 0.2 M rhamnose
were added to each tube at the end of the reaction
and the samples were immediately put on ice until
analysis. The HPLC column used was a Waters
SAX 10 pm radial compression cartridge in a Z-
module, and an isocratic solvent of 0.35 M
ammonium phosphate (pH 3.5) and acetonitrile at
a ratio of 10:1 was employed at a flow rate of
2.5 ml/min to elute the dNTPs (retention times:
TTP, 18.5min; dCTP, 22.1 min; dATP,
31.7 min; dGTP, 42.6 min). Cellular ANTP levels
were calculated from their Ay;, values and extrapol-
ation from standard curves constructed under the
same conditions. Values were normalized to pico-
moles per 107 cells. This procedure routinely
removed 98% of the interfering NTPs and degraded

less than 10% of the ANTPs of interest in the cell

extracts.

RESULTS

Cytotoxicity of cytidine and PALA

Initial experiments documenting the augment-
ation of PALA cytotoxicity by cytidine were perfor-
med using 2008 ovarian carcinoma cells in a stan-
dard 72 hour growth rate assay [7]. The synergism
between these two compounds against other human
tumor cell lines was confirmed here using the same
assay and the results are summarized in Table 1.
PALA alone at 100 pM was only mildly effective
in inhibiting the growth of all the cell lines tested.
The inclusion of 10 pM cytidine, however, aug-
mented the activity of PALA against all the human
tumor cell lines but not the CHO cells. Cytidine
alone was non-cytotoxic at concentrations up to
1 mM in all of the cell lines tested here. To further
characterize the cytotoxicity of PALA plus cytidine,
we evaluated the dose—response characteristics of
these two compounds in clonogenic assays using the
2008 cells. Figure 1 summarizes the results of the
clonogenic assays and depicts the dosc—response
relationships of these two compounds against the
2008 cells. PALA at 50 pM resulted in less than
30% reduction in clonal survival, while the addition
of 5 uM of cytidine to the treatment regimen
reduced the clonal survival by 99%.

Uridine antagonism of PALA and cytidine toxicily

The ability of uridine to antagonize the cytotoxic
activity of PALA and PALA plus cytidine in a
concentration-dependent fashion is illustrated in
Fig. 2. The presence of 50 pM of exogenous uridine
completely reversed the cytotoxicity of 50 pM
PALA and PALA plus 5 pM cytidine. This entire
dose—response curve for cytidine/PALA treated cells
was shifted to the right when 10 pM of cytidine
was used, suggesting competition between cytidine

Table 1. Growth inhibitory activities of PALA and PALA plus
cvtidine against human tumor cells in 72 h growth assays

Cell line Percentage of control

(mean * S EM., n = 4)*

PALA PALA (100 pM) +

(100 wM) evtidine (10 pM)
1. 2008 826 13 = 4
2. T242 85+ 8 33x7
3. HL.60 86 =5 313
4. SKOV3 76 %7 33 %3
5. CHO 90 * 5 86 + 6

*Values are mean cell numbers normalized to percentage of
control values (without drug trecatments).
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Fig. 1. Dose-response characteristics of 2008 clonal survival to different

concentrations of PALA and cytidine. Only clusters of greater than 50

cells were counted as one colony. The control plates contained 122 * 5

colonies. Each point represents the mean of five experiments, and the usual

standard deviations were less than 5% above and below the mean values in

all cases. The colony count for 10 uM PALA was 116, for 20 pnM
PALA was 103, and for 50 pM PALA was 90.
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Fig. 2. Rescue of 2008 cells from PALA and PALA/cytidine cytotoxicity

by uridine. Each point represents the mean of five experiments and the

standard deviations were less than 5% above and below the mean values.

The respective EDy, values for reversal of PALA and PALA plus cytidine

cyltotoxicity were the same (8 WM uridine). The control colony count was

116, for 50 wuM PALA the count was 78, and for 50 uM PALA plus
5 uM gytidine was 0.

and uridine for cellular effector sites. The nature of
such competition is currently being investigated.

Cellular NTP and ANTP levels

The levels of cellular NTPs and dNTPs in 2008
and CHO cells treated with PALA plus cytidine
were measured using HPLC. Table 2 summarizes
the NTP levels in cells subjected to various combi-

nations of drug treatment. Cytidine and uridine at
concentrations up to | mM did not alter the NTP
levels in the 2008 cells as previously reported [2].
PALA at 50 uM reduced the UTP and CTP pools
to 10% and 40% of control respectively, and elev-
ated the GTP pool slightly to 105% of control.
PALA plus cytidine specifically raised the CTP
levels back to 108% of control and raised the GTP
pool further to 129% of control while leaving the
rest of the NTPs unchanged from those measured
in cells exposed to PALA alone. These alterations in
nucleotide levels were associated with pronounced
cytotoxicity (Fig. 1). The addition of uridine to
PALA plus cytidine treated cells elevated UTP back
to 89% of control and reduced CTP to 90% of
control, therefore normalizing the UTP to CTP
ratio. The GTP pool was also reduced towards
control values and these changes were associated
with near normal growth in the 2008 cells. The
UTP and CTP pools in CHO cells were comparably
depressed as documented in the 2008 by PALA
treatment alone, but the CTP pool did not rise in
these cells after PALA plus cytidine treatment. Itis
important to note that cytidine did not augment
PALA cytotoxicity in these cells (Table 1).

The dNTP pools in cells treated with the various
combinations of drug and nucleosides are summa-
rized in Table 3. There were minimal disruptions
in the dNTP pools under the various treatments. In
the PALA/cytidine treated cells, the dCTP levels
were slightly elevated and the dATP levels were
marginally depressed. Overall, the dNTP pools
were less perturbed by PALA and PALA plus
cytidine than the NTP pools at the drug concen-
trations used here.

Cytidine uptake and transport into 2008 cells

The data from the NTP and dNTP pools suggest
that the availability of cytidine for salvage during
PALA exposure specifically increased the cytidylate
and deoxycytidylate pools in the 2008 cells. The
kinetics of cytidine transport and uridine’s influence
on this process were studied to gain a better under-
standing of the mechanism by which uridine pre-
vented the cytotoxicity of the PALA/cytidine combi-
nation. The first series of experiments measured
total cellular radioactivity over a relatively long
period, therefore the uptake rate represents cytidine
transport and its subsequent metabolism within the
2008 cells. Cytidine uptake was linear for the first
60 min, but at a slower rate than in our previously
reported study for uridine performed under the same
conditions [2]. Table 4 summarizes the reduction of
cytidine uptake into 2008 cells in the presence of
varying concentrations of uridine. The intracellular
radioactivity (cpm/10° cells) was normalized as
percentage control value at the respective time-
points when no uridine was present in the medium.
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Table 2. Ribonucleoside triphosphate levels in 2008 cells treated with combinations of PALA and nucleosides

Treatment groups (n = 6)

Ribonucleotides*

UTP CTP ATP GTP
1. Control 272 * 55 63 * 12 2198 * 311 360 * 33
2. Cytidine (100 pM) 265 * 43 65 * 15 2213 + 292 354 * 27
3. PALA (50 pM) 28 + 10t 26 * 11t 2133 = 304 379 * 49
4. PALA (50 uM)/cytidine 33 + 9% 68 = 14 1976 + 287 467 * 451
(5 nM)
5. PALA (50 pM)/cytidine 243 * 61 57+ 18 2205 * 299 366 + 39

(5 wM)/uridine (100 uM)$

*Ribonucleoside triphosphate levels in cells exposed for 24 h to the treatments as listed. Values are mean * $.D.
for six experiments, in picomoles/10° cells. Additional experiments with treatment periods up to 72 h were

performed and the results were similar to the 24 h exposure.

tSignificantly different from control values, P < .05, paired ¢ test.
tTreatment with 100 uM uridine results in NTP levels similar to control values.

Table 3. Deoxyribonucleoside triphosphate levels in 2008 cells treated with combinations of PALA and nucleosides

Treatment groups

Deoxyribonucleotides*

TTP dCTP dATP dGTP
1. Control 38 + 14 86 = 15 41 * 17 35+ 11
2. PALA (50 pM) 35+ 12 83 £ 10 3613 42+ 12
3. PALA (50 pM)/cytidine (5 pM) 3210 102 = 134 35 % 14 45+ 10
4. PALA (50 pM)/cytidine 40 = 11 85 * 14 38+ 12 39+ 14

(5 wM)/uridine (100 pM)

*Deoxyribonucleotide levels in cells treated for 24 h by groups. Values are mean = S.E.M. of three experiments,

in picomoles/107 cells.

tSignificantly different from control values, P < (.05, paired ¢ test.

Table 4. The effects of uridine and dipyridamole on radioactive
cytidine uptake into 2008 cells

Percentage of control*
(Mean * S.E.M.)

Treatment (n = 4) 10 min 30 min
Control 100 100

10 uM uridine 65+ 7 706
100 uM uridine 15*+8 18 £5
1000 pM uridine 95 127
I uM dipyridamole 104 126

*Radioactivity (cpm/10° cells) was normalized to a percentage
of control values at the respective time points. The control
radioactivity uptake rate was calculated to be 1180 % 210 cpm/
million cells/min. Using a specific activity quoted by the supplier
(30 Ci/mmole) and assuming a counting efficiency of 50% for
tritium, the cytidine uptake rate is calculated to be 3 picomoles/
million cells/min in the 2008 cells.

As shown in Table 4, 100 uM uridine inhibited
radioactive cytidine uptake completely in the 2008
cells. Dipyridamole was included in our experiments
to serve as a positive control because it is a potent
and non-specific inhibitor of nucleoside uptake.
Under the same conditions, cytidine uptake into
CHO cells was less than 50% of the rate measured
in 2008 cells.

BJC 25:4-J

The transport data from the oil-stop experiments
during the first 60 s of radioactive cytidine exposure
essentially paralleled the data from the uptake
experiments of longer durations. The baseline trans-
port rate was 3.23 * 0.48 pmoles/min/10° 2008
cells (» = 5), and uridine inhibited the transport
in a concentration-dependent manner so that the
transport rate of cytidine in the presence of 100 M
uridine was 0.28 * 0.06 pmoles/min/10® cells
(n = 5). The baseline cytidine transport rate for the
CHO cells was 1.26 £ 0.54. These data confirm
that uridine affects cytidine influx at the membrane
transporter level and probably not at the subsequent
metabolic conversions.

DISCUSSION

PALA is a specific and potent inhibitor of de novo
pyrimidine synthesis and it has been shown to
inhibit the growth of mammalian cells in culture
[11-13]. The in vitro cytotoxicity of this drug, how-
ever, did not translate into meaningful clinical anti-
tumor activity [14, 13]. We and others have
reported that tumor cells can salvage uridine from
their environment to circumvent the blockage of de
novo pyrimidine synthesis by PALA [2, 6]. Data are
presented here to support a novel observation that
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cytidine, a non-cytotoxic nucleoside, can enhance
the in vitro activity of PALA in several human tumor
cell lines, although the degree of augmentation
varied from one tumor type to another. CHO cells
were the only phenotype resistant to cytidine aug-
mentation within the concentrations of drugs tested.
While these cells may not be ‘normal’, they nonethe-
less served the role of being a non-malignant cell
type in our assays. Their resistance to PALA plus
cytidine may be related to their reduced cytidine
uptake since this drug combination failed to increase
the depressed CTP pool toward control levels in
these cells. There is evidence in the literature sug-
gesting that non-malignant cells tend to have lower
salvage activity when compared to tumor cells [16].

Although the cytotoxicity of PALA plus cytidine
led us to expect profound disruptions in the NTP
pools, the only significant difference between the
PALA treated and the PALA plus cytidine treated
cells was the elevation of the CTP pool to control
levels while the UTP pool remained depressed
(Table 2). This observation is surprising since one
expects that the cytidine/deoxycytidine deaminases
in the cells would convert cytidine into uridine and
replenish the UTP pool. There is some evidence
that only low levels of this enzyme activity are
present in solid tumor cells [17], however, and we
are currently measuring deaminase activities in
viable 2008 cells in the absence and presence of
PALA. Although the PALA plus cytidine treated
cells also had elevated GTP pools when compared
to control cells, the difference in GTP pools between
the PALA treated cells and the PALA plus cytidine
treated cells was not statistically significant. It has
been reported that 3-5-fold elevations in the GTP
pool were associated with inhibition of proliferation
in lymphoid cells [18]. The ratio of one NTP to
another seems to be critical for cell proliferation,
since PALA alone induced drastic drops in the UTP
and CTP levels (without disrupting their ratio) and
was associated with only mild cytotoxicity. A slight
elevation of the dCTP pool was the only notable
difference in the dNTP pools of the PALA/cytidine

treated cells compared to those treated with PALA
alone. Therefore our data also suggest ribonucleo-
tide metabolism as a cellular target/effector for
PALA/cytidine cytotoxicity. It has been proposed
that ‘unbalanced growth’ resulting from the specific
blockade of one of the cellular intermediary meta-
bolic pathways without affecting others can result
in cell death [19-22]. Our data are supportive of
this phenomenon being responsible for the PALA
plus cytidine toxicity.

Uridine reversed the PALA/cytidine cytotoxicity
and normalized the cellular NTP pools, especially
their relative ratios (Table 2). Taken together with
the observation that uridine also inhibited radioac-
tive cytidine transport into 2008 cells, our results
suggest that uridine may be simply competing with
cytidine for the membrane nucleoside transporter,
thereby excluding cytidine from the cell. Jarvis et
al. [23] and Plagemann and Wohlheuter [24] have
reported that cytidine has a 10-fold lower affinity
for the transporter than uridine, which may explain
the ability of uridine to exclude cytidine from the
cells so readily.

If preclinical trials confirm the tumoricidal
activity of PALA in combination with cytidine in
animal tumor models, new therapeutic regimens
such as localized infusion of cytidine or co-adminis-
tering a cytidine deaminase inhibitor (tetrahydro-
uridine) to elevate cytidine levels [25] during PALA
therapy may improve tumor response rates. The
use of non-cytotoxic nucleosides to augment the
activity of other antimetabolites can open up new
areas of research in cancer pharmacology. There are
preliminary data showing that cytidine (100 wM)
is synergistic with pyrazofurin in killing human
lymphoma cells [26]. The utility of this type of
cytotoxicity modulation awaits confirmation from
preclinical screening in animal tumor models.

Acknowledgements—The authors would like to thank Dr Gerry
Boss for helpful discussions of some of the data reported here.
The excellent secretarial assistance of Ann Ross and Rebecca
Pham in the preparation of this manuscript is also gratefully
acknowledged.

REFERENCES
1. Chan TCK, Young B, King ME, Taetle R, Howell SB. Modulation of the activity of N-
(phosphonacetyl)-L-aspartate by dipyridamole. Cancer Treat Rep 1985, 69, 425-430.
2. Chan TCK, Howell SB. Mechanism of synergy between N-phosphonacetyl-L-aspartate
and dipyridamole in a human ovarian carcinoma cell line. Cancer Res 1985, 45, 3598-3604.
3. Nelson JA, Drake S. Potentiation of methotrexate toxicity by dipyridamole. Cancer Res

1984, 44, 2493-2496.

4. Zhen YS, Lui MS, Weber G. Effects of dipyridamole on hepatoma 3924A cells. Cancer Res

1983, 43, 1616-1619.

5. Fischer PH, Pamukcu R, Bittner G, Willson JKV. Enhancement of the sensitivity of human
colon cancer cells to growth inhibition by acivicin achieved through inhibition nucleic acid
precursor salvage by dipyridamole. Cancer Res 1984, 44, 3355-3359.

6. Johnson RK. Reversal of toxicity and antitumor activity of N-(phosphonacetyl)-L-aspartate
by uridine or carbamyl-p,L-aspartate in vivo. Biochem Pharmacol 1977, 26, 81-84.

7. Chan TCK, Howell SB. Cytidine potentiates PALA activity in human ovarian carcinoma

cells. Fed Proc 1985, 44, 1143.



10.

1.

17.

18.

19.

20.

21

22.

23

24.
25.

26.

PALA Cytidine Synergy

. Wung WE, Howell SB. Simultaneous liquid chromatography of 5-fluorouracil, uridine,

hypoxanthine, xanthine, uric acid, allopurinol and oxypurinol in plasma. Clin Chem 1980,
26, 1704-1708.

. Aronow B, Ullman B. Role of nucleoside transport function in the transport and salvage of

purine nucleobases. J Biol Chem 1986, 261, 2014-2019.

Garrett C, Santi DV. A rapid and sensitive high pressure liquid chromatography assay for
deoxyribonucleoside triphosphate in cell extracts. Anal Biochem 1979, 99, 268-273.
Swyryd EA, Seaver SS, Stark GR. N-(Phosphonacetyl)-L-aspartate, a potent transition
state analog inhibitor of aspartate transcarbamylase, blocks proliferation of mammalian
cells in culture. J Biol Chem 1974, 249, 6945-6950.

. Moyer JD, Smith PA, Levy EJ, Handschumacher RE. Kinetics of N-(phosphonacetyl)-L-

aspartate and pyrazofurin depletion of pyrimidine ribonucleotide and deoxyribonucleotide
pools and their relationship to nucleic acid synthesis in intact and permeabilized cells.
Cancer Res 1982, 42, 4525-4531.

. Tsuboi KK, Edmunds HN, Kwong LK. Selective inhibition of pyrimidine biosynthesis
and effects on proliferative growth of colonic cancer cells. Cancer Res 1977, 37, 3080-3087.

. Erlichman C, Strong JM, Wiernik PH ¢t al. Phase 1 trial of N-(phosphonacetyl)-L-aspartate.
Cancer Res 1979, 39, 3992-3995.

. Kovach J8, Schutt AJ, Moertel CG, O’Connell M]J. Phase 1 study of N-(phosphonacetyl)-
L-aspartic acid. Cancer Treat Rep 1979, 63, 1909-1912.

. Jackson RC, Harkrader R]. The contribution of de novo and salvage pathways of nucleotide

biosynthesis in normal and malignant cells. In: Tattersall MHN, Fox RN, eds. Nucleosides

and Cancer Treatment. New York, Academic Press, 1981, 18-31.

Cheng Y, Capizzi RL. Enzymology of cytosine arabinoside. Med Ped Oncol 1982, Supp. 1,

27-31.

Sidi Y, Hudson JL, Mitchell BS. Effects of guanine ribonucleotide accumulation on the

metabolism and cell cycle of human lymphoid cells. Cancer Res 1985, 45, 4940-4945.

Cohen LS, Studzinski GP. Correlation between cell enlargement and nucleic acid and

protein content of HeLa cells in unbalanced growth produced by inhibitors of DNA

synthesis. J Cell Physiol 1967, 69, 331-340.

Kim JH, Perez AG, Djordjevic B. Studies on unbalanced growth in synchronized Hel.a

cells. Cancer Res 1968, 28, 2443-2447.

Ross DW. Cell volume growth after cell cycle block with chemotherapeutic agents. Cell

Tissue Kinet 1976, 9, 379-387.

Piper AA, Milthorpe BK, Tattersall MHN, Fox RM. Flow microfluorometric analysis of

fluorouracil-induced cytotoxicity in cultured human lymphocytes: differentiation of RNA

and DNA dependent cytotoxic effects. In: Tattersall MHN, Fox RN, eds. Nucleosides and

Cancer Treatment. New York, Academic Press, 1981, 266-286.

. Jarvis SM, McBride D, Young JD. Erythrocyte nucleoside transport: asymmetrical binding

of nitrobenzylthioinosine to nucleoside permeation sites. J Physiol 1982, 324, 31-49.

Plagemann PGW, Wohlheuter RM. Permeation of nucleosides, nucleic acid bases and

nucleotides in animal cells. Curr Top Membr Transp 1980, 14, 225-230.

Wolfenden R, Wentworth DF. On the interaction of 3,4,5,6-tetrahydrouridine with human

liver cytidine deaminase. Biochemistry 1975, 14, 5099-5105.

Perignon JL, Thuillier L, Hamet M, Houllier AM, Cartier PH. Synergistic toxicity of

pyrazofurin and cytidine in cytidine deaminase deficient lymphoid cells. Int | Immunopharma-

col 1986, 8, 427-431.

727



