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Summary. Parameters for inhibition of thymidylate synthe-
tase were studied after sequential methotrexate/5-fluoro-
uracil (5-FU) administration in a dimethylhydrazine
(DMH)-induced transplantable rat colon carcinoma. Tu-
mor-bearing rats were treated with methotrexate (MTX)
40 mg/kg IP Bolus 5-FU, 100 mg/kg IP, was injected after
24 h. Micromethods for assay of 5-fluoro-2’-deoxyuridy-
late (FAUMP) and thymidylate synthetase (TS) were used
to study the in vivo intracellular pharmacokinetics of
5-FU.

Formation of FAUMP was equally rapid in tumors re-
gardless of MTX pretreatment, with peak values found at
30 min. Although MTX pretreatment did not increase
peak FAUMP levels, it appeared to result in increased per-
sistence of FAUMP, well in excess of available TS-binding
sites, at 24 and 48 h. The combination therapy was less ef-
fective in terms of TS inhibition over the first 8 h after
5-FU administration, but may have been associated with
improved TS inhibition at later time points.

Total levels of TS (TS, steadily increased from a pre-
5-FU treatment level of 18.8 pmol to more than 40 pmol/g
at 24 h. MTX per se had no apparent effect on baseline
TS, levels or on the 5-FU-mediated increases in TS,

We conclude that MTX and 5-FU were antagonistic in
terms of TS inhibition over the first 8 h after 5-FU in this
DMH-induced rat colon carcinoma, but were possibly
synergistic in increasing persistent levels of FAUMP and
TS inhibition at later time points. The observation that
5-FU treatment can result in progressive increases in TS le-
vels in some tumors suggests that this may be an important
mechanism of 5-FU resistance.

Introduction

MTX and 5-FU are well-studied antimetabolites that have
been used in cancer treatment for more than 20 years. An
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important cytostatic effect of 5-FU is mediated through
formation of the metabolite, 5-fluoro-2’-deoxyuridylate
(FAUMP), which together with methylenetetrahydrofolic
acid (CH,FH,) binds to thymidylate synthetase (TS) and
forms a stable ternary complex, resulting in significant en-
zyme inhibition [2, 12, 19, 23, 29]. Formation of 5-fluoro-
2-uridinetriphosphate (FUTP) results in incorporation of
the drug into RNA, and many studies have suggested the
importance of incorporation of 5-FU into RNA or DNA
as correlates of cytotoxicity [9}. 5-FU incorporation into
RNA leads to inhibition of ribosomal maturation and al-
teration in post transcriptional modification of transfer
RNA [11, 18]. There is a relationship between 5-FU dose
and its incorporation into RNA, suggesting that this cyto-
toxic mechanism may predominate at high dose levels [14,
16]. This is in good agreement with the findings of Martin
and Caricco, who have shown that thymidine, which
should decrease toxicity by bypassing the block of thymi-
dylate synthesis, leads to enhanced toxicity on co-adminis-
tration, presumably by way of a decrease in TS activity
with subsequent augmentation of the incorporation of
5-FU into RNA [8, 20}.

The similar incorporation of 5-FU into DNA as the de-
oxyribonucleotide triphosphate (FAUTP) is perhaps less
likely to occur, since FAUTP is rapidly hydrolyzed to
FAUMP by dUTPase [22]. However, it has been proposed
that FAUTP competes with dTTP and dUTP for incorpo-
ration into newly synthesized DNA; both erroneous bases,
5-FU and uracil, are excised by a glycosylase repair system
[13, 34]. The repair system may be overwhelmed, resulting
in significant levels of F-DNA and DNA strand breakage
which can also result from incorporation of massive levels
of dUTP [17].

Recent preclinical and clinical studies [1, 26] have sug-
gested a therapeutic advantage for use of MTX and for
high-dose MTX-folinic acid rescue in combination with
5-FU, based on the biochemical rationale that MTX pre-
treatment leads to increased levels of phosphoribosyl
pyrophosphate (PRPP) by blockade of the purine anab-
olism and thus greater activation of 5-FU to nucleotides
[71 MTX is a folate analogue, which blocks the enzyme di-
hydrofolate reductase and thereby prevents regeneration
of tetrahydrofolic acid from dihydrofolic acid. Thus, 5-FU
and MTX may act at the same locus, preventing formation
of thymidylate required for DNA formation and repair.
There may be several interactions between 5-FU and
MTX, some of which may be antagonistic. MTX-mediated
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depletion of tetrahydrofolic acid could result in less effec-
tive TS inhibition by FAUMP binding in the ternary com-
plex [4]. MTX forms pteroyl polyglutamates, which might
replace CH,FH, in the ternary complex and enhance
FdUMP binding to TS [4]. MTX in vitro may increase TS
activity, perhaps as a result of S-phase blockade, which
could render blockade of thymidylate production more
difficult [5]. Since TS activity is the only site of tetrahy-
drofolate oxidation in cells [12], 5-FU-mediated inhibition
of TS should cause an elevation in FH, levels that could be
antagonistic to MTX effects. 5-FU reduces the use of tetra-
hydrofolates and thus the production of dihydrofolates [7].
It has also been demonstrated that the sequence-depend-
ent synergy observed in vitro between MTX and 5-FU is
reduced in the presence of physiologic levels of purines
[25].

Two randomized clinical trials have been conducted,
by Browman et al [6] and by Coates et al. [10], to compare
sequential MTX/5-FU and 5-FU/MTX and simultaneous
administration. In both studies patients with squamous cell
carcinoma of the head and neck were treated, and in the
study of Coates et al. [10] some patients with gastrointesti-
nal malignancies were also evaluated. In both studies oral
leucovorin rescue was given. Browman et al. [6] failed to
show any advantage of sequential administration of
MTX/5-FU over simultaneous administration of the
drugs, and in fact, the trend in their study favored simul-
taneous therapy. Nor could Coates et al. [10] show a statis-
tically significant difference between MTX/5-FU and
S-FU/MTX, although there was a trend to higher tumor
response rates in patients treated with MTX before 5-FU.
However, as the authors themselves point out, this could
be due to the short time interval (1 h) between MTX and
5-FU administration. Thus, the right schedule concerning
dose and time may be crucial for otpimum cell kill with
minimum host toxicity.

Methods have recently been developed by Spears et al.
for determination of FAUMP and TS inhibition in vivo
with capabilities for detection of less than 0.05 pmol of
FAUMP and 0.005 pmol of TS [21, 31]. Application of
these methods to the study of murine tumors [30, 31] and
to evaluation of several human tissues [32] has suggested
the importance of TS inhibition as a cytotoxic mechanism
of 5-FU. The present study was designed to investigate the
effects of MTX on TS inhibition by 5-FU by these meth-
ods.

Materials and methods

Reagents. Lactobacillus casei TS was purchased from the
New England Enzyme Center, Boston, Mass, Ch,FH, was
freshly prepared for each experiment by addition of
4.0 umol dl-L-tetrahydropteroylmonoglutamate (Sigma) to
50 ul 1 M ascorbate (pH 6.5), 2.5 pl 37% formaldehyde (w/
v), and 1.95 ml of a buffer consisting of 50 m M potassium
phosphate (pH 7.2), 20 m M 2-B-mercaptoethanol, and 2%
(w/v) bovine serum albumin [21]. Methotrexate was ob-
tained from Cyanamid Nordiska AB, Stockholm, Sweden,
5-FU was purchased from Roche AB, Stockholm, Sweden,
and FAUMP was purchased from Sigma. 6°H]JFdUMP
(18 Ci/mmol) was obtained from Moravek Biochemicals,
Brea, Calif. A stock solution of charcoal was prepared by
adding BSA and T-70 Dextran (Pharmacia) to 10% of neu-
tral charcoal (Sigma) as previously described [21]. This was
diluted to 1:3 in 0.2 M HCI before use. All other chemicals

used were of analytical grade and commercially available.
FAUMP dilutions were made in 10 m M phosphate and TS
dilutions were made in the buffer used for tissue homoge-
nization (see below).

Experimental animals and tumor model. Male and female
Wistar rats were used at 15-20 weeks of age (weight
100-180 g). They were maintained on chow and water ad
libitum.

The tumor was a dimethylhydrazine (DMH)-induced
colon carcinoma obtained from the Wallenberg Laborato-
ry, Lund, Sweden, and showed intermediate grades of dif-
ferentiation. It was passaged in the host of origin by SC
transplantation. For our studies 1 ml medium (Parker 199)
containing 1.0 x 10% cells was injected SC in the lumbar re-
gion. The experiments were performed at 2 weeks when
the tumors reached 1-2 g in size. The rats received injec-
tions of MTX 40 mg/kg IP. At 24 h after MTX the rats
were treated with 5-FU IP, 100 mg/kg. At each time point
from 15 min to 48 h after 5-FU, three rats were sacrificed
by cervical dislocation. The tumors were excised and im-
mediately stored in liquid N, until assay. The same experi-
ments were repeated without MTX pretreatment.

To study tumor heterogeneity, tumors were allowed to
grow to 5 g in size. From each tumor four biopsies, each
weighing 300 mg, were taken at 1 h after 5-FU, 100 mg/kg;
three from the periphery and one from the grossly necrotic
central regions of the tumors.

Preparations of homogenates. Tumors were thawed at 4 °C
and placed in a four fold excess of a 0.2 M Tris-HCI buffer
(pH 7.4) containing 20 m M 2-3 mercaptoethanol, 15 ml cy-
tidylate, and 100 mM NaF, disrupted by use of homoge-
nizer and sonicated 3 x 20 s (100 W). Aliquots were taken
for nucleotide extraction, and the rest of the crude soni-
cates were centrifuged (10000 g for 10 min) and stored at
—80 °C until enzyme assay.

Nucleotide extraction was done according to Nazar et al.
[24]: 300-500 pl of the crude sonicate was placed in a ten-
fold excess of 1 M acetic acid, freeze-thawed three times,
and centrifuged. The supernatant was collected and the
procedure was then repeated twice on the pellet. The three
supernatants were pooled and lyophilized to dryness.

dUMP/FdUMP separation on DEAE-cellulose columns
was done as previously described [28].

Biochemical assays

FdUMP, and TS as free [PH]-FdUMP-titrable binding sites
(TS,) or as endogenous ternary complex-bound enzyme
(TS,) were measured by the methods developed by Moran
et al. [21] and Spears et al [31].

TS assay. TS; was measured by adding 50 ul cytosol to
6 pmol 6[*H]-FAUMP and 50 nmol CH,FH, in a total vol-
ume of 175 ul. After 20 min at 30 °C, 1.0 ml 3% ice-cold
charcoal was added. The tubes were centrifuged at 4000 g
for 20 min and 600 pl of the supernatant was removed for
scintillation counting. Corrections were made for ex-
change labeling of cytosolic TS, enzyme with
PH]-FAUMP. TS, was determined after dissociation of
the ternary complex at pH 8 for 2 h [12, 31] followed by
addition of CH,FH, and excess ["HJFAUMP as in the TS;
assay [31, 32].



Because of the very high levels of FAUMP found in
these studies, treatment of cytosols prior to assay with an
equal volume of ice-cold 10% neutral charcoal was done,
followed by centrifugation at 4000 g for 20 min to remove
nucleotides.

FAUMP assay. After separation from dUMP on DEAE-
cellulose the FAUMP fraction was lyophilized to dryness
and dissolved in 5 mM potassium phosphate. Then 25 ul
of the solution was added to 0.3 pmol [*H]-FAUMP,
0.15 pmol TS, and 50 nmol CH,FH, in a total volume of
125 ul. After 2 h incubation at 30 °C ice-cold charcoal was
added and ternary complex-bound [PH]-FAUMP was iso-
lated in the supernatant after centrifugation at 4000 g for
20 min. Since unlabeled FAUMP causes isotope dilution in
the ternary complex, FAQUMP levels were calculated using
a standard curve made with known amounts of FdUMP
[21).

Results

Treatment of the cytosols with 10% neutral charcoal before
TS assay was found to be useful for removal of cytosolic
FAdUMP present in large quantities during the first 2 h af-
ter 5-FU administration, which resulted in very significant
isotope dilution without this purification step. As shown in
Fig. 1, the charcoal treatment of the cytosols nearly dou-
bled the TS, values for the first 2 h after 5-FU, even after
correction of the results of non-charcoal-treated cytosols
for isotope dilution effects of non-radiolabeled FAUMP.
The effect on TS;, however, was not detectable during this
time period, because of the extremely low levels of TS;.

Heterogeneity

The results of the heterogeneity experiments are outlined
in Table 1. The coefficient of variation (SD/mean x 100)
of TS, levels was less than 10% in each tumor, while the
scatter between different tumors was 30%. The scatter of
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Fig. 1. TS, values with (W) and without (O) pretreatment of the
cytosol with an equal volume of 10% neutral charcoal
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Table 1. The coefficient of variation® in parameters of TS inhi-
bition in SC-transplanted DMH-induced colon carcinoma 1 h af-
ter IP administration of 5-FU, 100 mg/kg to Wistar rats

TS0t TS inhibition FAUMP
(%)
Intratumoral scatter 8.8 £ 1.9 2.29 + 2.36 117 £ 40
Intertumoral scatter 30 4 125

@ (Standard deviation <~ mean) x 100

the percentage of TS inhibition was less than 5% in each
tumor and 4% between different tumors. FAUMP values,
showed a scatter of 47%—-160% (117%=40%) in each tu-
mor, and the scatter between different tumors was 125%.
Hence, in large tumors with macroscopic evidence of nec-
rosis there was a striking lack of scatter in the TS parame-
ters, but scatter of the FAUMP values was pronounced.
FAUMP values appeared to be lower in the central necro-
sis, 743 =653 vs 1477 = 1845 in the periphery, but this dif-
ference was not statistically significant.

FAdUMP kinetics

The in vivo intratumoral pharmacokinetics of FAUMP for-
mation and its loss are shown in Fig. 2. The results at each
time point represent the average (+SD) values of tumors
of three rats. Peak levels of FAUMP were found at 30 min
after 5-FU administration and approached 5000 pmol/g in
rats treated with 5-FU alone. Peak levels in tumors of the
MTX-pretreated animals were slightly, but not statistically
significantly, lower than in tumor exposed only to 5-FU.
The time course over the first 8 h appeared to be un-
changed as a result of MTX pretreatment. However, in
contrast to the relatively low persistent levels of FAUMP
after 5-FU alone, MTX pretreatment resulted in substan-
tial FAUMP levels at 8 and 24 h, and relatively high levels
(281 +24 pmol/g) were still found 48 h after 5-FU admin-
istration (Fig. 2). Hence, MTX pretreatment resulted in
persistence of relatively high levels of FAUMP throughout
the observation time of 48 h after bolus 5-FU.

6000
5000
4000

3000

2000

FAUMP (pmol /g)

1000

o 0.25 05 1 2 4 8 16 32 64
Hours after 5-FU

Fig. 2. Intracellular concentration of FAdUMP in rat colon adeno-
carcinoma as a function of time after bolus 5-FU, 100 mg x kg~
with (A) and without (O) IP injection of MTX, 40 mg/kg, 24 h
before 5-FU administration
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Fig. 3. In vivo kinetics of TS, in transplantable rat coloncarcino-
mas following 100 mg 5-FU kg~ with (A), and without (O) MTX
pretreatment
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Fig. 4. TS, as a function of time after bolus 5-FU 100 mg/kg with

(A) and without (O) IP injection of MTX, 40 mg/kg, 24 h before
5-FU administration

Kinetics of TS inhibition

The inhibition of TS and its recovery are shown in Figs. 3
and 4. Bolus 5-FU, 100 mg/kg, alone resulted in rapid de-
crease of TS; levels, with less than 1 pmol/g at 30 min. At
6 h TS inhibition was still nearly complete. In contrast, TS;
activity in tumors pretreated with MTX, 40 mg/kg, 24 h
before 5-FU, was not completely abolished in any animal,
and the recovery of TS activity appeared to be more rapid,

resulting in TS; levels above 3 pmol/g at 2 h (Fig. 3). At
48 h in the tumors not exposed to MTX, TS; levels ap-
proached pretreatment levels in spite of a continued inhi-
bition of TS by more than 30%. This was explained by an
increase in TS, levels (Fig. 4). The effect of MTX at 48 h
appeared 1o be a slightly greater percentage inhibition of
TS than was achieved by 5-FU alone, concomitant with
continued high levels of FAUMP at this time. Pretreatment
value of TS,,, averaged 18.8 +7.9 pmol/g if no drugs were
given and 20.4£3.0 pmol/g in tumors treated with MTX.
After 24 h the level of TS, had increased to more than
40 pmol/g (P<0.05) independently of MTX pretreatment.
Hence, altogether MTX pretreatment resulted in persis-
tence of significant FAUMP levels throughout the 48-h ob-
servation time. This appeared to prolong inhibition of TS,
although this finding is uncertain since the pharmacokinet-
ics were followed for only 48 h. However, the TS inhibi-
tion was less efficient in the first 8 h after bolus 5-FU, as a
result of MTX pretreatment.

Discussion

To investigate the metabolic effects of heterogeneity, pa-
rameters of TS inhibition were initially estimated in rela-
tively large tumors with macroscopic signs of necrosis,
which resembles the clinical situation. TS values showed a
remarkable lack of heterogeneity, and the variation be-
tween different tumors was also modest. FAUMP values,
however varied significantly in different biopsies from the
same tumor, and there was also a wide variation between
different tumors. To at least partially circumvent this prob-
lem, the tumors were studied at 2 g in size, and the whole
tumor was excised and processed.

The sequence of 5-FU followed by MTX has been re-
ported to be antagonistic in cytotoxicity against both nor-
mal cells and tumor, but the reversed sequence is usually
additive both in antitumor effect and in toxicity [7]. In this
study MTX pretreatment appeared to change the phar-
macokinetics of 5-FU in terms of at least doubling the pe-
riod time of persistence of FAUMP at levels well above
available binding sites on TS. At 48 h, the last time point
observed, this was associated with a greater percentage in-
hibition of TS than was found in tumors treated only with
5-FU. The explanation to this could be increased incorpo-
ration of FUTP into RNA, since RNA does turn over and
may thus act as slow-release deposit for FAUMP over a pe-
riod of time [16].

As reported by Cadman et al., MTX blocks purine syn-
thesis, and the PRPP not utilized then becomes available
for the conversion of 5-FU to FUMP via the action of
phosphoribosyltransferase [7]. This could result in in-
creased incorporation of FUTP into RNA, as well as in-
creased FAUMP levels, and the authors observed a five-
fold increase in FAUMP formation after MTX exposure.
Such an increase in FAUMP peak levels could not be de-
monstrated in this DMH-induced colon carcinoma.

It seems possible that in some instances, where PRPP
pools are ratelimiting for FUMP formation, that one effect
of MTX pretreatment would be a prolonged, but modest
increase in PRPP pools, which could be responsible for
our observations. The toxicity-sparing effects of allopuri-
nol on the clinical tolerance of 5-FU, which are probably
mediated by decreases in PRPP pools [15], are more pro-
nounced with continuous infusion administration of 5-FU



than with bolus delivery, and would be compatible with
this concept.

Hence, it is possible, as we and others have suggested
[16, 33], that the effect of 5-FU incorporaiton into RNA is
not only a disruption of RNA function, but also a prolon-
gation of FAUMP-mediated blockade of TS.

In this study statistically significant prolonged TS inhi-
bition was not clearly demonstrated. However, even if a
significant percentage of TS was inhibited there was still
enough TS; to permit adequate rates of thymidylate forma-
tion, and as we have reported earlier, it appears that al-
most complete ablation of TS activity is required for 5-FU
response [31, 32].

At time points up to 8 h, TS inhibition was actually po-
orer after MTX pretreatment. This could be a result of de-
pletion of cofactors, since MTX blocks dihydrofolate re-
ductase. While MTX can substitute for the N>? methylene
tetrahydrofolic acid it does not permit the same high-affin-
ity binding [4, 12}. Thus, MTX would antagonize the for-
mation of CH,FH,-FAUMP-TS ternary complex. Bonny et
al. have reported that MTX treatment leads to increased
TS levels in rat liver and human lymphoblasts [5]. This
could lead to 5-FU resistance, as suggested by several re-
ports of increased TS activity accompanying acquired re-
sistance to 5-FU [3, 27). Spears et al. reported progressive
increases in TS, levels after bolus 5-FU in all of three mu-
rine colon adenocarcinomas investigated [30] that were
5-FU resistant. In our DMH-induced colon carcinoma we
found a two- to threefold increase in TS, levels 48 h after
bolus 5-FU independently of MTX pretreatment (Fig. 4),
which occurred in a linear fashion over the observation pe-
riod. This finding may equally be explained either by a
synchronization of the cells into S-phase, or by new syn-
thesis of the enzyme induced by TS inhibition.

The recently developed ultrasensitive assays for intra-
cellular in vivo pharmacokinetics of FAUMP and TS pro-
vide a useful means of studying the effects of modulation
of 5-FU biochemical effects with agents such as MTX. The
present study demonstrates that MTX alters the pharmaco-
kinetics of 5-FU in this tumor, resulting in persistence of
FAUMP for at least twice as long as after bolus 5-FU
alone. The cytotoxic effect of this remains obscure, since
free TS enzyme can be present in spite of FAUMP levels in
excess of binding sites. Further studies are needed to see
whether the addition of different cofactors, e.g., leukovor-
in, to the schedule can abolish TS activity for a longer pe-
riod.

References

1. Allegra CJ (1983) Methotrexate and fluorouracil following
tamoxifen and premarin in advanced breast cancer. Semin
Oncol 10 (2) [Suppl 2]

2. Ardalan B, Buscaglia MD, Schein PS (1978) Tumour
5-fluorodeoxyuridylate concentration as a determinant of
5-fluorouracil response. Biochem Pharmacol 27: 1

3. Baskin F, Carrlin SC, Krau P, Friedkin M, Rosenberg RN
(1975) Experimental chemotherapy of neuroblastoma. II. In-
creased thymidylate synthetase activity in a 5-fluoro-deoxy-
uridine-resistant variant of mouse mneuroblastoma. Mol
Pharmacol 11: 105

4. Bertino JR, Mini E, Fernandes DJ (1983) Sequential metho-
trexate and S-fluorouracil: Mechanisms of synergy. Semin
Oncol 10 (2) [Suppt 2]

10.

11.

12.

14.

15.

16.

17.

20.

21.

22.

23.

24,

25.

241

. Bonney RJ, Maley F (1978) Effect of methotrexate on thymi-

dylate synthetase in cultured parenchymal cells isolated from
regenerating rat liver. Cancer Res 35: 1950

. Browman GP, Archibald SD, Young JEM, Hryniuk WM,

Russel R, Kiehl K, Levine MN (1983) Prospective random-
ized trial of one-hour sequential versus simultaneous metho-
trexate plus 5-fluorouracil in advanced and recurrent squa-
mous cell head and neck cancer. J Clin Oncol 12: 787

. Cadman E, Heimer R, Davis L (1979) Enhanced 5-fluoroura-

cil nucleotide formation after methotrexate administration.
Explanation for drug synergism. Science 205: 1135

. Carrico CK, Glazer RJ (1979a) Augmentation by thymidine

of the incorporation and distribution of 5-fluorouracil in ribo-
somal RNA. Biochem Biophys Res Commun 87: 664

. Carrico CK, Glazer RJ (1979b) Effect of 5-fluorouracil on the

synthesis and translation of polyadenylic acid-containing
RNA from regenerating rat liver. Cancer Res 39: 3694
Coates AS, Tattersall MHN, Swanson C, Hedley D, Fox RM,
Raghavan D, et al (1984) Combination therapy with metho-
trexate and 5-fluorouracil: a prospective randomized clinical
trial of order of administration. J Clin Oncol 7: 756

Cory JG, Breland JC, Carter GC (1979) Effect of 5-fluoroura-
cil on RNA metabolism in Novikoff hepatoma cells. Cancer
Res 39: 4905

Danenberg PV, Lockshin A (1982) Thymidylate synthetase.
Substrate complex formation. Mol Cell Biochem 43: 49

. Danenberg PV, Heidelberger C, Mulkins M, Peterson AR

(1981) The incorporation of 5-fluoro-2’-deoxyuridine into
DNA of mammalian tumor cells. Biochem Biophys Res Com-
mun 102: 654

Evans RM, Laskin JP, Hakala MT (1980) Assessment of
growth-limiting events caused by 5-fluorouracil in mouse cells
and in human cells. Cancer Res 40: 4113

Houghton JA, Houghton PJ (1980) 5-Fluorouracil in combi-
nation with hypoxanthine and allopurinol: Toxicity and me-
tabolism in xenografts of human colonic carcinoma in mice.
Biochem Pharmacol 29: 2077

Houghton JA, Houghton PJ, Wooten RS (1979) Mechanism
of induction of gastrointestinal toxicity in the mouse by 5-flu-
orouracil, 5-fluorouridine, and 5-fluoro-2’-deoxyuridine.
Cancer Res 39: 2406

Ingraham HA, Tsen BY, Goulian M (1983) Nucleotide levels
and incorporation of 5-fluorouracil and uracil into DNA of
cells treates with 5-fluoroudeoxyuridine. Mol Pharmacol 21:
211

. Kufe DW, Major PP (1981) Fluorouracil incorporation into

human breast carcinoma RNA correlates with cytotoxicity. J
Biol Chem 256: 9802

. Langebach RJ, Danenberg PV, Heidelberger C (1972) Thy-

midylate synthetase: mechanism of inhibition by 35-fluoro-
2’-deoxyuridylate. Biochem Biophys Res Commun 48: 1565
Martin D, Stolfi R, Spiegelman S (1978) Striking augmenta-
tion of the in vivo anti-cancer activity of 5-fluorouracil (FU)
by combination with pyrimidine nucleotides; and RNA ef-
fect. Proc Am Assoc Cancer Res 19: 22

Moran RG, Spears CP, Heidelberger C (1979) Biochemical
determinants of tumor sensitivity to 5-fluorouracil: Ultrasen-
sitive methods for the determination of 5’-fluoro-2’-deoxy-
uridylate, 2’deoxyuridylate and thymidylate synthetase. Proc
Natl Acad Sci USA 76: 1456

Myers EC (1981) The pharmacology of the fluoropyrimidines.
Pharmacol Rev 33: 1

Myers CE, Young RC, Johns DG, Chabner BA (1974) Assay
of 5-fluorodeoxyuridine-5’-monophosphate and deoxyuri-
dine-5’-monophosphate pools following 5-fluorouracil. Can-
cer Res 34: 2682

Nazar RN, Lawford HG, Wong JTF (1979) An improved
procedure for extraction and analysis of cellular nucleotides.
Biochemistry 35: 305

Piper AA, Nott SE, Machinnon WB, et al (1983) Critical
modulation by thymidine and hypoxanthine of sequential



242

26.

27.

28.

29.

30.

3L

methotrexate-5-fluorouracil synergism in murine L1210 cells.
Cancer Res 43: 5701

Pittman SV, Cowall DC, Bertino RJ (1983) Methotrexate and
5-fluorouracil in sequence in squamos head and neck cancer.
Semin Oncol 10 (2) [Suppl 2]: 15

Priest DG, Ledford BE, Doig MT (1980) Increased thymi-
dylate synthetase in 5-fluoro-deoxyuridine resistant cultured
haepatoma cells. Biochem Pharmacol 29: 1549

Rustum Y, Schwartz H (1973) Methods for the separation and
identification of ribonucleotides on DEAE cellulose. Anal
Biochem 53: 411

Santi DV, McHenry CS (1972) 5’-fluoro-2’deoxyuridylate:
covalent complex with thymidylate synthetase. Proc Natl
Acad Sci USA 69: 1855

Spears CP (1984) Thymidylate synthetase inhibition in Peyton
adenocarcinoma xenografts following bolus 5-fluorouracil.
Excerpta Medica (in press)

Spears CP, Shahinian AH, Moran RG, Heidelberger C, Cor-

32.

33.

34.

bett TH (1982) In vivo kinetics of thymidylate synthetase inhi-
bition in 5-fluorouracil-sensitive and -resistant murin colon
adenocarcinomas. Cancer Res 42: 450

Spears CP, Gustavsson B, Spicer D, Mitchell MS, Berne M,
Danenberg PV (1983) Thymidylate synthetase inhibition in
malignant tumors and normal liver of patients given intrave-
nous 5-fluorouracil. Cancer Res 44: 4144

Spears CP, Shani J, Shahinian AH, Wolf W, Heidelberger C,
Danenberg PV (1985) Assay and time course of incorporation
of 5-fluorouracil into RNA of L1210/0 ascites cells in vivo,
Mol Pharmacol 27: 302

Tanaka M, Kimura K, Yoshida S (1983) Enhancement of the
incorporation of 5-fluorodeoxyuridylate into DNA of HL-60
cells by metabolic modulations. Cancer Res 43: 5145

Received January 17, 1985/Accepted September 19, 1985



