
E,VJ ca,,m ch omd, Vol. 25, No. 6, pp. 977-982, 1989. 
Printed in Great Britain 

0277-5379/89s3.00 + 0.00 
0 1989 Pergamon Press plc 

Sequence-dependent Enhancement of HCT-8 Cell 
Kill by Trimetrexate and Fluoropyrimidines: 
Implications for the Mechanism of this Interaction 

ALBERT0 SOBRERO,* ANTONELLA ROMANINI,t ORSOLINA RUSSELLO,t ANGELO NICOLIN,t 
RICCARDO ROSSO* and JOSEPH R. BERTINOS 

Departnznts of *Medical OIICO~OQY and tPharmacology, Istituta Nazionale per la Ricerca sul Cancro, Geneva, Itab and ~Developmental 
Therapy and Clinical Investigation Program, Medical Otuolo~, Memorial Sloan-Kettering Cancer Center, New York, NY 10021, 

U.S.A. 

Abstract-The new folate antagonist trimetrexate is an inhibitor of dihydrofolate reductase, but 
unlike methotrexate (MTX) it is notpolyglutamylated. We have compared the cell killing effects of 
MTX and trimetrexate/.S-jluorouracil (FUra) and 5_Juoro-2’-deoxyuridine (FdVrd) combinations 
on HCT-8 cells in vitro, in an attempt to explore indirectly the role ofpolyglutamylation of the 
antif in determining the known sequence-dependent synergism between MTX and FUra. The 
comparisons were made in a number of equitoxic concentrations and times of exposure. Trimetrexate 
given for 4, 24 or 48 h followed by FVra, for 4, 24 or 196 h, produced synergistic HTC-8 cell 
kill, whereas antagonism was observed when FUra preceded or was given simultaneously with 
trimetrexate. The degree of interaction was essentially identical to those obtained when MTX was 
combined with FUra. The interactionr between MTX/FdVrd and trimetrexate/FdUrd were also 
similar: synergistic cell kill resulted from the sequences trimctrexate or MTX followed by FdVrd, 
while additive effects were produced by tn’metrexate or MTX + FdUrd combinations or FdUrd 

followed by MTX or tn’metrexate. 
Because the same interactions observed with MTX/FC’ra or FdUrd combinations were 

also obtained when trimetrexate was combined with the jluoropyrimidines, it is unlikely that 
polyglutamylation of the antifls plays a sign$cant role in determining the different sequence- 
dependent effects of these antimetabolites. However, these studies do not rule out the possibility that 
increased levels of dihydrofolate polyglutamates increasefluoropyrimidine cytotoxicity. 

INTRODUCTION 
TRIMETREXATE is a new folate antagonist that unlike 
methotrexate (MTX) is not polyglutamylated and 
enters cells via a transport system different from 
that utilized by MTX and reduced folates [I]. 
Because of these properties trimetrexate is effective 
against MTX-resistant cells by virtue of impaired 
transport and low level increase in DHFR [2]. In 
the clinic this compound has produced encouraging 
results in phase II trials conducted on patients with 
head and neck, breast and non-small cell lung 
carcinomas [3-51 and it is now entering clinical 
trials in combination with other drugs. FUra could 
be a good candidate drug for combination studies 
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with trimetrexate: the fluoropyrimidine is in fact 
known to synergize with MTX in in vitro [6, 71 as 
well as in vivo [8] experimental tumor systems and 
some clinical studies [9-121 have encouraged 
further testing of this combination in breast, gastric 
colon and head and neck carcinomas. 

Given the analogous mechanism of action of 
MTX and trimetrexate and their different pharma- 
cological properties, we have compared the cell 
killing effects of MTX and trimetrexate/FUra com- 
binations on a colon carcinoma cell line in vitro with 
two objectives: 

(a) To investigate whether or not synergy occurs 
with the sequence trimetrexate + FUra and 
compare this to the sequence MTX + FUra. 
This comparison may provide information on 
the role of MTX polyglutamates in determin- 
ing, or contributing to the synergy. 

(b) To provide experimental support to the design 
of phase II and III studies employing trimi- 
trexate/FUracombinations. 
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Furthermore, additional insight on the mechanism 
of interaction between antifolates and fluoropyri- 
midines could be provided by the use of FdUrd 
instead of FUra. This nucleoside should theoret- 
ically kill the cells via inhibition of thymidylate 
synthase with no substantial incorporation of FUra 
nucleotides in RNA; if no conversion of FdUrd to 
FUra occurs, any interaction of the nucleoside with 
MTX or trimetrexate should be interpreted as 
the result of enhanced or reduced inhibition of 
thymidylate synthesis. 

MATERIALS AND METHODS 

Chemicals 
FUra and MTX were obtained from commercial 

sources and were the material available for clinical 
use. FdUrd was purchased from Sigma Chemical 
Co., St. Louis, MO; and trimetrexate was kindly 
supplied by Warner-Lambert/Parke Davis, Ann 
Arbor, MI. [14C]FdUrd (56 mCi/mmol) was pur- 
chased from Moravek Biochemicals, City of Indus- 
try, CA. 

Methods 
The colon adenocarcinoma line HCT8 [ 131 was 

grown as a monolayer culture in 25 cm* sterile 
plastic flasks (Costar, Cambridge, MA) in RPM1 
medium 1640 (Grand Island Biological Co., Grand 
Island, NY) supPlemented with 10% horse serum 
and subcultured weekly. Under these conditions, 
the doubling time was approximately 18 h, and the 
cloning efficiency in monolayer about 30%. 

Clonogenic assay 
A monolayer clonal growth technique was 

employed [ 141. Monocellular dispersion was 
obtained by passing the trypsinized cells (3 min 
incubation with 5% trypsin in 0.9% NaCl) through 
a 23 gauge needle. Five hundred to 1000 cells in 
5 ml of medium containing 10% horse serum were 
dispensed into sterile 60 mm Petri dishes (Costar) 
and incubated at 37°C and 100% humidity with 
5% CO*. Eighteen hours later, when the cells were 
attached to the bottom of the Petri dish but had not 
yet divided, 0.1 ml of an appropriate dilution of 
drug in H20 or 0.9% NaCl solution was added to 
each dish. Control dishes received the same volume 
of saline. After the designated incubation period, 
the medium was decanted, the dishes were washed 
twice with 5 ml of 0.9% NaCl solution, and 5 ml of 
fresh medium was replaced. In sequential treatment 
experiments, this procedure was repeated for all 
cultures after the exposure to the second drug. Ten 
days after the initial plating, colonies were stained 
with orcein and those colonies with > 100 cells were 
counted at 10X magnification using a dissecting 
microscope. Each experimental point was deter- 

mined in triplicate with four replicate controls: 
experiments were repeated at least twice. In most 
instances the different experiments were repeated 
2-4 times. Thereafter, when the optimal concen- 
trations of each agent were defined, a comprehen- 
sive cloning experiment (almost 200 dishes) was 
done, producing results similar to the preliminary 
series. This comprehensive experiment was selected 
for presentation. 

Thymidine phospho&ise 
Cytosol extract of HCT-8 cells was prepared from 

exponentially growing cells in 600 cm* tissue culture 
dishes (Nunc, Rockilde, Denmark). Cells were 
washed twice with 50 ml of ice cold 0.9% NaCl 
solution and collected by scraping the attached cells 
off the plate with a rubber blade into 2 ml of an ice 
cold solution of 50 mM Tris-HCI, pH 7.4, with 
4 nM NaF and 3 mM dithiothreitol. Cells were 
homogenized for 5 s (Tissumizer, Tekmar Co., Cin- 
cinnati, OH), and the extracts were frozen and 
thawed twice in dry ice and methanol; no intact 
cells could be seen by light microscopy after this 
procedure. The extract was then centrifuged at 
100,000 g for 60 min at 4”C, and the supernatant 
was used for enzyme assay. 

Thymidine phosphorylase was assayed in 100~~1 
reaction mixtures containing 50 mM Tris-HCl, 
pH 7.4. The reaction mixtures contained 2 mM 
inorganic phosphate, 50 p,M [14C]FdUrd and 25 
or 50 p.1 of cell extract. Reactions were initated by 
the addition of the cell extract and incubated at 
37°C; 5 ~1 were removed at each time point, applied 
to thin-layer chromatography plates (Merck; silica 
gel with 60 F254 fluorescent indicator) with unla- 
beled standards of FUra and FdUrd and immedi- 
ately dried at 80°C to stop the reaction. The plates 
were developed in a chloroform:methanol:acetic 
acid (17:3: 1) solvent. The standards were visualized 
by U.V. light, and radioactivity in each spot was 
measured in a Beckman liquid scintillation spec- 
trometer. The assays were performed at two enzyme 
concentrations so that rates were derived from less 
than 25% substrate conversion. The rate was linear 
for at least two time points ( 15 and 30 min). Activity 
is expressed as nmol of product formed per mg of 
protein per h. Protein concentration was estimated 
by the method of Bradford [ 151. 

Experimental design 
Times and sequences of exposure to trimetrexate 

MTX, FUra and FdUrd are shown in the figures. 
In general, the doses selected for drug combination 
experiments were chosen to give a cell kill between 
20 and 80%, so that synergy could be observed. 
The expected survival rates for the drug combi- 
nations were calculated by multiplying the observed 
survival value of each drug alone. When the 
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observed survival determined was lower than the 
expected survival, the two drugs were considered to 
synergize. When the observed survival was greater 
than expected, this was considered to be antagon- 
ism, and when the two values were similar, this was 
considered to be additive [ 161. This simple method 
of comparing expected and observed interactions 
was used because our goal was not to reiterate the 
occurrence of a well known synergism between 
MTX and FUra in HCT-8 cells, but rather to see 
whether or not two substantially different antifols 
behave similarly in their pharmacological interac- 
tions with fluoropyrimidines. 

RESULTS 

Thymidine phosphorylase activity in HCT-8 cells 
Since FdUrd may be rapidly degraded to FUra 

by thymidine phosphorylase, we measured the 
activity of this enzyme in exponentially growing 
HCT-8 cells. The data indicate a very low conver- 
sion of the nucleoside to FUra as a result of low 
activity of this enzyme in vitro (3.4 -+ 0.8 nmol/mg 
protein) as measured by thin-layer chromatog- 
raphy. 

Effects of trimetrexate, FUra and FdUrd on colony forma- 
tion of HCT-8 cells 

Cell kill as a function of concentration and time 
of exposure to FUra and FdUrd on HCT-8 cells has 
been published [ 171 and the current experiments 
confirm the strong time-dependent cytotoxicity of 
the fluoropyrimidines on this cell line (data not 
shown). Table 1 shows the comparison between the 
EDJO values observed with trimetrexate and those 
obtained with MTX after different periods of incu- 
bation. Trimetrexate is approximately two to six 
times more potent than MTX after short (4 h) 
and longer incubation times (24, 48 h, continuous 
exposure). In another paper [ 181 we describe the 
pharmacodynamics of this phenomenon: the influx 
of trimetrexate into HCT-8 cells is much faster 
than that of MTX, and the quinazoline achieves 
intracellular conentrations approximately 10 times 
higher than those of MTX. In addition, efIlux 
experiments have indicated longer intracellular 

retention of trimetrexate at concentrations well 
above the level of dihydrofolate reductase. 

Comparison between the interactions of MTX and trimetrex- 
ate withjluoropyrimidines 

The major goal of this work was to focus on the 
differences that might exist between trimetrexate 
and MTX in their interactions with the fluoro- 
pyrimidines FUra and FdUrd. Figures 1, 2 and 3 
show comparable results obtained with the com- 
binations trimetrexate/FUra-FdUrd and MTXI 
FUra-FdUrd. Since the degree of interaction 
between two drugs may be different at different 
levels of cell kill, we compared essentially equitoxic 
doses. It is remarkable how similar these interac- 
tions are, except for the sequence FdUrd + trime- 
trexate vs. FdUrd + MTX (Fig. 2), where minor 
differences were observed. Trimetrexate given 4 h 
before, after or simultaneously with FUra or FdUrd 
produced additive, synergistic and antagonistic 
effects identical to those observed when MTX was 
combined with the fluoropyrimidines (Figs. 1 and 
2). Figure 3 also indicates that this analogy between 
MTX and trimetrexate/fluoropyrimidines combi- 
nations is noted even in a longer incubation time 
(24 h). 

Synergistic drug combinations: trimetrexated FUra, trime- 
trexate + FdUrd 

Trimetrexate causes synergistic cell kill with 
FUra and FdUrd when given before the fluoro- 
pyrimidines. The degree of synergistic HCT-8 cell 
killing is similar for both sequences trimetrexate + 
FUra and trimetrexate + FdUrd, and the syner- 
gism occurred at every concentration and treatment 
schedule tested (Figs. l-3). Maximal synergy was 
observed at high level of cell kill in the sequence 
trimetrexate for 48 h followed by FUra or FdUrd 
for 5 days (Fig. 3). Under these conditions the 
observed survival of the drug combination was 
approximately five times lower than the calculated 
expected survival. 

Antagonistic drug combinations: trimetrexate + FUra and 
FUra + trimetrexate 

When FUra is given for 4 h either simultaneously 
or before tremetrexate, antagonism is observed at 

Table 1. Inhibitory effects of MT&Y and trimetrexate on the colony formation of HCT-8 cells, median ED?,, 

values, PM 2 S.E. (n = 3) * 

MTX 
Trimetrexate 

4h 

2.4 2 1.3 
0.3 f 0.18 

Incubation time 
24 h 48 h 

0.25 ? 0.17 0.031 ‘- 0.01 
0.05 2 0.02 0.02 k 0.007 

Continuous 

0.015 0.005 ? 
0.005 -t 0.003 

*Concentration ofdrug required to inhibit colony formation by 50% compared to untreated control cells. 
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Fig. 1 Sequence-depdent effects of trimctrexate+FUra and MTX-FUra combinations on the survival of HCT-8 cells: 
4 h exposure. Dashed lines indicate expected survival; bars, S.D. in a representative expriment. 

TMQ + FdUrd MTX + FdUrd TMQ+FdUrd MTX-rFdUrd FdUrd+TMQ FdlJrd-tMTX 

[TMQl,@l 0.1 1 - - 0.11 -- 0.11 -- 

[MTXl,pM - - 3 3 _ _ 3 3 . - 3 3 

[FdUrdl, pM 10 IO 0.1 IO 10 IO 0.1 IO IO 10 0.1 10 

Fig. 2. Sequence-dependent effects of trimetrexate-FdUrd and MTX-FdlJrd combinations on the survival of HCT-8 cells: 
4 h exposure. Dashed lines indicate expected survival; bars, SD. in a refiresentative experiment. 

MTX+ FUm ma+ r4kd MTX-tFdUtd 

ITMQI, fl 0.1 0.1 - - 0.03 0.1 0.1 - - - 

[MTXl,lJVl - - 0.1 0.1 _ - _ 0.1 0.3 0.3 

IFural, pM 10 30 10 30 _ _ _ _ - _ 

IFdUrdl,lJVl - - - - 10 0.1 10 10 0.1 10 

Fig. 3. Effects of trimetrexate and MTX/FUra and FdUrd combinations on the survival of HCT-3 cells: the 
anttfols were given for 24 h and theJuorofiyrimidines during 20-24 h. Dashed lines indicate expected survival; 

bars, S.D. in a representative experiment. 



Trimetrexate and Fluoropyrimidines 981 

100 
r 

TMQ + FUra 

__-- 
TMQ +FdUrd 
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[FUral, pM 11 3 31 3 _ _ - - - 
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Fig. 4. Effecs of trimctrexate-FUra, and trimctrexa&FdUrd combinations on the survival of HCT- 
8 cells: the quinazoline was given for 48 h followed by theJ?uoropyrimidines for 5 days. Dashed lines 

indicate expected survival; bars, S.D. in a representative experiment. 

every concentration of both drugs (Fig. 1). There is 
no substantial difference in the degree ofantagonism 
produced by the two schedules of drug adminis- 
tration. 

The simultaneous exposure of HCT-8 cells to 
trimetrexate + FUra for 24 h or to the sequence 
FUra + trimetrexate for 24 h also produced 
equivalent antagonistic effects on cell kill (data not 

shown). 

Additive drug combinations: trimetrexate + FdUrd and 
FdUrd + trimetrexate 

Unlike FUra, when FdUrd preceded the antifol 
or was given simultaneously with it for 4 h, no 
antagonism was obtained, but only an additive 
effect on survival of HCT-8 cells. This is confirmed 
by the results obtained with several concentrations 
of FdUrd (data not shown) where the slight but 
consistent synergy observed at 1 FM trimetrexate 
and 10 p.M FdUrd does not occur. 

DISCUSSION 
Several mechanisms by which MTX synergizes 

with FUra in the known sequence-dependent man- 
ner have been proposed: 

(a) The depletion of tetrahydrofolates, resulting 
from the inhibition of dihydrofolate reductase 
by MTX, may lead to a block in the de novo 
synthesis of purines with accumulation of 5- 
phosphoribosyl-1-pyrophosphate. This co- 
substrate might then be utilized for a more 
efficient conversion of FUra to 5-fluorouri- 
dylate by the enzyme orotate phosphoribosyl- 
transferase, resulting in increased 5-fluoro- 

(b) 

(c) 

nucleotide formation and enhanced 5-fluoro- 
uridylate incorporation into RNA [ 191. 
MTX polyglutamates formed by pretreating 
the cells with MTX may enhance the binding 
of 5-fluorodeoxyuridylate to the enzyme thy- 
midylate synthase, producing synergistic cell 
kill via enhanced inhibition of thymidylate 
synthesis [20]. 
In a similar way, the accumulation ofdihydro- 
folate and dihydrofolate polyglutamate 
derivatives produced by MTX inhibition of 
dihydrofolate reductase activity may also 
enhance ternary complex formation with 5- 
fluorodeoxyuridylate and thymidylate syn- 
thase [2 13. 

Since the same interactions observed with 
MTX-FUra combinations also occurred when an 
antifol lacking the glutamyl residue was combined 
with FUra, it is therefore unlikely that polygluta- 
mylation of the antifol, plays a significant role in 
the synergism itself. 

The fact that trimetrexate and MTX also synerg- 
ize when followed by FdUrd, in a cell line with low 
level of thymidine phosphorylase, is consistent with 
enhanced DNA inhibition as the major contributor 
to the synergy. However, the present study cannot 
distinguish between the relative contribution of 
elevated levels of dihydrofolate polyglutamylates 
versus enhanced levels of 5-fluorodeoxyuridylate 
due to accumulation of 5-phosphoribosyl- 1 -pyro- 
phosphate, or increased fluorouridine triphosphate 
incorporation into nucleic acids in determining the 
observed drug interactions. 

These in uitro data are strengthened by the obser- 
vation that sequential trimetrexate + FUra syner- 
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gizes in vivo in CDFl mice bearing P388 leukemic 

cells [22]. These positive results should thus encour- 
activity by FUra may in fact be particularly valuable 
for the treatment of MTX-resistant tumors. 

age the design ofchemotherapeutic regimens includ- 

ing trimetrexate and FUra, administered in sequen- 
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