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Summary. Previous studies from this laboratory have de- 
monstrated that treatment of cultured cells with sequential 
methotrexate (MTX) and fluorouracil (FUra) leads to syn- 
ergistic cell killing in several murine and human neo- 
plasms in vitro. In this study leucovorin (folinic acid, 
LCV) was added to the MTX/FUra  combination with the 
intention of generating elevated levels of methylenetetra- 
hydrofolate to promote the formation of a stable fluorode- 
oxyuridylate-thymidylate synthetase ternary complex, 
thereby augmenting the cytotoxicity of the MTX-FUra se- 
quence. The addition of 10 or 100 ~tM LCV concurrently 
with or after 10 ~xM FUra following MTX (1 gM) pretreat- 
merit did not augment the inhibition of L1210 cell growth 
or the clonigenicity compared with MTX prior to FUra 
without LCV. The effects of LCV schedulling on the se- 
quential MTX and FUra-induced inhibition of thymidy- 
late synthesis were measured by examining the rate of 
[6-3H] dUrd incorporation into the acid-precipitable cell 
fraction and by direct quantitation of the thymidylate syn- 
thetase ternary complex. Combination of 100 txM LCV 
with 10 p~M FUra after 1 p~M MTX resulted in significantly 
more ternary complex formation than did 1 lxM MTX be- 
fore 10 jxM FUra alone. The inhibitory effects of FUra on 
thymidylate synthetase in the presence of MTX, however, 
could not be augmented by LCV as determined by [6-3H] 
incorporation into acid-precipitable material, nor did the 
addition of LCV result in increased cytotoxicity. Factors 
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other than the inhibition of DNA synthesis may be critical 
to the cytotoxicity of sequential MTX and FUra in L1210 
cells. 

Introduction 

Methorexate (MTX) and fluorouracil (FUra) are often 
used for the treatment of human colorectal and breast can- 
cer. FUra is a base analogue which must be converted to 
nucleotides for cytotoxicity. FUra may interfere with 
DNA synthesis by inhibiting thymidylate synthetase (TS) 
as fluorodeoxyuridylate (FdUMP), or fluorouridine tri- 
phosphate (FUTP) may become incorporated into RNA, 
thereby disrupting RNA processing [16]. Covalent binding 
of FdUMP to TS is necessary for inhibition of dTMP for- 
mation and requires the reduced folate AP']°-methylenetet - 
rahydrofolate (CH2FAH4) [11, 29]. MTX, by inhibiting di- 
hydrofolate reductase, prevents the regeneration of 
CH2FAH4). Administration of MTX before FUra could 
therefore prevent formation of this stable ternary, 
FdUMP-CH2FAHa-TS, complex because of the dimin- 
ished levels of CH2FAH 4 subsequent to MTX [32]. 

Previous reports from this laboratory indicate that se- 
quential MTX and FUra exposure leads to synergistic cell 
killing in several murine and human neoplasms in vitro 
[1-3, 8-10]. Other workers have observed therapeutic syn- 
ergism with in vivo systems as well [18, 22, 26]. The me- 
chanism of this synergistic cell killing is not understood; 
however, we have shown that cells exposed to MTX accu- 
mulate more FUra. This was a consequence of the antipu- 
rine effect of MTX induced by the depleted CH2FAH 4 le- 
vels and the subsequently elevated intracellular levels of 
5-phosphoribosyl-l-pyrophosphate (PRPP), a co-substrate 
in the conversion of FUra to FUMP. 

Both the increase in PRPP and FUra accumulation 
could be prevented by administering leucovorin (5-formyl- 
tetrahydrofolate, LCV) after MTX but before FUra at con- 
centrations that rescued cells from the inhibitory effects of 
MTX [10]. LCV replenishes CHzFAH 4 and circumvents the 
effect of MTX [24, 31]. Therefore, if it were given after the 
FUra was trapped within the MTX-treated cells it could 
promote the formation of a stable FdUMP-TS ternary 
complex. Ullman et al. [32] reported that 'physiologic' le- 
vels of C H z F A H  4 a r e  insufficient for optimum binding of 
FdUMP to TS. They demonstrated that when the LCV 
concentration in the culture medium was raised from 0.01 



to 1 ~tMthis produced a three-fold increase in the sensitivi- 
ty of L1210 cells to FdUrd. Other workers have used this 
knowledge to potentiate the cytocidal effects o f  FUra in 
vitro [12, 33, 34]. 

Several studies in tumor-bearing mice have shown that 
the recovery of TS activity is a critical factor associated 
with recovery from the effects of FUra in vivo [19, 20, 27]. 
However, the addition of LCV to FUra in animal studies 
has not uniformly enhanced the efficacy of FUra [18, 21]. 
Phase I clinical trials of FUra with high-dose LCV have re- 
cently been undertaken [7, 23]. 

On the basis of these investigations, we felt it would be 
of considerable interest to give LCV after sequential ad- 
ministration of MTX and FUra and to evaluate the regen- 
erated TS-CH2FAHa-FdUMP complex and TS activity. 
Expansion of the MTX-depleted CH2FAH4 pools in such a 
manner might result in stabilization of the ternary complex 
and augment the cytotoxicity of the MTX-FUra sequence 
further than previously described. 

Materials and methods 

Drugs. [6-3H]FUra (2.1 Ci/mmol) was purchased from 
Amersham Corp, (Arlington Heights, Ill). [6-3H]FdUrd 
(20 Ci /mmol  was obtained from Moravek Biochemicals 
(City of Industry, Calif). The [6-3H]dUrd (15 Ci/mmol)  
came from New England Nuclear (Waltham, Mass). The 
MTX was obtained from Lederle Parenterals, Inc. (Pearl 
River, NY), and FUra was purchased from Hoffman-La- 
Roche (Nutley, NJ). The LCV and all other nonradiola- 
beled compounds were purchased f rom Sigma (St. Louis, 
Mo). 

Cells. L1210 murine leukemia cells were maintained as sta- 
tionary suspension cultures in Fischer's medium plus 10% 
horse serum, transferred twice weekly, and kept at 37°C in 
a 5% CO2 atmospherel Tests performed every 3 months for 
mycoplasma contamination were negative. All experi- 
ments were performed with cells which had been inoculat- 
ed at 1-3 x 10 4 cells/ml and had been in the logarithmic 
phase of growth for 48 h, which corresponds to 1-2 x l0 s 
cells/ml. Enumeration of cells was performed with a mod- 
el ZBI Coulter Counter (Coulter Electronics, Inc., Hia- 
leah, Fla). 

Cell viability. To assess the biological effects of the MTX/  
FUra/LCV combinations, L1210 cells that had been grow- 
ing in the logarithmic phase for 48h to a density of 
1-1 .5x  105 cells/ml were treated with MTX (1.0 lxM) 3 h 
before and then concurrently with a 1-h exposure to FUra 
(1, 10, 20 gM). Concentrations of 10 txM and 100 txM LCV 
were added as indicated. Wherever LCV was added after 
FUra exposure the cells were centrifuged at 1000 g for 
5 rain at 37°C, the supernatant was discarded, and the cell 
pellet was resuspended in drug-free medium and then re- 
centrifuged as before to wash any extracellular drug from 
the cells. The cell pellet was then finally resuspended in 
fresh medium and LCV added. Following all drug treat- 
ments and in controls, cells were washed again twice be- 
fore cloning in soft agar, techniques previously described 
by workers in this laboratory [10] being used. The cloning 
efficiency in this system was 80%-90%. 

Total intracellular FUra accumulation. Logarithmically 
growing cells were exposed for 3 h to 1 p~M MTX + 10 or 
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100 ~tM LCV. Following drug exposure, 50 ml of the cell 
suspension was centrifuged at 1000 g for 5 min at 37°C, 
and the cell pellet was gently resuspended in 2 ml of the 
initial, drug-containing supernatant, to which was added 
0.1 ml 1 M 4-(2-hydroxyethyl)-l-piperazineethanesulfonic 
acid (pH 7.4, HEPES buffer). This concentration proce- 
dure was done to reduce the amount of radiolabeled FUra 
required to perform the accumulation studies. The cell su- 
spension was transferred to a 25-ml stoppered flask and 
placed in a 37 °C shaking water bath. [6-3H]FUra  was 
then added to a concentration of 1 or 10 g M  and the total 
intracellular FUra accumulation of ribo- and deoxyribon- 
ucleotides was according to a previously described micro- 
fuge method [101. 

dUrd Incorporation. Cells were prepared as before for the 
FUra accumulation studies and at des ignated  times after 
adding [6-3H]dUrd to a concentration of 1 lxM, 0.025 ml 
of  the cell suspension was processed according to the 
method we have previously described [10], Under normal 
conditions, the role of radi01abel incorporated into the ac- 
id-precipitable material (DNA) is an indication of the in- 
tracellular activity Of T S. 

Thymidylate synthetase ternary complex. The TS ternary 
complex formation i n  cell cultures were determined by 
means of a method we developed and described in detail 
in a separate publication on methods [16]. Briefly, the ter- 
nary complex was isolated by gel exclusion chromatogra- 
phy. Appropriate controls have been done to assure the ac- 
curacy of this method [16]. 

Incorporation of FUra into RNA. At the indicated times, 
ice-cold 100 txM dipyridamole in PBS was added to sim- 
ilarly drug-treated cultures that also included [6-3H]FUra.  
The samples were then centrifuged and washed, and the 
RNA was extracted from the acid=precipitable fraction as 
described previously [10]. Radioactivity in the RNA frac- 
tions was then related micrograms to of D-ribose by the 
orcinol reaction [6]. 

Statistics. Student's two-tailed t-test for the statistical eval- 
uation of matched-pair data was used to assess the differ- 
ences between treatment groups [30]. 

Results 

Cytotoxicity of LCV combined with MTX and FUra 

Assessment of cell viability by cloning in soft agar after ex- 
posure to MTX before FUra with and without LCV con- 
firmed that, under these conditions, addition of LCV to 
the MTX/FUra  sequence did not augment cytotoxicity. 
LCV administered for 1 of 3 h immediately after the MTX 
and FUra combination (MTX ~ FUra ~ LCV) also failed 
to reduce L1210 cell clonigenicity below that obtained 
with sequenced MTX and FUra. MTX at 1 IxM resulted in 
80% viability, 10 i.tM FUra resulted in 72% viability, and 
the sequence of MTX before FUra caused a reduced cell 
viability of 2.6%, but the addition of LCV did not enhance 
the cytotoxicity. 

FUra accumulation 

The intracellular accumulation of [ 6 -  3H]FUra metabolites 
by L1210 cells exposed to MTX _+LCV is show~qn Fig. 1. 
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Fig. 1. Total intracellular accumulation of [6-3H]FUra by L1210 
cells exposed to MTX_+ LCV. Uptake of 10 IxM FUra by logarith- 
mically growing L1210 cells was linear for at least 60 min. All 
MTX exposures were for 3 h, after which time the cell suspension 
was centrifuged and the cell pellet was resuspended in 2 ml of the 
initial drug-containing supernatant with HEPES buffer added. 
This supension was placed in a 37°C shaking water bath and 
[6-3H]FUra+ 100 gM LCV was then added. Over the course of 
1 h, aliquots of the cell suspension were placed in microfuge tubes 
containing perchloric acid overlayed with a silicone/mineral oil 
mixture. The tube was then centrifuged, quickly frozen, and cut at 
the liquid interfaces, and the radioactivity in the cell pellet and 
medium fractions was quantitated. The arrow indicates the 3-h 
pretreatment period. Each point represents triplicate experiments 

As previously reported from this laboratory,  the greatest 
accumulat ion  of  F U r a  nucleotides occurred fol lowing 
M T X  pretreatment,  which increased total FUra  nucleo- 
tides f rom 136 pmol/106 cells to 242 pmol/106 cells at 1 h 
after 1 ~tM [3H]-FUra addition. Inclusion o f  100 IxM LCV 
concurrent ly  with F U r a  following MTX pretreatment  re- 
versed the enhanced F U r a  effects of  the MTX pretreat- 
ment  by 50%. When LCV was given before or simultane- 
ously with FUra  there was less intracellular accumulat ion 
o f  [ 6 - 3 H ] F U r a ,  a consistent observation without a clear 
explanat ion.  

Effect of  LCV on sequential M T X  and FUra at thymidylate 
synthetase 

The maximum inhibit ion of  [6 -3H]dUrd- incorpora t ion  
into the acid-insoluble material  occurred after MTX pre- 
treatment. FUra  after MTX exposure produced inhibit ion 
comparable  to that obtained with MTX alone. LCV added 
30 rain after sequential  M T X - F U r a  did not increase the in- 
hibition caused by MTX alone, indicating that the inhibi- 
t ion of  thymidylate synthesis was already at its max imum 
after 1 lxM MTX (Table 1). 

Table 1. Effect of drug treatment, on the incorporation of [6-3H] 
dUrd into L1210 cell DNA 

Antimetabolite (IxM) % of Control [6-3H1 dUrd incorporation b 

MTX FUra - LCV + LCV 

10 gM 100 IxM 

0 0 100 108.4 _+ 3.2 ° 118.2 + 26.2 
1 0 2.7 + 1.2 6.4 ___ 3.8 12.0 ___ 1.0 
0 10 19.6 + 2.6 12.0 + 2.4 21.2 _ 2.7 
0 20 11.6 + 2.9 - 10.4 __+ 2.4 
1 10 2.8 + 1.4 5.2 + 1.6 10.8 _+ 1.3 

a Exposure times: MTX, 4 h; FUra, 1 h; LCV, 1 h. For drug com- 
bination studies MTX was given 3 h before addition fo FUra, 
LCV, or concurrent FUra and LCV 

b Determined by calculating the slope of [6JH] dUrd incorpo- 
ration over 45 min into acid-precipitable materials (control 1.0 
pmol/106 cells) 

c Each value represents the mean + SD of two to five experiments 

An increase in the amount  of  FUra  added from 10 to 
20 g M  did not increase TS complex format ion;  neither did 
the addit ion of  LCV concomitant ly with FUra  at either 
dose (Table 2). This observation is consistent with the in- 
tracellular activity of  TS recorded in Table 1. Pretreatment 
of  L1210 cells with MTX resulted in less TS ternary com- 
plex formation. LCV restored TS ternary complex forma- 
tion to that observed with FUra  alone. Despite the in- 
creased ternary complex formation when LCV was given 
after sequential MTX-FUra ,  this addition of  LCV se- 
quence was not more cytotoxic than sequential MTX and 
FUra  alone. This indicates that the enhanced TS complex 
formation was not adding substantially to the toxic effect 
o f  the drug combination.  

Table 2. Inhibition of thymidylate synthetase following treatment a 
with combinations of MTX, FUra, and LCV 

% Ternary complex formed b in FUra-treated cells 

- L C V  + LCV (100 lxM) 

[MTX] 10 ~tM 20 I.tM 10 p~M 20 I . tM Pvalue c 
0tM) 

0 71.3___5.4 d 76.4+5.4 69.2___4.2 79.0+6.4 N.D. 
1 42.8 _+ 15.1 - 67.7 _+ 5.8 - <0.05 
Pvalue < 0.05 N.D. 

a Exposure times: MTX, 4 h; FUra, 1 h; LCV, 1 h. For drug com- 
bination studies, MTX was given 3 h before and 1 h concurrently 
with FUra, LCV, or FUra and LCV 

b Following drug treatment, cells were exposed for 30 min to [6 -3 
H] FdUrd, washed, resuspended in buffer, and sonicated to dis- 
rupt the cells, and released thymidylate synthetase complex was 
analyzed by steric exclusion chromatography. Control, LCV, 
MTX (1 ~M), and MTX prior to LCV-treated cells had 0 + 3.1% 
(SD) thymidylate synthetase ternary complex formation during 
drug treatment (prior to [6-3H] FdUrd exposure). Absolute 
amounts total TS were 869 + 22 fmol/106 cells 

° Student's t-test for the statistical evaluation of matched-pair data 
was used to assess the differences between treatment groups. ND 
indicates no difference 

d Each value represents the mean + SD of duplicate samples from 
three separate experiments 
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Fig. 2. Incorporation of [6- 3H]FUra into total intracellular RNA. 
Logarithmically growing L1210 cells were pretreated with MTX 
(0.25 or 1 ~LM (3 h before exposure to 10 or 20 gM FUra contain- 
ing a tracer amount of [6-3H]FUra+LCV (100 l-tM). At various 
times after addition of the radiolabel, dipyridimole was added 
and cells were assayed as described in Materials and methods to 
quantitate total intracellular [6-3H]FUra incorporation into 
RNA. Each point represents duplicate samples 

Intracellular FUra incorporation into RNA 

Since MTX has been shown in this laboratory to increase 
PRPP levels and, consequently, the incorporation of FUra 
into RNA when given before FUra [10], the effects of 
MTX, when given before FUra +LCV combinations, on 
the intracellular incorporation of FUra into RNA were ex- 
amined, and the results are shown in Fig. 2. Incorporation 
of FUra into RNA following exposure to 20 lxM FUra was 
not enhanced by the simultaneous addition of LCV. Cells 
pretreated with MTX prior to 10 or 20 ~tM FUra had 
equivalent amounts of FUra incorporated into RNA, as 
did concurrent LCV with FUra following MTX. Thus, ad- 
dition of LCV had no effect on either the initial rate or the 
total incorporation of FUra residues into RNA following 
MTX pretreatment. 

Discussion 

Previous communications from this laboratory have re- 
ported synergistic enhancement of the cytotoxicity of FU- 
ra as a result of pretreatment with MTX in mouse [8, 10] 
and human [1, 3, 8] cells in culture. Such augmented cell 
kill was associated with the increased anabolism of FUra, 
which was attributed to the antipurine effects of MTX re- 
suiting in elevated levels of PRPP, the co-substrate re- 
quired for the conversion of FUra to FUMP. FUra is 
thought to exert its antiproliferative action primarily via 
two mechanisms: the incorporation of FUTP into RNA 
and the inhibition of TS by FdUMP. Some reports have 
proposed that the effect of MTX prior to FUra on L1210 
cell viability is due to intracellular dihydrofolate polyglu- 
tamate trapping (as a result of MTX inhibition of dihydro- 

folate reductase), which could augment the extent of bind- 
ing of FdUMP to TS [13, 14]. Other studies, however, sug- 
gest that it is the incorporation of FUra into RNA which is 
largely responsible for the cytocidal activity of the MTX- 
FUra combination in L1210 cells. 

Since adequate levels of CH2FAH 4 are required for the 
formation of the most stable FdUMP-TS ternary complex, 
it was hoped that inclusion of LCV at some optimal time 
after the MTX-FUra sequence could promote the inhibi- 
tion of dTMP synthesis by stabilizing the ternary complex 
without Significantly reducing the antipurine effects of 
MTX, which elevate PRPP levels. Inhibition of 
[6-3H]dUrd incorporation into the acid-precipitable frac- 
tion was greatest with MTX alone. Administration of FU- 
ra after MTX did not promote further inhibition of 
[6-3H]dUrd incorporation. LCV addition to this combi- 
nation did not promote a greater inhibition. When the 
FdUMP-TS ternary complex was quantitated, however 
(Table 2), it was found that less complex formation oc- 
curred when MTX preceded FUra than when FUra was 
given alone, suggesting an antagonistic interaction of these 
two drugs at TS. LCV, when given with FUra following 
the MTX pretreatment, however, did increase the TS com- 
plex formation to the amount observed following FUra 
alone. In spite of the regeneration of TS-FdUMP- 
CH2FAH 4 complex, the addition of LCV after the FUra in 
the MTX-FUra sequence did not result in greater cytotoxi- 
city than was observed with the MTX-FUra sequence 
alone. 

The finding that the accumulation of [6 - 3H] dUrd into 
acid-precipitable material, which is an indrect determina- 
tion of the conversion of dUMP to dTMP by TS, was not 
further enhanced by the addition of LCV when given after 
the sequence of MTX and FUra, in spite of more complex 
formation, could be explained in the following manner. TS 
activity is inhibited in one of two ways. The depletion of 
CH2FAH 4 secondary to MTX inhibition of DHFR will re- 
duce the availability of the carbon source required for the 
conversion of dUMP to dTMP. FUra, as FdUMP, will di- 
rectly inhibit TS in the presence of CH2FAH 4 by MTX, 
then when the CH2FAH 4 pools are repleted by leucovorin 
in the presence of FUra the activity of TS remains inhibi- 
ted, now by the formation of the ternary complex 
FdUMP-TS-CH2FAH 4. Therefore, if maximum inhibition 
of TS is achieved by the depletion of CHeFAH 4 by MTX 
then the direct inhibition of TS by the subsequent addition 
of FUra (FdUMP) and LCV (CH2FAH4) should be no 
more effective in preventing dTMP formation. In addi- 
tion, it has recently been shown that increased phosphory- 
lase activity might result in response to the inhibition of 
TS activity by MTX, which could result in conversion of 
dURD to other nucleosides or the base uracil, in which 
case the [6-3H] dUrd incorporation into acid-insoluble 
material following MTX could be spurious [28]. However, 
over the time course of our experiments, this possibility is 
unlikely. 

Since less FdUMP was bound to TS after MTX, and 
presumably TS activity was maximally inhibited by MTX 
independent of the addition of FUra, then the MTX-FUra 
cytotoxic synergy could be the result of other FUra effects. 
It must be noted that the duration of the TS complex for- 
mation and the rate at which dUMP levels increased were 
not examined. Since no enhanced cytotoxicity was noted 
with the doses and timing of the drugs used in this study, 
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we felt that  the measurement  of  these parameters  would  
not  have p rov ided  addi t iona l  useful in format ion  to ex- 
p la in  our results. 

It must  be stressed that  whereas LCV did not  augment  
the synergistic cytotoxici ty of  sequential  MTX and FUra  
in L1210 cells, human cells may  be more  responsive to 
such combinat ions .  Evans  et al. [12] demons t ra ted  that  in- 
h ib i t ion  o f  TS could become growth l imiting in human  
ca rc inoma  Hep-2 cells if  10 IxM LCV was adminis te red  
with FUra ,  which stabi l ized the F d U M P - T S  ternary  com- 
plex. In  these cells CH2FAH4 levels were apparen t ly  inade-  
quate  to b ind  to all the TS. Houghton  et al. [19], using 
xenographs  of  human  colorectal  adenocarc inomas  in 
mice,  have made  similar  observat ions that CH2FAH4 in- 
t race l lu lar  levels appea red  subopt imum,  but  they noted 
tha t  LCV was not  very useful as a p romote r  of  greater  in 
vivo inhibi t ion of  TS. It seems, therefore,  that some cell 
l ines have adequate  CH2FAH 4 for maximal  complex  for- 
ma t ion  (L1210); some have inadequate  CH2FAH4 but  can 
conver t  LCV to active forms (i. e., Hep-2);  while still others 
have inadequate  CH2FAH 4 and cannot  use LCV (i. e., hu- 
m a n  adenoca rc inoma  xenographs) .  The interact ions of  
MTX,  FUra ,  and LCV are obviously  more complex  than 
we current ly  unders tand  [10, 13, 25, 32]. Drug interact ions 
and  mechanisms of  act ion may vary from one cell l ine to 
another .  Certainly,  the informat ion  we have collected with 
the  L1210 cell line, in which we have done extensive c y t o -  
toxic  and  biochemical  investigations,  suggests that  t h e r e -  
genera ted  and stabil ized TS-FdUMP-CH2FAH4 complex  
m a y  be less impor tan t  for the cytotoxici ty observed when 
M T X  precedes FUra  than other  unexpla ined  effects of  the 
drug  combinat ion .  
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