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ABSTRACT

In these studies the extent of the requirement for 5-methyltet-

rahydrofolate by L1210 cells for growth and leukemogenesis in
vivo was addressed from the aspect of its cellular membrane
transport. Growth characteristics and leukemogenesis in vivo
were determined for parental and methotrexate-resistant L1210

cell variants with reduced capacity for folate coenzyme transport
inward. These variants exhibited 6-, 16-, and 100-fold reductions
compared to parental cells in influx Vma)(for the high-affinity
system transporting 5-substituted reduced folates and metho-
trexate. They also exhibited reduced saturability for methotrex-
ate influx (3-fold higher Km), but not for influx of 5-formyltetrahy-
drofolate or 5-methyltetrahydrofolate. The reduced influx capac

ity in these variants correlated with their increased requirement
for reduced folates during growth in vitro and with the ability of
the variants to proliferate and develop leukemia in vivo. Lack of
growth potential in vivo for one variant appears to reflect the
inability for net intracellular accumulation of reduced folate per
se, since growth of this variant could be restored by treatment
of mice with folie acid, but not with 5-methyltetrahydrofolate or
5-formyltetrahydrofolate, and following reversion to a more trans
port-proficient phenotype.

INTRODUCTION

Although it is tacitly assumed that some capacity for intracel
lular accumulation of 5-methyltetrahydrofolate via the high-affin
ity reduced folate-methotrexate transport system (1-4) is nor

mally required by tumor cells for growth and survival in vivo, the
extent of this requirement has never been documented. More
over based upon the following considerations, it is likely that
influx capacities for this transport system are expressed in many
tumor cells to levels considerably beyond that normally required
to maintain adequate intracellular levels of reduced folates during
growth in the environment of the host. For instance influx capac
ities (Vmax)for this sytem recorded in our own studies (5-10), or
reported elsewhere in the literature (11-22), were found to vary
substantially (10- to 12-fold) among a large variety of animal and

human tumor cells with similar proliferati ve potential. Also we
had derived (9,10) methotrexate-resistant variants of the L1210

cell in vivo that exhibit normal proliferative potential, but have as
much as a 5- to 7-fold reduction in values for influx Vmaxfor 5-

substituted reduced folates. Although many of the other tumor
cells characterized in these earlier studies were in vitro derived,
based upon other studies from our laboratory (5), it would appear
that characteristics shown for this transport system in these
cells most likely closely reflect those existing in the same cells
from the tumor of origin.
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Knowledge as to the extent of this requirement for folate
coenzyme transport for tumor growth in vivo is of some signifi
cance. In the first place, inferentially it might provide some
information as to the inherent ability in tumor cells for salvage of
nucleosides or nucleobases, since this source of nucleic acid
precursors would at least partially alleviate the need for folate-

dependent macromolecular synthesis. Secondly it would provide
some indication as to the maximum degree to which folate
analogue resistance might occur in vivo by a reduction of medi
ated influx of these analogues by this system without compro
mising cell viability or growth potential.

We now describe a limited study addressing this issue made
possible by the availability in our laboratory of a group of well
characterized transport-altered, methotrexate-resistant variants

of the L1210 cell. These variants exhibit varying reductions in
influx Vmaxfor the high-affinity system transporting reduced fo

lates and methotrexate which correlate with their ability for
growth in vitro and growth and leukemogenesis in vivo. Evidence
is also provided which suggests that this variation in growth
potential reflects the ability for net intracellular accumulation of
reduced folates per se. Based upon these studies we estimated
a minimum capacity for folate coenzyme influx in L1210 cells
which will support maximum growth in vivo.

MATERIALS AND METHODS
[3',5',9'-3H]Methotrexate with a specific activity of 10-20 Ci/mmol,

and d/,L-[3',5',9'-3H]-5-formyltetrahydrofolate with a specific activity of

3 Ci/mmol were purchased from Moravek Biochemicals, City of Industry,
CA. Samples of these materials were purified by high-performance liquid

chromatography (23) prior to use. By rechromatography, radiolabeled
purity was found to be greater than 98%. Folie acid was purchased from
Sigma Chemical Co., St. Louis, MO, and rf/,L-5-formyltetrahydrofolate,
d/,L-5-methyltetrahydrofolate, and methotrexate were provided by the

Drug Synthesis and Procurement Branch, Division of Cancer Treatment,
National Cancer Institute. Parental (L1210/V/Ci) and variant (L1210/R1,
L1210/R24, and L1210/R25) L1210 cells were maintained in cell culture,
and cells were harvested for experiments during log phase growth in
RPM1 medium supplemented with 10% fetal calf serum containing 1%
glutamine, 1% sodium pyruvate, and 0.05 mw mercaptoethanol. Details
of the culturing and harvesting procedures have been provided (6), as
was the procedure for measurement of growth inhibition (6).

For derivation of the L1210/R24 and L1210/R25 methotrexate resist
ant variants, parental L1210 cells were transferred in one or more serial
passages in the presence of 90% inhibitory concentrations of methotrex
ate. When growth rates reached control levels each culture was individ
ually cloned in soft agar medium (supplemented RPM1 medium as
described above with 0.3% agar) plus methotrexate. Colonies picked for
analysis after 9 days of incubation were first recloned 2 times before
use. Derivation of L1210/R1 has been described earlier (9).

Transport experiments were carried out by incubating cells with radio
active folate compound at 37Â°Cin a buffered salt medium containing 7

HIM glucose (3). Under these conditions drug accumulated in the intra
cellular compartment during measurements of initial influx is not metab
olized to a polyglutamate, since it is bound to dihydrofolate reducÃase
and there is no added source of glutamate. Following this incubation and
longer periods of incubation with [3H]methotrexate required to transload
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cells for efflux measurements, the absence of methotrexate polygluta-
mates was verified by high-performance liquid chromatography (23). Cell

extracts were prepared by boiling cells in 0.01 M potassium phosphate
plus 0.14 M NaCI. Essentially all (>99%) of the radioactivity eluted as
authentic methotrexate. As described in detail earlier (5), a rapid sampling
procedure modified from that of Wohlheuter ef al. (24) was used during
these studies. In each experiment cell suspensions were made in [car-
Â£>oxy-14C]inulin(New England Nuclear, Boston, MA) and then centrifuged

in order to determine (25,26) the amount of aqueous medium which was
carried down and trapped in the cell pellet. With this measurement values
for intracellular water were derived (26) which approximated 3.6 Â±0.4
(SE) ml for all of the cell lines used in this study.

Maintenance, transplantation, and harvesting of tumor cells from the
peritoneal cavity of C57BL x DBA/2 F, (hereafter called BD2F,) mice
(Sprague-Dawley, Madison, Wl) have been described (3, 10). Folate

compounds used for injection during in vivo experiments were prepared
as the sodium salt in neutral aqueous solution.

RESULTS AND DISCUSSION

Some properties of parental and variant L1210 cells are sum
marized in Tables 1 and 2. The variant cells exhibit approximately
13-, 75-, and 250-fold increases (Table 2) in resistance to meth

otrexate, respectively. This can be accounted for in part (Table
1) by a reduction in influx saturability (increased Km) for [3H]-

methotrexate as well as reduced influx capacity (V,â„¢Â»).The three
variants show 3-fold increases in Kmfor methotrexate compared
to parental cells, but not for [3H]-5-formyltetrahydrofolate. Also,
influx capacities for this system using either [3H]methotrexate or
[3H]-5-formyltetrahydrofolate as substrates are reduced 6-fold

(R1), 16-fold (R24), or 100-fold (R25). Efflux properties of these

variants are unaltered from that found in parental cells. Moreover,
levels of dihydrofolate reductase, as well as their inhibition by
antifolates (data not shown), are the same in variant and parental
cells.

From data presented in Table 2, it can be seen that the variant
cells during growth in vitro exhibit increased requirements for 5-
formyltetrahydrofolate as the sole folate source. This folate was
used as a model3 for the major circulating plasma folate, 5-

methyltetrahydrofolate. The increase in requirement for this re
duced folate by two of the variants (R1 and R24) compared to
parental L1210 cells was inversely proportional to the relative
influx capacity for reduced folates exhibited by each variant
compared to parental cells. This proportionality was not unex
pected, but was actually predicted from Michaelis-Menten theory
(see Ref. 3), since all of the concentrations of 5-formyltetrahy-
drofolate used are below the value for influx Km of this reduced
folate. Growth of R25 cells, however, did not occur at limiting
concentrations of this folate, and a value for EC50(50% effective
concentration) could not be obtained. In contrast to these results
both the variant and parental cells exhibited similar requirements
for folie acid when used as the sole folate source.

During other studies it was found that not all of the variant
cells examined exhibited potential for growth and leukemogen-
esis In vivo. These results are shown in Table 3. When the same
number of R1, R24, or parental L1210 cells were transplanted
into mice, these grew rapidly and these animals developed
leukemia and died with similar survival times (7.3 Â±2 to 7.8 Â±
1). Examination of variant cells derived from these mice con
firmed (data not shown) that they still exhibited transport prop-

Table 1
Characteristics of [3H]-5-formyltetrahydrotolate and (3H]methotrexate transport in

parental and variant L1210 cells
Cells were harvested during late logarithmic phase of growth, washed once in

cold (0Â°C)0.14 M NaCI plus 0.01 M potassium phosphate buffer (pH 7.4), and

resuspendedin transport buffer (3)without serum. Initial influx measurementswere
made at 37Â°Cat varying substrate concentrations (3). Values for Kmand Vâ„¢,were
derived from reciprocal plots of the data (V/[drug]M), in which â€žtis exterior. Efflux
was measuredby loadingcells at 37Â°Cfor 60 min in the presenceof 5 MM(L1210),
20 MM(R1), 100 MM(R24), or 200 MM(R25) [3H]methotrexate.The cells were then
washed with cold (0Â°C)phosphate-buffered saline and resuspended in transport
medium. Losses of intracellulardrug were measured with time and values for the
rate constant were calculated from the slope of the decay-time plot for exchange
able drug (3). Processing of samples and additional details are provided in earlier
reports (3, 5) and in the text. Data shown are an average of 4 to 5 separate
determinations Â±SE.

Influx
Efflux

CelltypeL1210

L1210/R1
L1210/R24
L1210/R25["Hl-S-HCÃ”-THF8-6

(MM)1.58

Â±0.3
1.39 + 0.2
1.36 Â±0.2
1.45 Â±0.3[3H]MTX

(MM)3.98

Â±0.5
11.2 Â±2.3
13.3 Â±1.7
10.4 + 2.1(nmol/min/g

drywt)6.82

Â±0.6
1.09 + 0.2

0.432 Â±0.03
0.073 Â±0.02[3H]MTX

(min-1)0.1

92 Â±0.03
0.187 Â±0.04
0.187 Â±0.04
0.196 Â±0.04

8 5-HCO-THF,5-formyltetrahydrofolate; MTX, methotrexate.
6 Expressed as the natural diastereoisomer,/.L-5-formyltetrahydrofolate.

Table 2
Folaterequirementsfor parental and variant L1210 cell growth in vitro

Detailsof the methodology used were providedearlier (6). Log phasecells were
washed and resuspended in supplemented RPMI medium with 10% dialyzed calf
serumto an initialconcentrationof 20-40 x 10*cells/ml andgrowth was determined

in variousconcentrationsof folate at 72 h in duplicatedeterminationsdone on three
separatedoses. Growth in the presenceof varyingconcentrations of methotrexate
was determinedwith 2.2 MMfolie acid as the sole folate source. Concentrationsof
oV,L-5-formyltetrahydrofolatewere expressed as the natural diastereoisomer. Av
erage of 4 experiments Â±SE.

CelltypeL1210

L1210/R1
L1210/R24
L1210/R25Relative

influx capacity
5-HCO-
THF"*

(%)100

15
61Growth

inhibition,
MTX
1CÂ»

(HM)2.8

Â±0.3
41.3 Â±7.2
210 Â±32
684 Â±86Growth

requirementFolie

acid
ECÂ»

(IM)380

Â±33
298 Â±45
490 Â±52
425 Â±635-HCO-THF"

ECÂ»(IM)2.23

Â±0.3
19.8 Â±2
32.4 Â±3C

3We were unableto use 5-methyltetrahydrofolateitself becauseit was degraded
(R. L. Kisliuk, personal communication)under these culture conditions.

8 5-HCO-THF,5-formyltetrahydrofolate;MTX, methotrexate; ICÂ»,50% inhibitory

concentration; ECÂ»,50% effective concentration.
6 Expressed as the natural diastereoisomer,/,L-5-formyltetrahydrofolate.
c No growth at limitingconcentrationsand valuesfor ECMcan only be estimated

to be between 200 to 500 nM.

erties typical of R1 and R24 variants. In contrast mice implanted
with the same number of R25 cells usually did not develop
leukemia. However, if mice transplanted with this variant were
also treated repeatedly with folie acid, growth and leukemogen-

esis did occur. At doses of 20 mg folie acid/kg, survival times
were the same as for mice implanted with parental cells. As the
dosage of folie acid was decreased, the survival time of treated
animals increased, so that, at a dose of 1 mg/kg no leukemia
developed. In contrast to these results mice given 5-methyltet
rahydrofolate or 5-formyltetrahydrofolate (data not shown) at 1

or 10 mg/kg did not develop leukemia.
Among the animals implanted with large numbers of R25 cells

an occasional animal (1 of 15) eventually did develop leukemia
after approximately 3-4 weeks. Reimplantation of these cells

into mice resulted in rapid ascites development and death from
leukemia in approximately 8 days, as in the case of mice trans
planted with the same number of parental cells. Biochemical
examination of these cells revealed (data not shown) influx
kinetics for [3H]methotrexate and [3H]-5-formyltetrahydrofolate
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Tabte3
Growth and leukemogenesisof parental and variant Li210 cells in BD2F, mice
Female BD2F, mice were implanted i.p. with 2x10" cells. Mice treated with

folie acid were given i.p. injections twice daily until termination. Average of 3-4
experiments of 5-7 mice per group Â±SE.

CelltypeL1210L1210/R1L1210/R24L1210/R25L1210/R25L1210/R25L1210/R25L1210/R25L1210/R25L1210/R25L1210/R25L1

210/R25 revenantFolie

aciddose(mg/kg)12.5510205-CH3-THFdose8*(mg/kg)110Av.survival
time(days

Â±SE)7.8

Â±17.4
Â±17.3

Â±2>45>4514.3

Â±211.3Â±
19.2

Â±17.8
Â±1>45>457.7

Â±2'
5-CHa-THF,5-methyltetrahydrofolate.C

vnrtitTtiH a e (ha nati irai HidctaraÃ-iicnmor / i -(L-mathultutrahwHr/ifrtlatu

which approximated those described (Table 1) for R1 cells. Thus
it would appear that these cells originated from a revenant with
a partially restored capacity for mediated accumulation of folate
coenzymes. These results and the fact that proliferation in vivo
could be restored in R25 cells by the administration of folie acid,
but not of 5-methyltetrahydrofolate or 5-formyltetrahydrofolate,

would suggest that the loss of proliferative potential and leuke
mogenesis in R25 cells was related only to an impairment of
folate coenzyme transport inward.

The results of both in vitro and in vivo experiments showing
differences among these variant cells in their requirement for
folate coenzyme, but not folie acid, are in agreement with earlier
notions (16, 19, 20, 26) of transport multiplicity for folate com
pounds. These earlier studies appeared to demonstrate two
separate routes for folie acid entry, but not for entry of reduced
folate coenzymes into L1210 cells.

A number of interesting conclusions are suggested by the
results of this study. Although a "folate" requirement of tumor

cells in vivo has already been inferred from the effects of antifo
late drugs on these cells, this need is apparently satisfied by
levels of specific folate transport inward much lower than hitherto
imagined. For L1210 cells we estimate this to be no more than
0.3-0.4 nmol/min/g dry weight. If this value is applicable to other

tumor cells, at least to those with similar growth and metabolic
potential for folate interconverison, then it would appear that
many tumor cells exhibit a substantial excess in capacity for
mediated folate coenzyme accumulation. In these cases sub
stantial reduction in influx capacity for folate coenzymes could
occur in variant cells without compromising growth in vivo, and
such cells would be resistant to classical folate analogues which
share this mediated route of entry. Thus transport-altered resis

tance may be expected to be a common phenotype among folate
analogue-resistant tumor cells, as has already been shown (9)

for the L1210 leukemia during therapy in mice. Finally these
results would clearly affirm the notion that L1210 cells, and
perhaps other tumor cells, are unable to sustain in vivo any
measure of growth and macromolecular synthesis by nucleoside
or nucleobase salvage alone. This limitation may reflect inade
quacies in the enzyme activities necessary for efficient salvage
of specific nucleic acid precursors or, merely, insufficiencies in
plasma concentrations of these precursors.
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