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Abstract

We hate characterized the determinants of methotrexate (MTX)
responsiveness in eight patient-derived cell lines of small-cell
lung cancer (SCLC). Clonogenic survival was correlated with
factors known to affect sensitivity to drug. NCI-H209 and NCI-
H128 were most drug sensitive, with drug concentrations required
to inhibit clonogenic survival by 50% with <0.1 M&M MTX. Six
cell lines (NCI-H187, NCI-H345, NCI-H60, NCI-H524, NCI-
H146, and NCI-N417D) were relatively drug resistant. In all
cell lines studied, higher molecular weight MTX-polyglutamates
(MTX-PGs) with 3-5 glutamyl moieties (MTX-Glu3 through
MTX-Glu5) were selectively retained. Relative resistance to low
(1.0 ;M) drug concentrations appeared to be largely due to de-
creased intracellular metabolism of MTX. Five of the six resis-
tant lines were able to synthesize polyglutamates at higher (10
M&M) drug concentrations, although one resistant cell line (NCI-
N417D) did not synthesize higher molecular weight MTX-PGs,
even after exposure to 10 MM drug. Two cell lines with resistance
to 10 MM MTX (NCI-H146 and NCI-H524) synthesized and
retained higher molecular weight MTX-PGs in excess of binding
capacity after exposure to 10 MM drug. However, the specific
activity of thymidylate synthase in these cell lines was low. MTIX
sensitivity in patient-derived cell lines of SCLC requires the
ability of cells to accumulate and retain intracellular drug in the
form of polyglutamate metabolites in excess of dihydrofolate
reductase, as well as a high basal level of consumption of reduced
folates in the synthesis of thymidylate.

Introduction

Methotrexate (MTX)' is the most widely used antimetabolite
in cancer chemotherapy, demonstrating consistent antitumor
activity in osteosarcoma, choriocarcinoma, lymphoma, acute
leukemia, breast cancer, cancer ofthe head and neck, and small-
cell carcinoma of the lung (SCLC) (1). Its primary mechanism
ofaction-the inhibition ofdihydrofolate reductase (DHFR)-
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1. Abbreviations used in this paper: DHFR, dihydrofolate reductase;
dUMP, diocyuridylate; FCS, fetal calf serum; FH2, dihydrofolate; IC3,
drug concentration required to inhibit clonogenic survival by 50%; MTX,
methotrexate (4-amino-10-methyl-pteroylglutamic acid); MTX-PGs,
MTX polyglutamates; MTX-Glutamyll 3, MTX-Glul, MTX-Glu2,
MTX-Glu3, MTX-Glu4, and MTX-Glu5, respectively; SCLC, small-cell
lung cancer; TS, thymidylate synthase.

is well established, and a variety of possible mechanisms of re-
sistance have been demonstrated in tissue culture experiments
and in patient studies.

After entering cells by energy-dependent, carrier-mediated
transport (2), MTX binds stoichiometrically to its target enzyme,
DHFR, and prevents repletion of biologically active reduced
folate pools necessary for de novo purine and thymidylate syn-
thesis. Since intracellular folates are oxidized only during thy-
midylate synthesis, the activity of this pathway is a critical de-
terminant ofMTX responsiveness (3-6). In addition, free drug
in excess of intracellular binding capacity is necessary for cy-
totoxicity. In the absence of free drug, intracellular physiologic
folates can compete for binding sites on DHFR, reversing enzyme
inhibition (7-9). The transformation of MTX to polyglutamyl
derivatives results in the formation of active metabolites of the
drug that, when present in excess of the intracellular binding
capacity, results in prolonged inhibition of DHFR (10-17). In
addition, MTX polyglutamates (MTX-PGs) may have additional
sites of action as inhibitors of aminoimidazole carboxamide ri-
bonucleotide transformylase (de novo purine synthesis) (18) and
thymidylate synthase (TS) (19).

In vitro selection ofMTX-resistant tumor cells has provided
detailed insights into diverse mechanisms of drug resistance.
Mutants with defective drug transport (20-22) and decreased
DHFR affinity for MTX (23-25) have been described. Cellular
resistance may also be conferred by amplification of the gene
coding for DHFR, resulting in high intracellular target enzyme
levels (26-30). Low levels of TS, resulting in decreased intra-
cellular folate oxidation (3-6), are also associated with resistance.
More recently it has been demonstrated that cells selected for
in vitro MTX resistance may be defective in metabolism ofdrug
to polyglutamate species (31).

Despite considerable understanding of in vitro mechanisms
of MTX resistance, relatively little is known about the deter-
minants of clinical drug response. Bertino and co-workers (32)
were the first to demonstrate that acute rises in intracellular
MTX binding capacity could be a determinant ofdrug resistance
in patients with acute leukemia. More recently it has been shown
that in vivo resistance after MTX treatment may be due to
DHFR gene amplification and elevated target enzyme levels (33-
37). Still, a complete understanding offactors mediating clinical
drug resistance has not been achieved.

In the present studies, we have analyzed potential determi-
nants ofMTX responsiveness in eight cell lines ofSCLC derived
from patients who were either newly diagnosed or in relapse
after combination chemotherapy including MTX (38). Cell lines
were characterized with respect to growth rate, clonogenic sur-
vival after MTX exposure, adequacy of transport to produce
saturation of intracellular binding sites, DHFR specific activity,
affinity of target enzyme for drug, TS specific activity, and syn-
thesis and retention of MTX-PGs.
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Methods

Chemicals. [3',5',9-'H]MTX (20 Ci/mmol sp act) was purchased from
Amersham Corp. (Arlington Heights, IL) and further purified by DEAE-
cellulose chromatography with elution along a linear gradient of0.1-0.4
M NH4HCO3 (2). Unlabeled MTX was obtained from the Drug Synthesis
and Chemistry Branch, National Cancer Institute (Bethesda, MD) and
purified by the same procedure. [5-3H]deoxyuridylate (dUMP) (14.8 Ci/
mmol sp act) was obtained from Amersham Corp. L-glutamine was ob-
tained from Flow Laboratories (McLean, VA), DEAE-Sephacel from
Pharmacia Fine Chemicals (Uppsala, Sweden), and Ready-Solv scintil-
lation cocktail from Beckman Laboratories (Fullerton, CA). Dihydro-
folate (FH2) and NADPH were purchased from Sigma Chemical Co.
(St. Louis, MO). All other chemicals were of reagent grade and were

purchased from Fisher Scientific Co. (Pittsburgh, PA). Fetal calf serum
(FCS) was obtained from Biofluids Inc. (Rockville, MD) and RPMI-
1620 from Gibco Laboratories (Grand Island, NY). Penicillin and strep-
tomycin were obtained from the National Institutes of Health Media
Unit (Bethesda, MD) and agarose from Difco Laboratories (Detroit, MI).

Propagation ofcells in culture. The establishment and characterization
of continuous clonable cell lines of SCLC have been previously described
(39, 40). These cells were propagated in suspension culture in 75-cm2
plastic flasks (Costar, Cambridge, MA) using RPMI-1620 media supple-
mented with 10% heat-inactivated FCS, penicillin (124 Ag/ml), strep-
tomycin (270 Ag/ml), and L-glutamine (2 mM) under 5% CO2 at 370C.
Doubling times of cell lines in log-phase growth were determined by
inoculating individual 25-cm2 plastic flasks (Costar) with 10' cells/ml.
At specific times over a 7-d interval, cells were treated with 0.05% trypsin
and 0.06% EDTA for 10 min at 370C and counted in a model B Coulter
counter (Coulter Electronics, Hialeah, FL).

Cytotoxicity studies. The effects of drug exposure were determined
using a soft-agar clonogenic assay (41). Cells (5 X 10' cells/ml) were

exposed to drug in complete medium for 24 h, washed three times in
iced phosphate-buffered saline, and then plated in 0.37% agarose in com-
plete medium above an agarose feeder layer (42). Cultures were incubated
at 37°C under 5% CO2 and colonies counted at 10-20 d with inverted-
phase microscopy.

DHFR specific activity and affinity for MTX. DHFR activity was

determined spectrophotometrically (43) in cytosol preparations of cells
in log-phase growth. Activity was expressed as nanomoles NADPH con-

verted per minute per milligram protein. Protein was determined by the
Lowry technique (44). The dissociation constant (Kd) of MTX from
target enzyme was also determined on cytosol preparations using a com-

petitive protein-binding assay (45) and Scatchard analysis (46).
TS activity. The activity ofTS in cytosol preparations ofcells in log-

phase growth was determined using the tritium release procedure of
Roberts (47). Assays were performed in a total volume of 200 ,l con-

taining [''0N]methylene tetrahydrofolate, 1 X 10-' M dUMP (Sigma
Chemical Co.), and 3.04 pmol of [5-3H]dUMP (Moravek, Brea, CA) in

100 mM 2-mercaptoethanol. The reaction was initiated by adding 20 Al
of cell extract. After 30 min of incubation at 37°C the reaction was

stopped with 100 Al of 20% trichloracetic acid. Unreacted [5-3H]dUMP
was removed with an albumin-coated charcoal slurry, allowed to stand
for 10 min at room temperature, then spun down at 1,000 g for 30 min.
A 250-Al sample was assayed for tritium activity and specific activity
expressed as picomoles dUMP converted per minute per milligram pro-
tein. All assays were performed at least in triplicate with standard de-
viations <10% about the mean.

Determination ofMTX-PG synthesis and bound andfree MTX levels.
Logarithmically growing cells (5 X 103/ml, total volume = 20 ml) were

incubated in complete medium containing 1.0 or 10.0 MM [3H]MTX.
After 1- and 24-h incubation, 2.5 X 106 cells were harvested to determine
total intracellular drug and metabolite levels. Bound and free drug levels
were determined as described previously (14). At the end of 24-h drug
incubation, the remaining cells were washed in iced PBS three times,
resuspended in an equal volume of drug-free complete media, and in-
cubated at 370C for an additional 24 h in order to determine drug efflux

patterns. At each time point, cells were processed for intracellular
polyglutamate formation as previously described (14).

Results

Drug sensitivity studies. The clonogenic survival ofthe eight cell
lines after a 24-h incubation with 0.1, 1.0, or 10.0 uM MTX fell
into two distinct patterns (Fig. 1). Both NCI-H209 and NCI-
H 128 were highly drug sensitive, with cloning inhibited by >80%bo
at 0.1 AM drug. Cell lines NCI-H187, NCI-H345, NCI-H60,
NCI-H524, NCI-H 146, and NCI-N417D were considerably
more drug resistant, with drug concentrations required to inhibit
clonogenic survival by 50% (IC5os) ranging from 0.35 to 5.2 AM
drug. There was no consistent relationship between sensitivity
and a history ofprior MTX treatment or growth rate. In addition,
there was no direct relationship between DHFR specific activity
and drug responsiveness. The affinity of DHFR for drug from
individual cell lines varied from a Kd of 0.89-2.72 X 10-" M,
but again there was no correlation ofthese values with resistance
(Table I).

Drug uptake and retention. The intracellular drug profile of
all lines was examined after 1 h of drug exposure, at the com-
pletion of 24 h incubation, and after 24 h efflux in drug-free
media. Parameters studied at each time point included deter-
mination of free intracellular drug levels and drug bound to
target enzyme, as well as metabolism to and subsequent retention
of MTX-PGs.

As shown in Table II, all cell lines accumulated free drug in
excess of cellular binding capacity after a 1-h exposure to 1 AM
MTX. During the 24-h period ofMTX incubation, levels of free
intracellular drug continued to increase in association with the
formation of intracellular polyglutamates. During the 24-h in-
cubation, an acute rise in drug binding capacity was also ob-
served. This increase in intracellular binding sites was greatest
in the most drug-resistant lines. In NCI-H 146, this represented
a sixfold elevation, while in NCI-N417D the 24-h intracellular
binding capacity was eightfold higher than 1-h levels. Overall,
there was a twofold increase in binding capacity in sensitive cell
lines versus an average fourfold increase in resistant lines.

12.0 _-
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Figure 1. Clonogenic survival of human SCLC cell lines after 24-h
exposure to MTX. NCI-H128 (M); NCI-H209 (*); NCI-H187 (o);
NCI-H345 (i); NCI-H60 (A); NCI-H524 (A&); NCI-H146 (o); and
NCI-N417 (0).
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Table I. Characteristics ofEight Patient-derived Cell Lines ofHuman SCLC

DHFR specific activity TS specific activity
(nmol NADPH (pmole dUMP

Cell line Prior therapy Doubling time converted/mg/min) Kd DHFR IC,0 converted mg/min)

h or" M

NCI-H128 - 79 0.96 2.72 0.04 122.0
NCI-H209 + 96 1.70 1.03 0.03 68.6
NCI-H 187 - 60 1.50 0.89 0.35 37.8
NCI-H345 + 112 3.75 2.72 0.42 34.8
NCI-H60 + 74 1.06 2.13 0.65 54.9
NCI-H524 + 120 1.48 5.47 1.0 10.1
NCI-H146 + 70 1.92 1.33 1.60 9.3
NCI-N417D - 24 1.58 1.69 5.20 42.3

Intracellular formation and retention ofMTX-PGs after I
IMMMTX exposure: relation to maintenance offree intracellular
drug. We next examined whether a relationship existed between
drug sensitivity and drug accumulation or retention. As shown
in Table II, although the absolute amount of free drug attained

Table II. Bound and Free Intracellular
Drug in Human SCLC Cell Lines*

MTX MTX MTX MTX
bound free bound free

1.0 &M 1.0MiM 10 RM 10 AM
Cell line MTX MTX MTX MTX

nmol/g nmol/g nmol/g nmol/g
Sensitive
NCI-H209

1 h 0.48 1.09 - -
24 h (% increase) 1.46 (304) 4.54 - -

24-h efflux 1.82 1.25 - -

NCI-H128
I h 0.94 1.46 - -
24 h (% increase) 1.58 (168) 4.05 - -

24-h efflux 3.56 1.76 - -

Resistant
NCI-H187

1 h 1.84 3.28 2.80 18.60
24 h (% increase) 3.60 (195) 5.30 4.98 (177) 36.50
24-h efflux 2.90 0.40 3.30 2.50

NCI-H345
1 h 1.61 0.94 4.20 8.93
24 h (% increase) 3.38 (210) 3.38 4.39 (104) 18.75
24-h efflux 1.46 0.20 1.93 0.91

NCI-H60
1 h 0.60 2.53 2.89 21.21
24 h (% increase) 1.74 (290) 4.23 2.44 (-15) 46.41
24-h efflux 1.41 0.17 2.04 7.68

NCI-H524
1 h 0.88 0.88 3.00 6.40
24 h (% increase) 2.94 (334) 4.41 7.38 (246) 16.40
24 h efflux 1.64 0.67 5.00 1.86

NCI-HI 146
1 h 0.55 1.16 2.70 14.40
24 h (% increase) 3.50 (636) 4.70 6.70 (248) 28.60
24-h efflux 3.50 0.28 5.00 1.80

NCI-N417D
1 h 0.43 1.82 3.29 14.98
24 h (% increase) 3.67 (853) 3.40 3.08 (-6) 17.48
24-h efflux 2.12 0.13 2.01 0.13

* After 1.0 and 10.0 Mm MTX exposure for 1 h, 24 h, and subsequent 24-h
efflux in drug-free media.

after 24 h of 1 AM incubation was similar in all lines (range
3.38-5.30 nM/g), there was great variation in the retention of
drug after removal of extracellular MTX. No correlation was
observed between the amount of free drug present at the end of
incubation and at end of efflux. However, there was a direct
correlation between drug sensitivity and drug retention after ef-
flux. For example, NCI-H209 and NCI-H128 were sensitive to
a 24-h incubation in 1.0 AM MTX. In both of these cell lines,
significant levels of free intracellular drug (1.25 and 1.76 nmol/
g, respectively) remained after 24 h in drug-free media. This
represented 27 and 43% of free drug present after the completion
ofdrug exposure. The remaining five SCLC cell lines were more
resistant to 1.0 jiM MTX. In these lines, only 0.13-0.67 nM
drug/g protein remained after efflux, representing 3.8-15.2% of
free drug initially present after incubation.

The critical determinant of drug retention and prolonged
target enzyme saturation was intracellular metabolism ofMTX
to MTX-PGs with three or more glutamyl groups. These data
are shown in Fig. 2, where incubation times of 1 and 24 h, and
24 h of efflux in drug-free media are shown. No cell line was
capable ofsynthesizing higher molecular weight MTX-PGs dur-
ing the first hour of drug incubation. However, after 24 h in-
cubation, MTX-PGs with three or more glutamyl moieties be-
came the predominant intracellular form ofdrug in both sensitive
cell lines, NCI-H209 and NCI-H 128, being present at more than
twice the intracellular binding capacity. During the 24-h period
in drug-free media, MTX and MTX-Glu2 readily effluxed cells,
while the MTX-PGs with longer polyglutamate tails (3-5) were
relatively conserved and remained present in excess of intracel-
lular binding capacity at the end of efflux in these two sensitive
cell lines, continuing to saturate intracellular binding sites in
the absence of extracellular drug.

These results differed from the findings in the six SCLC cell
lines resistant to 1-AM drug exposure. In these cell lines, the
concentration of higher polyglutamates was much less than the
DHFR binding capacity. As shown in Fig. 2, only small amounts
of MTX-Glu3-MTX-Glu5 were formed after 24-h drug incu-
bation of NCI-H1187, NCI-H345, NCI-H60, NCI-H524, NCI-
H 146, and NCI-N417D, and at no time were the levels of these
higher molecular weight metabolites sufficient by themselves to
saturate >69% of the intracellular binding capacity. Notably,
free drug levels after 24 h of incubation with 1 AM MTX con-
sisted predominantly ofMTX and MTX-Glu2, and were similar
to those found in the drug-sensitive NCI-H209 and NCI-H 128
cell lines. However, after the 24-h incubation in drug-free media,
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MTX and MTX-Glu2 effluxed readily, and although the small
quantities of longer polyglutamates were retained during efflux,
their initial synthesis was insufficient to maintain drug in excess
of the binding capacity.

Closer study of individual polyglutamate metabolites con-
firmed that, as determined in prior experiments with breast can-
cer cell lines (13) and small-cell cell lines (17), drug retention
correlates with glutamyl chain length. Thus, for all cell lines
after a 24-h exposure to 1.0 1sM MTX, only 4-24% of parent
drug present at the end of drug incubation remained after 24-h
efflux, while 25% of MTX-Glu2, 70% of MTX-Glu3, 75% of
MTX-Glu4, and 83% of MTX-Glu5 were retained. Of the cell
lines with relative resistance to 1 MuM MTX, only NCI-H187
synthesized small amounts of MTX-Glu5 (<1% of total intra-
cellular drug). No other resistant line synthesized polyglutamates
larger than MTX-Glu4, and this metabolite wvas consistently <4%
of total intracellular drug after 1 MM incubation for 24 h. How-
ever, after the same drug exposure in the MTX-sensitive cell
lines, MTX-Glu4 and MTX-Glu3 accounted for at least 20% of
total intracellular drug.

Intracellular formation and retention ofMTX-PGs after 10
MMMTXexposure: determinants ofsensitivity. The determinants
of tumor cell sensitivity, including drug accumulation, metab-
olism, and retention, were examined at 10 MuM MTX in the six
resistant cell lines that had low levels ofMTX polyglutamation
after 1-MuM drug incubation. As shown in Fig. 3 and Table II, at
the higher drug concentration, total intracellular drug levels after
both 1- and 24-h incubation were 3.4- to 10-fold higher than
the corresponding level achieved at 1.0 MM MTX. The intra-
cellular binding capacity as measured by DEAE-Sephacel chro-
matography at 1 h was somewhat higher (1.5-4.9 times) in cells
exposed to 10 MuM drug as compared with the binding capacity
at 1 MM. These differences became less marked with continued
drug exposure, and measured binding capacities were similar at
24 h incubation and effiux for cells exposed to either 1 or 10
MM drug. The most remarkable changes in intracellular drug
levels in cells exposed to 10 MM MTX was a general increase in
free drug levels at all measured time points, including after 24
h of effiux in drug-free media (Table II). Thus, while free drug
after effux had been between 0.13 and 0.67 nM/g after 1.0-MM
exposure, free drug levels after 10.0 MM incubation and 24-h
effiux increased more than fourfold in all cell lines tested except
NCI-N417D, which remained at 0.13 nM/g. Again, the critical

Figure 3. Total intracellular drug (MTX plus MTX-GIu2, o; MTX-
Glu3 plus MTX-Glu4 plus MTX-Glu5, a), expressed as percentage
maturation of intracellular binding capacity after incubation with 10.0
MM MTX for I h, 24 h, and subsequent 24-h efflux in drug-free me-
dia.

determinant for drug retention above intracellular binding ca-
pacity and drug sensitivity was the extent of metabolism to
MTX-Glu3-.5

As shown in Fig. 3, the absolute amounts ofhigher molecular
weight MTX-PGs increased substantially after 10 MtM drug ex-
posure. NCI-H345, NCI-H60, and NCI-H146, which had pre-
viously synthesized no MTX-Glu5, now synthesized levels of
this metabolite equal to or greater than those found in the sen-
sitive cell lines after 1.0 MM drug exposure. Further, intracellular
levels ofMTX-Glu3 and MTX-Glu4 were increased after 10uM
MTX exposure in all cell lines as compared with their levels
after 1 MM drug.

As had been observed after exposure to 1.0 MM drug, MTX
and MTX-Glu2 rapidly effluxed from the cells in drug-free media,
while higher molecular weight metabolites were again selectively
retained (Fig. 3). Sufficient quantities of these derivatives were
present after the 24-h incubation to more than saturate DHFR
after 24 h in drug-free media in all cell lines except NCI-N417D
(Fig. 3) These increases were associated with >90% inhibition
of colony formation in three of the six cell lines (Fig. 1) when
MTX-PG levels were sustained during the period ofdrug efflux.

NCI-H 146, NCI-H524, and NCI-N417D remained relatively
drug resistant (Fig. 1) at 10 ,M MTX. In these cell lines, clon-
ogenic survival was >20% control after exposure to 10MgM MTX
for 24 h. These three cell lines were characterized by specific
biochemical alterations that further modulated response.

In both NCI-H146 and NCI-H524, exposure to 10.0 ,M
MTX for 24 h was adequate for the synthesis ofsufficient MTX-
PGs for prolonged enzyme saturation. However, the specific act
tivity of TS was found to be considerably lower in these lines,
9.3 and 10.1 U, respectively (Table I), than in the five cell lines
sensitive to 10 MM MTX. The third resistant cell line, NCI-
N4177D, metabolized MTX inefficiently and was the only cell
line incapable of forming the most avidly retained PG, MTX-
Glu5, after 10 MM drug exposure. Thus, even after exposure to
high drug concentrations, insufficient MTX-PGs were formed
for prolonged enzyme saturation.

These clinically derived SCLC cell lines varied by > 100-fold
in their sensitivity to MTX. Responsiveness to 1.0 and 10.0 M
drug correlated best with the ability to synthesize higher molec-
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ular weight MTX-PGs. The highest levels ofdrug resistance were
associated with either decreased polyglutamation or low levels
of TS, an enzyme critical for the depletion of reduced folate
pools.

Discussion

In these experiments we have studied parameters capable of
modulating MTX responsiveness in eight patient-derived lines
ofSCLC. The degree ofdrug resistance observed in these clinical
specimens is relatively low compared to that obtainable in vitro
with serial selective passage in increasing drug concentrations.
Even in the most resistant of these clinically derived cell lines,
clonogenic survival was <50% control after a 24-h exposure to
10 AM drug. However, these cell lines did differ over a 100-fold
range in their sensitivity to MTX, and their isolation provides
a unique opportunity to examine the factors responsible for
clinical drug resistance. Previous examination of the determi-
nants ofMTX toxicity in cultured cells and in experimental in
vivo models has provided evidence that the ability to kill cells
is a function of the presence of free intracellular antifolate.

Under conditions that simulated clinical exposure oftumor
cells to MTX (1 MM drug for 24 h), drug saturated the intracel-
lular binding capacity in all cell lines. Drug transport did not,
therefore, appear to be a limiting factor responsible for resistance
in these cells. The critical determinant of sensitivity to 1.0 p'M
MTX was the ability of cells to form MTX-PGs with 3-5 glu-
tamyl moieties. There was a direct relationship between the for-
mation ofthe higher polyglutamates and intracellular retention
ofdrug after removal of extracellular MTX. Two cell lines (NCI-
H209 and NCI-H 128) were highly sensitive to 1.0 MM drug ex-
posure (no colony survival), and in both of these lines this ex-
posure produced sufficient MTX polyglutamates to exceed the
drug-binding capacity by >50% for 24 h after removal of extra-
cellular drug. In the six remaining lines with relative resistance
to 1.0 AM drug, formation of these metabolites (MTX-Glu3 to
MTX-Glu5) was insufficient to produce excess free intracellular
antifolate for 24 h, although the general pattern of retention of
higher polyglutamates was similar to that observed in drug-sen-
sitive lines (Fig. 2).

Three of the six cell lines with relative resistance to 1.0 AM
MTX were unable to survive exposure to 10 MM drug (NCI-
H345, NCI-H60, and NCI-H187). In these three cell lines, ex-
posure to the higher drug concentrations resulted in sufficient
synthesis of MTX-Glu3 to MTX-Glu5 for prolonged mainte-
nance of free intracellular drug (Fig. 3).

Three cell lines demonstrated greater resistance to MTX;
NCI-H1146, NCI-H524, and NCI-N417D were capable of sig-
nificant survival (>20% control colony formation) after exposure
to 10.0 MM drug. In NCI-N417D, MTX polyglutamation re-
mained inefficient during exposure to high drug concentrations.
After 24-h incubation in 10 MM drug, MTX-Glu5 was unde-
tectable, and other high molecular weight metabolites were found
only in small quantities.

In NCI-H 146 and NCI-H524, the specific activity ofTS was
low (Table I). Since de novo thymidylate synthesis is the only
pathway by which reduced folates are oxidized to inactive di-
hydrofolate, the activity of TS is crucial to antifol sensitivity.
Similar results have been reported by Washtien (6), who studied
TS levels in five cultured human gastrointestinal tumor cell lines
and found a negative correlation between MTX sensitivity and
TS specific activity (6).

Table II also shows that there was a consistent increase in
MTX binding capacity during the period of drug incubation,
that this increase occurred most rapidly at highest drug concen-
trations, and that the magnitude of this increase was greatest in
resistant cell lines. This phenomenon was first reported by Ber-
tino and co-workers (32, 48) in tumor cells derived from leu-
kemia patients refractory to MTX treatment. Most recently,
Domin and co-workers have shown concentration-dependent
induction of DHFR by MTX in drug sensitive and in gene-
amplified drug-resistant humanKB cell linesin vitro (49).A max-
imal fivefold increase in enzyme levels was achieved at a con-
centration of 2.5 MM drug. These results are of obvious impor-
tance to the expression of resistance, since acute drug-induced
increases in DHFR might overwhelm intracellular free drug and
make sufficient enzyme available for reduction of oxidized fo-
lates. In both the human KB cells and the patient-derived SCLC
cell lines, this induction was dose dependent, but limited, in that
intracellular drug binding capacity after 24 h ofMTX exposure
was generally similar at 1.0- and at 10.0-MM incubations.

Many factors seemed oflesser importance in predicting drug
sensitivity (Table I). There was a poor correlation between dou-
bling time and drug sensitivity. Further, the measured differences
in target enzyme affinity for drug were small in comparison to
the 250-fold decrease in affinity reported to confer in vitro re-
sistance (23).

We have previously observed elevated DHFR levels asso-
ciated with gene amplification in an SCLC patient in clinical
relapse after treatment with single-agent, high-dose MTX (33).
However, this phenomenon was not observed in any ofthe pres-
ent cell lines, five ofwhich were derived from patients receiving
low doses of MTX as a component of combination chemo-
therapy.

In summary, we have studied the variables that are known
to modulate MTX responsiveness in eight clinically derived cell
lines ofSCLC. In six ofeight lines, the ability ofcells to synthesize
and retain MTX-PGs in excess ofDHFR binding capacity was
a primary determinant of sensitivity. MTX metabolism to MTX-
PGs was dose dependent, and could be increased by raising ex-
tracellular drug concentration. Importantly, polyglutamate for-
mation was also time dependent; even the most sensitive SCLC
cell lines in this series were unable to metabolize MTX to
polyglutamate species after 1-h exposure to drug. Since our data
indicate that synthesis and retention of these higher molecular
weight species are critical for cytotoxicity, the usual clonogenic
assay-which exposes tumor cells to drug for only 1 h-is very
limited in determining cellular sensitivity to this drug.

Although prolonged saturation of target enzyme was nec-
essary for toxicity, it was not in itself sufficient. Resistance to
MTX could be maintained despite the presence of free intra-
cellular drug in two cell lines that had low specific activity of
thymidylate synthase. Thus, MTX resistance in human SCLC
is multifactorial, and may or may not be overcome at high drug
concentrations.
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