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Mechanisms of Acquired Resistance to 
Methotrexate in a Human Squamous Carcinoma 

Cell Line of the Head and Neck, Exposed to 
Different Treatment Schedules 

Bernard F.A.M. van der Laan, Gerrit Jansen, Ietje Kathmann, 
Jan H. Schornagel and Gerrit Jan Hordijk 

Mechanisms of acquired resistance to methotrexate (MTX) were evaluated in HNSCC-11B cells which were 
made resistant to methotrexate either by continuous (llB-MTX-C) or by pulse exposure (llB-MTX-P) to the 
drug. llB-MTX-C cells were 91-fold resistant to methotrexate and 30-fold or 49-fold crossresistant to trimetrexate 
and IO-EdAM, respectively. Dihydrofolate reductase (DHFR) activity was increased 63-fold in llB-MTX-C cells 
together with a decrease in [3H]-methotrexate transport and folylpolyglutamate synthase (FPGS) activity (2.5 
fold and 3.8-fold, respectively). Against two novel antifolates targetting enzymes other than DHFR, minor 
crossresistance was observed for ICI-198,583, but full sensitivity was retained for DDATHF. llB-MTX-P cells 
were 46-fold resistant to methotrexate and 47-fold crossresistant to ICI-198,583 in short-term drug exposure, but 
showed only minor changes in methotrexate sensitivity following prolonged drug exposure. The resistant 
phenotype in llB-MTX-P cells were characterised by a 5.6-fold decrease in FPGS activity. These results suggest 
that different mechanisms of methotrexate resistance in HNSCC cells in vitro can be obtained dependent on the 
schedule of exposure to the drug. 
EurJ Cancer, Vol. 27, No. 10, pp. 1274-1278,199l. 

INTRODUCTION 
SURGERY AND RADIOTHERAPY are the primary modalities of 
treatment in patients with squamous cell carcinomas of the head 
and neck (HNSCC) [l]. Chemotherapy is most commonly 
reserved for end-stage disease. Active drugs for the treatment of 
head and neck carcinomas include methotrexate, cisplatin, 
bleomycin and S-fluorouracil (5FU). The overall response rate 
to each of these four agents has ranged from 15% to 30% [2]. 

The antimetabolites remain among the most effective drugs 
in HNSCC, with methotrexate as its most used agent [3]. 
Although methotrexate is considered to be an “active” drug, 
only one third of patients will have an objective but transient 
response. This may be due to either inherent or acquired cellular 
resistance to methotrexate. The mechanisms by which neoplastic 
cells become resistant have been the subject of intense research 

efforts and a variety of such mechanisms have now been ident- 
ified [4]. Four mechanisms of resistance to methotrexate have 
been extensively studied in vitro [S], and are of significant 
importance for resistance in HNSCC cell lines [&9]. These 
mechanisms include: (a) increase of the intracellular level of 
dihydrofolate reductase (DHFR), the target enzyme of metho- 
trexate, usually as a result of DHFR gene amplification; (b) 
alteration of DHFR, with decreased affinity for methotrexate; 
(c) decrease of methotrexate transport into the cell; and (d) 
decrease of intracellular polyglutamylation of methotrexate. 

In all of these studies, however, the development of metho- 
trexate resistance in vitro was induced by stepwise increasing 
concentrations of methotrexate to the cell culture. Recently 
Pizzorno et al. [lo] have shown for leukaemia cells in vitro that 
pulse doses of methotrexate, in an attempt to mimic clinical 
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conditions, preferentially resulted in impaired polyglutamyl- 
ation as the mechanism of methotrexate resistance. 

In this study we investigated the mechanism(s) of acquired 
resistance to methotrexate for a HNSCC cell line which was 
made resistant in two different ways, either by continuous (1 lB- 
MTX-C), or by 24 hour pulse (1 lB-MTX-I’) exposures to 
methotrexate. 

During the development of methotrexate resistance, the 
HNSCC cell lines were grown in “folate-conditioned” medium, 
containing near physiological concentrations of natural folates 
(= 5 nmol/l) rather than the high levels of folic acid (-2 pmolil) 
which are usually present in cell culture media. The rationale 
for growing cells in “folate-conditioned” medium is that recent 
studies by our laboratory and others have shown that an up- 
regulation in [3H]-methotrexate membrane transport may occur 
via the classical reduced folateimethotrexate carrier system [ 1 l-l 31. 
Another rationale is that the expression of a membrane-associated 
folate-binding protein (mFBP) can only be established in “folate- 
conditioned” medium [ 14-171. An mFBP can serve as an alterna- 
tive folate transport system in tumour cells with a non-functional 
reduced folate carrier system [ 171, or may be functional together 
with the reduced folate carrier system [15, 161. 

The level of resistance to methotrexate in 1 lB-MTX-C and 
1 lB-MTX-P cells were analysed in long-term (7 days) and short- 
term (24 hour) drug exposure. In order to establish whether 
there is crossresistance or sensitivity to other antifolates, the 
cytotoxicity experiments were also done with two other DHFR 
inhibitors: trimetrexate and lo-ethyl-lo-deazaaminopterin (lo- 
EdAM), and with two novel folate analogues which are inhibitors 
of thymidylate synthase (TS): 2-desamino-2-methyl-N’O-pro- 
pargyl-5,8-dideazafolic acid (ICI-198,583), or glycinamide 
ribonucleotide transformylase (GAR-TFase): S,lO-dideazate- 
trahydrofolic acid (DDATHF). 

The results demonstrate that resistance to methotrexate in 
llB-MTX-C cells was mainly due to increased DHFR levels 
and to a minor extent as a result of reduced methotrexate 
transport and decreased FPGS activity. On the other hand, in 
1 lB-MTX-P cells the major defect was found to be a significant 
decline in FPGS activity. It is also demonstrated that metho- 
trexate-resistant 1 lB-MTX-P cells were concomitantly crossres- 
istant to ICI-198,583, but retained full sensitivity to DDATHF. 

Chemicals 
MATERIALS AND METHODS 

Folate-free RPMI-1640 medium and dialysed fetal calf serum 
(FCS) were obtained from Gibco. d, 1-S-Formyltetrahydrofolate 
(5-formyl-THF), folic acid, 5-FU and 5-fluoro-2-deoxyuridine 
(FUdR) were purchased from Sigma and methotrexate was a gift 
from Pharmachemie, Haarlem, The Netherlands. Trimetrexate 
glucuronate salt was obtained from Warner Lambertil’ark 
Davis, Ann Arbor, USA. IO-EdAM was a gift from Ciba Geigy, 
Base& DDATHF was a generous gift of Dr G. B. Grindey, Lilly 
Research Laboratories, Indianapolis, USA. ICI-198,583 was 
provided by ICI Pharmaceuticals, Macclesfield, UK. [3H]- 
methotrexate (740 GBqimmol) was obtained from Moravek 
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Biochemical, Brea, USA, and was purified prior to use by thin- 
layer chromatography as described before [ 16-181. Radiochem- 
ical purity of the labelled compound was more than 99% 
after rechromatography. [3H]-glutamate (925 GBq/mmol) was 
obtained from NEN Research, Boston, USA. All other reagents 
were of the highest grade of purity available. 

Cell culture 
UM-SCC-11B cells, a cell line originated from a moderately 

differentiated human squamous cell carcinoma of the larynx, 
were kindly provided by Dr T. E. Carey, University of Michi- 
gan, Ann Arbor, USA. Parental cells (further referred to as 
SCC- 11B cells) were adapted to nanomolar concentrations of 5- 
formyl-THF as described before [ 121. Cells were grown as a 
monolayer at 37°C in a 5% CO2 humidified atmosphere in 
“folate-conditioned” RPMI-1640 medium supplemented with 
10% dialysed FCS, 5 nmol/l5-formyl-THF, 5 nmolil folic acid, 
2 nmolil glutamine, penicillin (100 U/ml) and streptomycin 
(100 kg/ml). 

Development of resistance 
1 lB-MTX-C. The isolation of cells which were made resist- 

ant by continuous exposure to methotrexate was established by 
growing SCC-11B cells in folate-conditioned medium sup- 
plemented with stepwise increasing concentrations of the drug 
from 10 to 400 nmolil over 12 months. Cell doubling times at 
that time were similar to those of control cells. 

1 lB-MTX-P. In other experiments, SCC-11B cells were 
made resistant to pulse exposures of methotrexate by adding 
2 Fmolil methotrexate to cells 3 days after trypsinisation. 24 h 
later, cells were washed three times with drug-free medium and 
allowed to recover in folate-conditioned RPMI-1640 medium. 
At confluency, cells were trypsinised and seeded to a density of 
1 x lo4 cells/cm2 in folate-conditioned medium. After eleven 
series of 24 h pulses of 2 p,mol/l methotrexate, llB-MTX-P 
cells had established the same doubling time as control cells. 
The resistant phenotype in 1 lB-MTX-P cells were found to be 
stable for at least four passages without addition of short-term 
methotrexate exposures (results not shown). 

Cytotoxicity assay 
Cells in folate-conditioned medium were plated in the individ- 

ual well of a 24-well tissue culture plate at a density of 1 x lo4 
cellsicmz. Appropriate dosages of 5-formyl-THF and the antifol- 
ate drugs were added 24 h later. In cytotoxicity assays drug 
exposure to the cells was maintained either for a period of 7 
days (long-term exposure) or for 24 h (short-term exposure). In 
the latter case, the drug containing medium was removed after 
24 h, cells were washed three times with drug-free medium then 
incubated for 7 days in folate-conditioned medium. After this 
time, cells were washed twice with phosphate-buffered saline 
solution (PBS) to remove non-viable cells, trypsinised (0.25% 
trypsini0.05% EDTA in PBS) and counted by a Sysmex CC- 
110 cell counter. The IC5o is defined as the concentration of 
drug required to inhibit cell growth by 50%, compared to 
controls. 

Drugs 
Methotrexate and lo-EdAM are classical folate-based inhibi- 

tors of DHFR. Trimetrexate is also a potent inhibitor of DHFR 
but unlike methotrexate or lo-EdAM does not require a specific 
carrier system for cellular uptake [ 191. Growth inhibition exper- 
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iments for methotrexate and trimetrexate were either done in 
the absence or presence of an additional 20 nmol/l 5-formyl- 
THF in order to establish the role of the (anti)folate membrane 
transport system in the cytotoxicity of trimetrexate and metho- 
trexate. Parental and resistant SCC-11B cells were also tested 
for growth inhibition by two novel antifolates which have target 
enzymes other than DHFR. DDATHF is a potent folate- 
based inhibitor of GAR-TFase, one of the folate-dependent key 
enzymes in purine biosynthesis de novo [20]. ICI-198, 583 is 
a folate-based inhibitor of TS [21]. FUdR and 5-FU, after 
conversion to the active metabolite 5-fluoro-2’de-oxyuridine- 
S’monophosphate (FdUMP), can also have an inhibitory effect 
on TS [22]. These two drugs were used as a control for ICI-198, 
583 cytotoxicity. 

[3H]-methotrexate uptake 
HNSCC cells in the mid-log phase of growth were harvested 

by trypsinisation, washed with folate-free RPMI-1640 medium 
supplemented with 10% dialysed FCS, and resuspended to a 
single cell suspension in 1 ml of Hepes-buffered saline solution 
(HBSS buffer) [13], containing 107 mmol/l NaCI, 20 rnmolil 
Hepes, 26.2 mmolil NaHC03, 5.3 mmol/l KCl, 1.9 mmol/l 
CaCI,, 1.0 mmol/l MgC12, 7 mmol/l D-glucose, pH 7.4 with 
NaOH. Influx of [3H]-methotrexate was determined over a 
period of 2.5 min at 37°C at an extracellular concentration of 
2 p,mol/l [3H]-methotrexate (specific activity 500 cpm/pmol). 
Uptake of [3H]-methotrexate at 4°C served as a control. [3H]- 
methotrexate uptake was stopped by the addition of 9 vol ice- 
cold transport buffer. Cells were centrifuged for 5 min at 800 g, 
and washed once more with 10 ml ice-cold transport buffer. 
The final pellet was resuspended in 0.5 ml water and analysed 
for 3H-radioactivity in Optifluor scintillation fluid (United Tech- 
nologies Packard, Brussels) with the use of an Isocap1300 
(Searle Nuclear, Chicago) scintillation counter with a counting 
efficiency for 3H of 5 1%. 

[3H]-foSc acid binding 
[3H]-folic acid binding studies were carried out as described 

previously [17]. In short, HNSCC cells (10’) were harvested as 
described above and suspended in 1 ml ice-cold HBSS buffer. 
Cells were then incubated for 10 min at 4°C with 100 pmol 
[3H]-folic acid (specific activity 37 GBq/mmol), followed by 
centrifugation in an Eppendorf minicentrifuge (13 000 g, 1 min). 
The supernatant was removed by suction and residual fluid was 
removed by cotton tissues. Cell pellets were resuspended in 
water and analysed for radioactivity. Non-specific binding of 
radiolabel was determined by measuring radioactivity in the 
presence of unlabelled folic acid. 

Other methods 
Dihydrofolate reductase (DHFR) activity was determined 

according to the method described by Mini et al. [23]. Folylpoly- 
glutamate synthase activity was analysed as described by 
McGuire et al. [24] using 250 pmolil methotrexate as substrate 
for FPGS. Protein concentrations were determined according 
to Bradford [25]. 

RESULTS 
Cytotoxicity experiments 

Compared to parental cells 1 lB-MTX-C cells were found to 
be 91-fold resistant to methotrexate (Fig. la) in growth inhibition 
experiments with long-term drug exposure. In addition, these 
cells were 30-fold and 49-fold more crossresistant to trimetrexate 
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Fig. 1. Growth inhibition of parental SCC-11B (W), llB-MTX-C (a) 
and llB-MTX-P (0) ceils by (a) DHFR inhibitors in the absence or 
presence of 20 nmol/l S-formyl-THF or (b) non-DHFR targetting 
folate analogues. Drug exposure: 7 days. Results are expressed as 

the mean of at least 5 separate experiments. 

and lo-EdAM, respectively. 1 lB-MTX-C cells exhibited minor 
crossresistance to ICI-198,583 (5.9-fold), but retained full sensi- 
tivity to DDATHF. Following a short-term drug exposure 
(Table 1) 1 lB-MTX-C cells were highly (42 OOO-fold) resistant 
to methotrexate as compared to parental cells (I&,,: 7.4 mmol/l 
vs. 177 nmol/l, respectively). In similar experiments a 13.5-fold 
crossresistance was also noticed for 1 lB-MTX-C cells during a 
short exposure to ICI-198,583. 

Table 1 shows that llB-MTX-P cells, compared to parental 
cells, were 46-fold less sensitive to growth inhibition by metho- 
trexate following a 24-h exposure to the drug (I&: 8.1 pmolil 
vs. 177 nmol/l, respectively). However, during long-term drug 
exposure (Fig. la) llB-MTX-P cells showed only a 2.5-fold 
diminished sensitivity for methotrexate, 1.5-fold decreased sen- 
sitivity for lo-EdAM, but full sensitivity for trimetrexate. 1 lB- 
MTX-P cells demonstrated substantial crossresistance to ICI- 

Table 1. Growth inhibition of parental and resistant HNSCC-1 1B 
cells after short-term (24 h) drug exposure 

IC50 

Drugs KC-1 1B 1 lB-MTX-C 1 lB-MTX-I’ 

Methotrexate 177 (95) nmolil 7.4 (3.5) mmolil 8.1 (4.4) kmolil 
ICI-198,583 43 nmolil 580 nmol/l 2 ~moYl 

Mean (S.D.) of at least four experiments (methotrexate) and mean of 
two experiments (ICI-198,583). 
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Table 2. [3H]-methotrexate membrane transport, DHFR and 
FPGS-specific activity in parental cells and resistant HNSCC-1 1B 

cells 

SCC-1lB 1 lB-MTX-C 1 lB-MTX-I’ 

DHFR activity 
(km01 FH,ihimg 
protein) 

0.012 (0.005) 0.758 (0.162) 0.014 (0.008) 
(n=4) (n=3) (n=4) 

Methotrexate uptake 0.71 (0.25) 0.29 (0.11) 0.57 (0.15) 
(pmol 13H]- (n=4) (n=3) (n=3) 
methotrexatel 
min/lO’ cells) 

FPGS activity 
(pmol [3H]-Glu 
incorporated/ 
himg protein) 

1575 (602) 407 (152) 281 (80) 
(n=4) (n=3) (n=5) 

Mean (S.D.) 

198,583 both in short-term (Table 1) as well as in long-term 
exposure (Fig. lb) to this drug (47-fold and lCfold, 
respectively). No difference in growth inhibition by 5-FU and 
FUdR was observed for parental and resistant cells (Fig. lb). 
llB-MTX-C cells, llB-MTX-P cells and parental cells were 
equally sensitive to growth inhibition by DDATHF. 

Methotrexate transport 
The presence of multiple transport routes for methotrexate in 

parental and resistant cells was determined via [3H]-methotrex- 
ate infhtx and [3H]-folic acid binding studies, and indirectly via 
the protective effect by 5-formyl-THF upon growth inhibition 
by methotrexate and trimetrexate. [3H]-folic acid binding studies 
failed to detect the expression of mFBP in parental and/or 
resistant cells (results not shown). Other observations also 
suggest that mFBP is not involved in (anti)folate uptake in 
these cells. Cells expressing mFBP are usually very sensitive 
(I&,<2 nmolil) to growth inhibition by ICI-198,583 [26] or 
DDATHF [27], which is based upon the high afhnity of mFBP 
for these compounds. In contrast, llB-MTX-C and IlB-MTX-P 
cells exhibit partial resistance to ICI-198,583 (Fig. lb). Further- 
more, the significant protection against methotrexate and trime- 
trexate cytotoxicity by S-formyl-THF is characteristic feature 
indicative for the role of the reduced folate carrier system in 
methotrexate/S-formyl-THF transport rather than mFBP [ 181. 

Methotrexate transport studies (Table 2) demonstrate that 
[3H]-methotrexate influx in 1 lB-MTX-C cells is approximately 
60% lower than in parental cells. In llB-MTX-P cells [3H]- 
methotrexate influx is reduced by approximately 20%. 

DHFR and FPGS activity 
As shown in Table 2, DHFR activity in llB-MTX-C cells 

was significantly increased (63-fold) compared to parental cells. 
No significant changes in DHFR activity were observed in 1 lB- 
MTX-I’ cells. 

FPGS-activity was found to be significantly decreased in 1 lB- 
MTX-P cells (5.6-fold) as well as in 1 lB-MTX-C cells (3.8-fold). 

DISCUSSION 
This study describes the mechanisms of resistance to metho- 

trexate for a human HNSCC cell line in which resistance was 
developed either by continuous exposure to stepwise increasing 
drug concentrations or by serial pulse exposures. All these 

experiments were carried out in “folate-conditioned” medium 
containing nanomolar concentrations of folic acid and 5-formyl- 
THF as folate source. Recent data have shown that adaptation 
of cells to folate concentrations approaching near physiological 
levels in the culture medium, can result in either a more efficient 
function of the classical reduced folateimethotrexate carrier 
system [ 1 l-131 or in an up-regulation of the expression of an 
mFBP [15-17,281. In the present study, however, we have not 
found any evidence for the expression of mFBP, neither in 
parental nor in resistant 1 lB-MTX-C and 1 lB-MTX-P cells. 

The mechanisms of resistance to methotrexate observed for 
SCC-11B cells, grown in folate-conditioned medium and 
exposed to progressively increasing concentrations of the drug 
(1 lB-MTX-C), were not significantly different from mechan- 
isms of resistance in HNSCC cells grown in “standard” folate 
medium as reported by others [6, 8, 91. Multiple defects in 
resistant llB-MTX-C cells could be identified, including a 
significantly increased activity of DHFR, diminished [3H]- 
methotrexate transport and decreased FPGS activity. Crossres- 
istance of llB-MTX-C cells to trimetrexate and lo-EdAM 
suggest that the increased level of DHFR is the major factor for 
the methotrexate resistance in these cells. Whether, and to what 
extent, the diminished [3H]-methotrexate transport and FPGS 
activity contributed in the resistance to methotrexate is not 
clear. The fact that full sensitivity is retained for DDATHF, 
an antifolate which can also be transported via the reduced 
folateimethotrexate carrier system [27], suggests that the 
decreased membrane transport capacity is of lesser importance 
in long term cytotoxicity experiments. In this regard, however, 
it should be noted that the folate-based TS inhibitor ICI-198, 
583 is a high affinity substrate for the reduced folate carrier 
system as well [26]. Nevertheless, crossresistance to ICI-198,583 
was observed for 1 lB-MTX-C cells in cytotoxicity experiments 
with short as well as in long-term drug exposures. 

It has been shown that S-FU can interfere with the translo- 
cation of nuclear RNA to the cytoplasm, although it is not clear 
whether the effect of 5-FU is RNA or DNA directed [22]. It is 
generally assumed that FUdR acts as an inhibitor of TS [22]. 
The action of 5-FU and FUdR is mediated by their metabolite 
5-fluoro-2’deoxy-5’monophosphate (FdUMP). The unchanged 
sensitivities of 1 lB-MTX-C and 1 lB-MTX-P cells for 5-FU and 
FUdR (Fig. lb) therefore suggest that elevated levels of TS are 
not involved in the crossresistance to ICI-198,583. 

There is reason to believe that the decreased activity of 
FPGS in these cells could be of importance in explaining 
the crossresistance to ICI-198,583. It has been reported that 
methotrexate and ICI-198,583 are relatively poor substrates for 
FPGS (K,,== 100 kmolil and 40 kmolil, respectively) [29-311. 
This is in contrast to DDATHF, which is an efficient substrate 
for FPGS (K,: < 10 IJ-molil) [20]. The differences in the affinities 
of the antifolates for FPGS in combination with a 3.8-fold 
decreased FPGS activity are in concert with the observed 
cytotoxic effects of ICI-198,583 and DDATHF. 

Resistance to methotrexate in llB-MTX-P cells can be 
ascribed to a significantly reduced FPGS activity and a slightly 
reduced alteration in membrane transport. Recently, Pizzorno 
et al. [lo] have described that human leukaemia cells treated 
with a similar regimen of methotrexate pulse exposures also 
developed resistance to the drug which was based upon decreased 
FPGS activity. Another study by Pizzorno et al. [9] indicated 
that a diminished FPGS activity could be associated with 
intrinsic resistance of HNSCC cells to methotrexate. In the 
present study we describe that also acquired resistance to 
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methotrexate related to decreased FPGS activity can be of 
importance as mechanism of resistance to methotrexate in 
HNSCC cells. Similarly as was shown for llB-MTX-C cells, 
llB-MTX-P cells were crossresistant to ICI-198,583 but not to 
DDATHF. This result suggests that although SCC-11B cells 
were exposed to serial pulses of a single agent like methotrexate, 
a decreased FPGS activity can also lead to resistance to antifolates 
which have target enzymes other than DHFR. In case of ICI- 
198,583, the relatively poor affinity for FPGS is likely to be an 
important factor in the crossresistance of llB-MTX-P to ICI- 
198,583. On the other hand, the highly efficient transport of 
DDATHF via the reduced folate/methotrexate carrier system 
[27, 321, together with its excellent substrate affinity for FPGS, 
may be the determining factor in the sensitivity of (methotrexate- 
resistant) SCC-1 1B cells to DDATHF. 

These experiments indicate that different mechanisms of 
resistance to methotrexate and crossresistance to other antifol- 
ates can be acquired by schedule dependent treatment of 
HNSCC cells with methotrexate. This finding can be of import- 
ance in further research for mechanisms of resistance to antifolate 
drugs, which is considered to be one of the most important 
factors in the low response rates to antifolates in the clinic. 
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