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INTRODUCTION

Squamous cell carcinomas arising in the upper aerodigestive tract account for 
4-5% of all cancers. Due to its region of occurrence these tumours have an 
enormous impact upon the patients affected. The tumour itself or the applied 
treatment, particularly surgery, may result in disfigurement and loss of function 
with inevitable psychological implications.

Surgery and radiotherapy are still the best local and regional treatments for 
head and neck cancer. It appears, however, that the cure rate of surgery and 
radiotherapy have reached a plateau [1]. Although local invasion and regional 
lymph node metastases remain the primary causes for patients morbidity and 
mortality, distant metastatic disease is not an infrequent problem. Up to 25% of 
patients with advanced disease will relapse at distant sites [2], Moreover, 
autopsy studies suggest that as many as 50% of patients who die of squamous 
cell carcinomas of the head and neck (HNSCC) harbour clinical or occult 
distant metastasis [3,4],

These data indicate that apart from local and regional treatment, advanced 
squamous cell carcinomas of the head and neck will need systemic therapy, 
such as chemotherapy, either as a primary or as an adjunctive treatment. 
Although many tumours are initially responsive to chemotherapy, the duration 
of response is usually short. So far, chemotherapy has failed to increase the 
overall survival of patients with head and neck cancer [2,5]. This may be due 
to natural or acquired drug resistance.

Research on mechanisms of cellular resistance to chemotherapy and on 
identifying new drugs will probably provide the key to more successful drug 
treatment. Thus optimization of chemotherapy is still a very important goal in 
improving the treatment of head and neck cancer.
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OBJECTIVES OF THIS THESIS:

1. To elucidate the role of membrane transport in methotrexate (MTX) 
cytotoxicity to HNSCC. For this purpose HNSCC cell lines were adapted to 
growth in culture medium containing folate concentrations within the 
physiological range, to clarify the role of two different (anti-)folate transport 
systems: (a) the classical reduced folate/MTX carrier and (b) a membrane-asso
ciated folate binding protein (mFBP).

2. To investigate the mechanisms of acquired resistance to MTX in HNSCC. 
For this purpose a HNSCC cell line was exposed to pulse doses of MTX to 
imitate clinical drug schedules.

3. To analyze the occurrence and mechanisms of natural resistance to MTX in 
HNSCC. For this purpose the growth inhibitory effect of MTX was determined 
in seven different HNSCC cell lines following short-term drug exposures to 
mimic a more clinical situation.

4. To evaluate the sensitivity of HNSCC to novel antifolates. For this purpose 
MTX-sensitive and MTX-resistant HNSCC cell lines with inherent or acquired 
resistance to MTX were exposed to novel antifolates such as trimetrexate, 10- 
EdAM, ICI-198,583 and DDATHF.
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CHAPTER 2

AN INTRODUCTION TO FOLATE ANALOGUES,
IN PARTICULAR THE ANTIFOLATE METHOTREXATE.



INTRODUCTION

Antimetabolites are analogues of normal metabolites which may inhibit metabolic 
pathways or may be mistaken for normal metabolites during synthesis of 
macromolecules such as DNA or RNA. Antimetabolites can be divided in two 
major classes; (a) the purine and pyrimidine analogues, and (b) the folate ana
logues. Reduced folates play an important role as C, donor in several biosynthetic 
reactions, including the de novo synthesis of amino acids, purines and thymidylate 
(Table 1).

The recognition of reduced folate compounds as important coenzymes in de 
novo synthesis of purines, thymidylate and, ultimately, DNA soon led to the 
development of folate analogues as potential antineoplastic drugs [1]. The folate 
analogue methotrexate (MTX) is by now the most commonly used and most 
thoroughly studied antineoplastic drug. MTX has an established role in the 
treatment of acute lymphocytic leukaemia, non-Hogkin’s lymphoma, osteosarcoma, 
choriocarcinoma,
breast cancer, head and neck cancer and other tumours [2,3], MTX (4-amino-4- 
deoxy-N10-methylpteroyl-L-glutamic acid) is a structural analogue of folic acid (Fig.
1), in which the hydroxyl-group at the N4 position of the pteridine ring has been 
replaced by an amino group, and an additional methyl group is located at the N10 
position.

CELL MEMBRANE TRANSPORT

MTX is a divalent anion on basis of the negatively charged carboxyl groups of the 
glutamate side chain (Fig. 1). Therefore, this drug cannot simply pass the plasma 
membrane by passive diffusion. Several transport routes of cellular MTX entry 
have been identified, which shall be discussed hereafter.

Table 1. Some biosynthetic reactions in which folate coenzymes serve as a one-carbon donor.

Coenzyme Reaction

5-methyl-THF homocysteine —— methionine

5,10-methylene-THF glycine —— serine

5,10-methy lene-THF dUMP -- dTMP

10-form yl-THF GAR -— formyl-GAR

10-formyl-THF AICAR - — formyl-AICAR

THF: tetrahydrofolate, dUMP: deoxyuridine monophosphate, dTMP: deoxythymine monophosphate, 
GAR: glycinamide ribonucleotide, AICAR: aminoimidazole carboxamide ribonucleotide.
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Reduced folate/MTX carrier
In a great number of tumour cells, transport of MTX proceeds via a carrier- 

mediated, saturable, energy-, pH- and temperature dependent process which 
mediates the accumulation of the physiological plasma folate 5-methyltetrahy- 
drofolate (5-methyl-THF) [4], Although most of these results were obtained from 
extensive studies with murine and human tumour cell lines in vitro, Moccio et al. 
[5] have demonstrated that folate analogue transport characteristics were largely 
similar in freshly isolated human tumour cells. There is increasing evidence that 
the driving force in the uptake of MTX in carrier-mediated transport is provided 
by anion gradients in which anions can act as exchange substrates for MTX [6-9], 
The reduced folate/MTX carrier system exhibits a high affinity for transport of 
naturally occurring reduced folates like 5-methyl-THF and 5-formyl-THF 
(leucovorin) (K„: 1-3 |iM), MTX and a series of other folate analogues (K^: 3-26 
pM), but has a poor affinity for uptake of oxidized folic acid (K*,: 200-400 |iM) 
[10-12], The cellular entry of these compounds proceeds with a relatively low 
capacity (Vm„: 1-12 nmol/min/g dry wt) as compared to other nutrient transport 
systems [11]. Sirotnak et al. [13], however, have demonstrated that treatment of 
L1210 bearing mice with MTX enhanced the Vm„ in these leukaemia cells 3-5 
fold, probably as a result of an increased rate of carrier translocation. In vitro 
studies have also indicated that the efficiency of carrier function can be influenced 
by extracellular levels of reduced folates and/or purines [14,15]. The underlying 
mechanism(s) of regulation of carrier-mediated MTX transport have not been 
elucidated.

Chemically and photodynamically activated folate analogues have been 
developed as affinity labeling reagents for the carrier protein [16-19], In murine 
L1210 leukaemia cells the molecular weight of the carrier protein is in the range 
of 36-48 kD [16,20,21], In human cells the molecular weight of this protein is 
substantially higher (= 80 kD) due to extensive glycosylation [15,22,23]. Price and 
Freisheim have characterized the MTX transport process in L1210 cells with a 
photoaffinity analogue of MTX [18], Their study showed that MTX uptake follows 
a specific pathway involving membrane translocation via the carrier protein and 
subsequent transfer to a 36-38 kD cytosolic protein. This protein may be 
responsible for the intracellular distribution of (anti)folate compounds to their 
appropiate target enzymes. Recent studies [22] suggest that this specific route of 
entry is also functional in human tumour cells.

Folate binding protein
Membrane-associated folate binding proteins (mFBP) have been identified in 

several tissues and cells grown in vitro in medium containing folate levels in the 
physiologic range (5-50 nM) [12,24-31]. mFBP has receptor-like affinities for folic 
acid (Kd = 1 nM) and the naturally occurring reduced folates 5-methyl-THF (Kd 2- 
3 nM) or 5-formyl-THF (Kj 5-10 nM). mFBP usually has a poor affinity (Kj > 
100 nM) for folate analogues like MTX [24,27], Consequently, uptake of MTX via 
mFBP can be influenced by the type and/or concentration of natural folate com
pounds present in the cell culture medium. Human nasopharyngeal epidermoid
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Carcinoma (KB) cells grown in near physiological levels of folic acid (25 nM) 
accumulated more MTX, and were more sensitive to low drug levels than cells 
grown in "standard" medium, containing 2 |iM folic acid [32,33]. The physiologic 
and/or pharmacologic role of mFBP is not yet fully understood, but this membrane 
receptor may play an important role in folate transport by tumour cells exhibiting 
defective membrane transport via the reduced folate/MTX transport earner [24]. In 
addition, mFBP may be a preferred route for uptake of folate analogues other than 
MTX [34,35],

£oh> affinity/high capacity folate carrier
A low affmity/high capacity transport system has recently been identified as 

another carrier system for MTX [36], The natural substrates for this carrier system 
may be reduced folates as well as folic acid which are transported at a Vm„ that is 
20-fold higher than for the reduced folate/MTX carrier system described above. On 
the other hand, however, the affinity of this carrier system for (anti)folate com
pounds is much lower (I^ > 300 |iM). This suggests that a role for the low 
affinity/high capacity carrier in MTX transport can only be expected at MTX 
concentrations in the pM range and perhaps at folic acid concentrations found in 
standard culture media (2-10 pM). The importance of this transport system at 
Physiological folate concentrations is unclear.

PH sensitive high affinity/low capacity carrier
A novel transport system for folate compounds has recently been described in 

wild-type and MTX-resistant L1210 cells [37]. Uptake via this route is energy 
dependent, exhibits saturation kinetics, can be inhibited by substrate analogues, and 
is activated by a reduction of pH. Uptake of MTX is optimal at pH 6.2 and 10- 
fold lower at pH 7.4. The transport system shows similar specificity for reduced 
folate compounds and MTX relative to the reduced folate/MTX carrier, but the 

for uptake (0.55 pmol/min/mg protein) via the alternative route is 
approximately 30-fold lower than via the reduced folate/MTX carrier system. An 
interesting feature is that folic acid, 5-formyl-THF and MTX can be transported 
via this route, whereas 5-methyl-THF binds to the carrier protein but is not 
dan sported.

Passive diffusion
Passive diffusion may contribute in the uptake of MTX in high dose regimens 

(> 1 g MTX/m ). This may be important in cases of tumour cells with defective 
transport for MTX [2,3].

Efflux
The intracellular concentration of MTX depends upon the activity of influx 

and efflux systems for this drug. At least three different efflux routes have been 
noCnbed’ can be expressed to variable degrees in different cell lines

'41]. One of the efflux routes can be the reduced folate/MTX influx carrier 
astern [38,42] as determined from its sensitivity to an N-hydroxysuccinimide ester
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of MTX, which is a specific and irreversible inhibitor of this influx system [43]. 
This efflux route is predominantly active in ATP-depleted cells [38,41,42,44]. 
Under physiological conditions, with normal levels of ATP, two other routes play a 
role in mediating efflux of MTX. These efflux systems, which are both energy 
(ATP/glucose) dependent, have been identified by their sensitivities to inhibition by 
the organic anions bromosulfophtalein (BSP) and probenecid [38,42,44,45]. The 
BSP-sensitive efflux route for MTX can also be inhibited by metabolic inhibitors 
and compounds like prostaglandin A^ vincristine and verapamil [40,41], Although 
this latter compound is a well known potent inhibitor of ATP-dependent P- 
glycoprotein-mediated drug efflux in multidrug resistant cells [46], there is no 
direct evidence that these systems are related. Rather, Henderson and Tsjui [40] 
observed some common features of the BSP-sensitive efflux route and the efflux 
route for cyclic nucleotides like 3’,5’-cyclic AMP.

Thus far, the characterisation of efflux routes has not obtained as much 
attention as influx routes, but further studies are warranted since the activity of 
efflux routes can be directly related to tumour cell sensitivity to MTX.

INTRACELLULAR METABOLISM 

Inhibition of DHFR
The most important intracellular target of MTX is dihydrofolate reductase 

(DHFR) (see Fig. 2). MTX is, with respect to dihydrofolate (FH2), a competitive 
inhibitor of DHFR with an extremely tight binding to the enzyme [47,48].

PRPP-*

(Leucovorin)

5-10-methylene-FH4(GLU)„ dUMP

5-methyl-FH4(GLU),

dTMP

F(GLU)n

DHFR

DHFR

GAR-TFase AlCAR-TFase -*-*IMP

Fig. 2. Folate metabolic pathways and major target enzymes for folate antagonists. Target enzymes 
are: DHFR: dihydrofolate reductase, TS: thymidylate synthase, GAR-TFase: glycinamide ribonu
cleotide transformylase, AICAR-TFase: aminoimidazole carboxamide ribonucleotide transformylase. 
FH2: dihydrofolate, FH4: tetrahydrofolate, (GLU)„: glutamate residues, PRPP: phosphoribosylpy- 
rophosphate, IMP: inosine monophosphate, AMP: adenosine monophosphate, GMP: guanine monop
hosphate, dUMP: deoxyuridine monophosphate, dTMP: deoxythimine monophosphate
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The binding affinity of DHFR for MTX is higher than for its natural substrate 
dihydrofolate (FH^ [49]. At pH 6.0, the binding of MTX to DHFR is stoichi
ometric [50,51], which means that each molecule of drug binds to one molecule of 
enzyme. Only small amounts of DHFR activity are required to maintain the 
tetrahydrofolate (FH4) pools. Therefore, at least 95% of DHFR needs to be inhi
bited before perturbations in cellular growth rate can be observed [52],

Polyglutamylation
Once inside the cell, the naturally occurring folates and folate analogues like 

MTX are extensively metabolized to polyglutamate dervatives [53-61]. Folylpoly- 
glutamate synthase (FPGS) catalyzes the reaction by which multiple glutamate 
moieties are sequentially added to the y-carboxyl group of the glutamate side chain 
°f the (anti)folate molecule (Fig. 3). Reduced folate compounds are good substrates 
for this enzyme, the substrate affinity for MTX is slightly lower (K^: 100-140 (iM) 
[62-67], Polyglutamylation is a time-, dose- and cell type-dependent process 
[68,69], and the activity of FPGS is enhanced by low intracellular folate pools 
[62-64,70] and high rates of cell growth [63,70,71]. Polyglutamate derivatives of

CB,I
ch2-n-

VN' N' 

METHOTREXATE

FPGS

Glutamate
'ATP

ADP
P,.

O COOH
II I
C-NH -CH I

ch2

ch2I
C-OHII O

A

MTX-[PG]

CH3 -------- O COOH
1 / \ 11 1N^CH2-N—^ \_c-NH-CH

'----- ' ch2

CH,I
C-------II o

COOHI
-NH-CHI

CHjI
CH2I
c------

3. Reaction scheme for the polyglutamamylation of MTX via folylpolyglutamate synthase, 
folylpolyglutamate synthase, P,: inorganic phosphate, MTX-[PG]n: polyglutamate derivative of 

MTX, n: represents the total glutamate residues in y-linkagc.
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naturally occurring folates form an intracellular depot. Their retention is signifi
cantly increased by the elongation of the glutamate side chain, with additional 
negatively charged glutamate residues, which prevents a rapid efflux from the cell. 
MTX-polyglutamates, in particular the tetra- and penta-glutamate forms, are also 
selectively retained by the cell [53,72-74], MTX-polyglutamates are at least as 
potent as MTX-monoglutamates in inhibiting DHFR. Furthermore, MTX-polyglu
tamates dissociate from DHFR with a much slower rate than monoglutamates 
[55,68,75,76]. These effects may prolong the cytotoxic action of MTX. The impor
tance of MTX-polyglutamylation is further illustrated by the observation of a 
significantly lower cytotoxic effect (in short term exposure) of fluoro-MTX, a 
MTX derivate without any FPGS substrate activity [77],

There is increasing evidence that the selectivity of antitumour action by MTX 
is related to differences in polyglutamylation between normal (e.g. intestinal 
mucosa or marrow progenitor cells) and neoplastic cells [56,72,74,78-80]. In 
concert with these data is the observation of Koizumi et al. [54] that a 2-fold 
higher intracellular MTX polyglutamate level resulted in a 30-fold increased cyto
toxic effect of MTX in HL-60 leukaemia cells compared to marrow progenitor 
cells. Differences in polyglutamylation may also form the basis for the selectivity 
of leucovorin (5-formyl-THF) rescue of normal cells [56,79-82], In clinical practice 
5-Formyl-THF is used to rescue normal cells from MTX cytotoxicity [2,3], 5-For- 
myl-THF inhibits MTX polyglutamylation, presumably through competition for 
transport and/or binding to the FPGS enzyme [83,84], Tumour cells are less 
sensitive for rescue by 5-formyl-THF because of higher levels of intracellular 
MTX-polyglutamates which are poorly displaced from DHFR, thus sustaining the 
inactivation of the enzyme [55,79],

Indirect effects
It has now been established that MTX can also have an inhibitory effect on 

folate-dependent enzymes other than DHFR. Unlike MTX-monoglutamates, MTX- 
polyglutamates and FH2-polyglutamates (which are elevated as a result of DHFR 
inhibition by MTX [56,79]) were found to be potent inhibitors of glycinamide 
ribonucleotide transformylase (GAR-TFase) and aminoimidazole carboxamide ribo
nucleotide transformylase (AICAR-TFase), two folate-requiring enzymes in purine 
biosynthesis de novo (see Fig. 2), and especially of thymidylate synthase (TS) [85- 
87]. For example, MTX-G1u3 and MTX-G1u5 were 2500-fold more potent inhibitors 
of AICAR-TFase than MTX [86]. Likewise, MTX-polyglutamates had 75-300 fold 
greater potency than MTX as inhibitors of TS [85]. At this moment, the inhibition 
of these folate requiring enzymes is considered to be an important factor in the 
cytotoxic effects of MTX.

Mechanism of cell death by MTX
It has been traditionally assumed that DHFR inhibition by MTX initiates a 

series of intracellular events that culminate in impaired de novo synthesis of 
thymidylate and purines as a result of a depletion of FH4 pools. Although a reduc
tion and changes in the distribution of folate-pools has been observed after tumour
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cell exposure to antifolates [56,88-91], it is believed that these changes are not 
sufficient to explain the cytotoxic effects of MTX. In addition, experimental studies 
and network thermodynamic computer modeling by Seither et al. [92,93] and Trent 
et al. [94] suggest that TS inhibition by MTX- and FH2-polyglutamates only slows 
down but does not abolish the rate of interconversion of FH4 cofactors. Hence, 
inhibition of folate-requiring enzymes per se cannot explain the cytotoxic effects of 
MTX. These authors raise the hypothesis that only a fraction of cellular tetrahy- 
drofolates are available for de novo purine and thymidylate synthesis, and that a 
(large) fraction is in a biochemical form, in a physical compartment (e.g. 
mitochondria), or bound to cellular constituents which make them unavailable for 
oxidation to dihydrofolate. In conclusion, the metabolic inhibition by MTX is 
likely to be a multifactorial event that includes folate substrate depletion and direct 
inhibition of several critical folate-dependent enzymes by MTX- and FH2- 
polyglutamates.

In mammalian cells antifolate-induced cytotoxicity is associated with 
unbalanced growth [95,96], Unbalanced growth is a state in which synthesis of 
RNA and proteins can continue, but DNA synthesis, and consequently cell 
division, are blocked. This suggests that the effect on the nucleotide synthesis 
following inhibition of TS is a more important factor in MTX cytotoxicity than 
inhibition of purine and pyrimidine synthesis. Since TS is an S-phase specific 
enzyme, MTX will be highly cell cycle phase dependent, acting primarily in S- 
Phase [97,98], Prior to cell death, it appears to be necessary that the unbalanced 
state persists for several hours, estimated to range from 8 to 16 hours [97,99].

A more attractive mechanism of cell death, following MTX exposure, is an 
irreversible DNA damage caused by uracil misincorporation. Treatment of cells 
with MTX causes accumulation of dUMP (deoxyuridine monophosphate), and a 
depletion of dTTP (thymidine triphosphate) [100-102], Since DNA polymerases can 
not distinguish between dUTP (deoxyuridine triphosphate) and dTTP, misincorpora- 
don of uracil into DNA may occur, which leads to DNA-strand brakes and cell 
death [103], Lorico et al. [104] and Curtin et al. [105] have observed single/ 
double stranded DNA damage in tumour cells treated with MTX and CB3717 (a 
folate-based TS inhibitor), which correlated with intracellular dUTP levels.

mechanisms of resistance

°ne of the limitations of MTX in the treatment of different human malignancies is 
tumour cell resistance to MTX. Resistance to MTX can be a natural characteristic 
°f tumour cells or it can be acquired by primarily sensitive cells. Several 
mechanisms of resistance to MTX have now been described, largely on basis of 
investigations with tumour cell lines which have been made resistant to MTX by 
continuous exposure to progressively increasing concentrations of MTX. The most 
important mechanisms of tumour cell resistance against MTX are described below. 
MTX-resistance may develop as a consequence of either one or a combination of 
these mechanisms [106-108].
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DHFR gene amplification
One of the most common mechanisms of acquired MTX resistance is an 

increased activity of DHFR resulting from DHFR gene amplification [109,110]. 
The step-wise increase in drug concentration in the cell culture medium may lead 
to as many as 100-1000 copies of the DHFR gene, and to high levels of drug 
resistance. It has been demonstrated that gene amplification may be a determinant 
in clinical drug resistance as well [111,112]. Human tumour cells can also 
promptly increase DHFR levels when exposed to MTX, even without evidence for 
gene amplification [113]. The rapid elevation of the enzyme appears to be medi
ated at the level of protein transcription or translation.

altered DHFR
Point mutations may result in the synthesis of variant forms of DHFR 

characterized by a (1) decreased affinity for MTX or (2) by altered kinetic 
properties relative to dihydrofolate.

ad 1): Altered forms of DHFR have been found to retain adequate function 
for reduction of their normal substrate, dihydrofolate, but have a greatly decreased 
affinity for MTX [114-116]. Haber has found that, in mouse 3T6 fibroblasts, 
amplification is associated with an altered DHFR that has a decreased affinity (by 
270-fold) and Vm„ (by 20%) for MTX [117].

ad 2): Studies with a MTX-resistant human promyelocytic leukaemia cell line 
HL-60 suggest that the mechanism of resistance was due to an altered DHFR 
exhibiting a 20-fold increase in catalytic activity as compared to the enzyme from 
wild-type cells [118,119], The altered DHFR was further characterized as having a 
higher affinity constant (Km) for dihydrofolate and a higher Vm„ when compared to 
the DHFR from the parent cell line. Interestingly, the inhibition constant (IC*,) for 
inhibition of the altered enzyme by MTX was identical to that for the wild-type 
DHFR [119].

Impaired MTX transport
Impaired transport manifested as quantitative (reduction of influx Vm„) and/or 

qualitative (increased influx KJ alterations of the reduced folate/MTX carrier 
system has been associated with resistance to MTX in vitro and in vivo [11,24, 
120-126]. A decreased Vm„ for influx may be related to a functional defect in the 
translocation of the reduced folate/MTX carrier [127,128]. Transport-related resis
tance to MTX can also be due to the expression of folate uptake systems, other 
than the reduced folate/MTX carrier, which have a low affinity for MTX relative 
to naturally occurring folates [24,27,33].

Decreased MTX polyglutamylation
A defect in the ability to polyglutamylate MTX has first been described by 

Cowan and Jolivet [129] in an MTX-resistant human breast cancer cell line. 
Although this cell line had an additional decrease in MTX uptake, the 1000-fold 
resistance could not be explained by this mechanism alone since the cells remained 
resistant in the presence of intracellular drug levels above those found in sensitive

14



cells. Decreased polyglutamylation was also found in a transport-deficient human 
squamous carcinoma cell line of the head and neck in culture, which had normal 
DHFR activity [130].

Pizzomo et al. were able to select a cell line which displays acquired 
resistance to MTX which was solely due to defective MTX polyglutamate 
synthesis [131], Two MTX resistant sublines were isolated from human CCRF- 
CEM leukaemia cells after short-term, high-dose treatment with this drug. Although 
the resistant sublines were able to form substantial amounts of folate 
polyglutamates when measured with [3H]-folic acid, the level of polyglutamates 
formed was decreased to about 50% of that formed by the parent cell line.

Inherent resistance to MTX was observed in two out of three human 
squamous cell carcinoma cell lines following short term exposure to MTX [132], 
The basis for the natural resistance to MTX correlated with the different amounts 
°f MTX-polyglutamates synthesized by these cell lines.

The intracellular levels of MTX-polyglutamates is dependent upon the relative 
activity of FPGS and FPGH (folylpolyglutamate hydrolase), the enzyme that is 
responsible for the breakdown of polyglutamates. Samuels et al. [133] observed 
that levels of FPGH activity were considerably greater (10-20 fold) in normal 
issues than in tumour cells. Whitehead et al. [134] reported higher activities of 
FPGH in myeloblasts from patients with acute non-lymphoblastic leukaemia 
compared to lymphoblasts from patients with acute lymphoblastic leukaemia (ALL). 
The difference in FPGH activity correlated with higher levels of long chain MTX- 
P°lyglutamates in ALL cells.

Decreased TS activity
Low TS activity may play a role in MTX resistance due to a decreased rate 

°f thymidylate synthesis. The reduced thymidylate synthesis will slow down the 
depletion of the reduced folate pools and, as a consequence, the inhibition of 
DHFR by MTX can be enhanced without any damage to the cell [135,136]. From 
studies in eight patient-derived small cell lung carcinoma cell lines, Curt et al. 
IT37] concluded that the rate of polyglutamylation was the most critical 
determinant in MTX sensitivity. Their results also suggested that low TS activity 
contributed to MTX resistance in two of these cell lines. In an other study, 
Rodenhuis et al. [106] showed that MTX resistance in fresh human leukemic cells 
was based upon both a transport defect and low TS activity. The role of TS 
activity in the resistance to MTX, however, is questionable, since levels of TS may 
be 4-5 fold higher in cells with a logarithmic phase of growth as compared to 
cells in a plateau phase, low levels of TS may reflect low cell growth activity
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OTHER ANTIFOLATES

Several novel antifolates have got an increased cytotoxicity to tumour cells. Novel 
antifolates used in this study are discussed below. The chemical structures of these 
compounds are shown in Fig. 1.

DHFR inhibitors
10-Ethyl-10-deaza-aminopterin (10-EdAM) is a DHFR inhibitor with in

creased cytotoxic effects, as compared to MTX [139,140], 10-EdAM exhibits 
marked potential for improved antitumour selectivity at the level of two biochem
ical properties which are believed to be crucial to the cytotoxic action of antifolate 
compounds. This drug is transported and polyglutamylated with greater efficiency 
than MTX (Table 2). It was found to have an enhanced activity against a variety 
of solid tumours [141], At this moment 10-EdAM is tested in a clinical phase III 
trial for advanced squamous cell carcinomas of the head and neck [142],

In the search to develop new antifolates to circumvent resistance due to 
decreased drug transport, the lipophilic antifolates have shown promising features 
[146], At this moment trimetrexate (TMQ), a 2,4-diaminoquinazoline derivative, is 
one of the best studied non-classical antifolate compounds. TMQ is an inhibitor of 
DHFR like MTX, but cannot be polyglutamylated because of the lack of a 
glutamate residue (Fig. 1) [147-149]. Membrane transport of TMQ is not mediated 
by a specific membrane protein such as for MTX, but the compound may enter the 
cell by passive/facilitated diffusion [147], Transport kinetic studies showed uptake 
of TMQ to be proportional to extracellular drug concentrations between 10'9 and 
104 M [148]. Kamen et al. demonstrated that the uptake of TMQ is as rapid by 
MTX-sensitive and MTX-resistant cells. TMQ may therefore be active against 
tumours which are resistant to MTX on basis of altered transport. Preclinical 
studies were promosing, but in clinical trials, however, TMQ was only modestly 
active as an anticancer agent.

Table 2. Affinity of the reduced folate carrier and FPGS for MTX and novel antifolates.

Folate
antagonist

Target 
enzyme 
(KJ (pM)

Affinity 
RF-carrier 
(KJ (PM)

Affinity
FPGS

MTX. DHFR 5-10 100-140

10-EdAM DHFR 2-3 30

TMQ DHFR none none

ICI-198,583 TS 2-3 40

DDATHF GAR-TFase 2-3 8

Data obtained from references [34,60,67,143-145],
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TS inhibitors
In an effort to circumvent MTX resistance due to altered or amplified DHFR, 

new antifolate compounds, N10-propargyl-5,8-dideazafolic acid (CB3717) and 2- 
desamino-2-methyl-N10-propargyl-5,8,-dideazafolic acid (ICI-198,583), have been 
synthesized. These compounds act through potent inhibition of TS, and CB3717 
was found to have antitumour activity in both preclinical and clinical studies 
[150-153]. Transport of these antifolates can proceed via the reduced folate/MTX 
carrier, but is also mediated by mFBP which has a high affinity for these com
pounds [34], Once inside the cell the folate based TS inhibitors are rapidly 
converted to polyglutamate metabolites [154], The polyglutamate forms of CB3717 
were significantly more potent competitive inhibitors of TS as the length of the 
polyglutamate chain increased [154]. Unfortunately, in large phase I studies 
CB3717 appeared to be too toxic for further clinical evaluation [155].

GAR-TFase inhibitors
5,10-Dideazatetrahydrofolate (DDATHF) is another antimetabolite which 

inhibits folate metabolism at sites other than DHFR. DDATHF is a potent folate 
analogue which suppresses purine synthesis through direct or indirect inhibition of 
glycinamide ribonucleotide transformylase (GAR-TFase) [156]. In preclinical studies 
DDATHF was, as a single agent, not as potent as MTX, but low doses of DHFR- 
mhibitors and DDATHF together may have synergistic effects [157,158]. Multiple 
Membrane-transport routes may be involved in the cellular uptake of DDATHF. 
These routes include the classic reduced folate carrier, and the membrane 
associated mFBP [35]. FPGS has the highest substrate affinity for DDATHF (Table
2). as compared to other antifolates [156],
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ABSTRACT

Membrane transport characteristics of the folate analogue methotrexate (MTX) were 
studied in a human squamous carcinoma cell line of the head and neck (HNSCC) 
adapted to grow in tissue culture media with nanomolar reduced folate concentra
tions (SCC-11B-LF), as compared to SCC-11B cells grown in standard medium 
containing high folate concentrations.

We observed that SCC-11B-LF cells exhibited a 10.5-fold increased uptake of 
[3H]-MTX via the reduced folate/MTX carrier system compared to SCC-11B cells. 
Affinity labelling of the reduced folate/MTX carrier system suggests that the up- 
regulation of [3H]-MTX transport mainly results from an increased rate of carrier 
translocation, and only to a minor extent (15-20%) from an increased amount of 
carrier protein. The up-regulation of MTX transport resulted in a 2.4-fold increased 
growth inhibitory effect by MTX.

These results suggest that membrane transport may play a more important 
role in MTX-cytotoxicity when SCC-11B cells in vitro are grown in more 
physiological folate concentrations.

INTRODUCTION

Patients with squamous cell carcinomas of the head and neck (HNSCC) presenting 
with an early localized disease are usually curable with surgery or radiotherapy 
alone, whereas advanced stages of disease can be cured with a combination of 
surgery and radiotherapy [1], In patients with recurrent and/or systemic disease, 
however, adequate tumour control cannot be provided by surgery and radiotherapy 
alone. The role of chemotherapy in these circumstances is still disappointing [2]. 
Squamous cell carcinomas are nevertheless responsive to a variety of antineoplastic 
agents. Active drugs for the treatment of head and neck carcinomas include 
methotrexate (MTX), cisplatin, bleomycin, and 5-fluorouracil [3].

The antifolate methotrexate [4] is one of the most widely used chemother- 
apeutics in recurrent or inoperable squamous cell carcinomas [3]. In this regard, 
HNSCC cell lines have been used as in vitro model systems for screening sensi
tivity and/or resistance to antifolate compounds [5-10],

Usually, however, these type of studies are carried out with HNSCC cells 
grown in standard tissue culture media containing 2-10 (iM of folic acid. This 
concentration has to be considered as supraphysiological because circulating plasma 
reduced folate levels vary between 5-50 nM [11],

In this study membrane transport characteristics of MTX were compared for a 
human HNSCC cell line grown in standard high folate medium, and for the same 
cells adapted to grow at nanomolar reduced folate concentrations.

30



Materials and methods

Chemicals
Standard RPMI-1640 medium with 2.2 (J.M folic acid, folate-free RPMI-1640 

medium, fetal calf and dialysed fetal calf serum were obtained from Gibco, Grand 
Island, NY, U.S.A. d,l-5-Formyltetrahydrofolate (5-formyl-THF), folic acid, and N- 
hydroxysuccimide were purchased from Sigma Chemical Co., St. Louis, MO, 
U-S.A. Methotrexate was a gift from Pharmachemie, Haarlem, The Netherlands. 
Trimetrexate (TMQ) glucuronate-salt was obtained from Warner Lambert/ Park 
Davis, Ann Arbor, MI, U.S.A. [3H]-MTX (20 Ci/mmol) and [3H]-folic acid (35 
Ci/mmol) were obtained from Moravek Biochemical, Brea, CA, U.S.A. Radiolabels 
were purified prior to use by thin-layer chromatography as described before 
[12-15], Radiochemical purity of the labelled compounds was more than 99% after 
rechromatography.

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

tiated human squamous cell carcinoma of the larynx, were kindly provided by Dr. 
T.E. Carey, University of Michigan, Ann Arbor, U.S.A. Parental (SCC-11B) cells 
were grown as a monolayer at 37°C in a 5% C02 humidified atmosphere in RPMI- 
1640 medium (with 2,2 pM folic acid) supplemented with 10% fetal calf serum 
(PCS), 2 mM glutamine, penicillin (100 Units/ml) and streptomycin (100 |ig/ml), 
further referred to as "standard" medium.

SCC-1 IB-Low Folate (SCC-11B-LF) cells, adapted to low reduced folate 
concentrations, were obtained by growth of parental cells in folate-free RPMI-1640 
medium (supplemented with 10% dialysed FCS, glutamine and antibiotics as 
described above), containing a starting concentration of 10 nM 5-formyl-THF as 
sole reduced folate source. 5-Formyl-THF was used as a model for the circulating 
Plasma folate 5-methyltetrahydrofolate, which was found to be unstable in culture 
medium used during growth experiments [16,17]. Cells were transferred in serial 
Passages in stepwise decreasing concentrations of 5-formyl-THF. After 6 months, 
SCC-11B-LF cells were maintained in medium containing 0.25 nM 5-formyl-THF 
(further referred to as "low folate" medium). Growth rate of SCC-11B-LF cells 
under these conditions was identical to that of SCC-1 IB cells grown in standard 
(high folate) medium.

Cytotoxicity assay
Cells were plated in the individual well of a 24-well tissue culture plate at a 

density of 1 x 104 cells/cm2. Appropriate dosages of 5-formyl-THF and the anti
folate drags were added 24 hours later. Following incubation for 7-10 days, cells 
''(ere washed twice with phosphate buffered saline solution (PBS) to remove non- 
viable cells, trypsinized (0.25% trypsin/0.05% EDTA in PBS) and counted by a 
6ysmex CC-110 cell counter. The IC*, is defined as the concentration of drag 
required to inhibit cell growth by 50%, compared to controls.
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pH]-MTX uptake
HNSCC cells in the mid-log phase of growth were harvested by 

trypsinization, washed with folate free RPMI-1640 medium supplemented with 10% 
dialysed PCS, and resuspended to a single cell suspension in 1 ml of HEPES- 
buffered saline solution (HBSS buffer) [18], containing :107 mM NaCl, 20 mM 
Hepes, 26.2 mM NaHC03, 5.3 mM KC1, 1.9 mM CaCl2, 1.0 mM MgCl2, 7 mM 
D-glucose, pH 7.4 with NaOH. Uptake of MTX was followed for 10 minutes at 
37°C at an extracelluar concentration of 2 pM [3H]-MTX (specific activity 500 
cpm/ pmol). At selected intervals the uptake was stopped by the addition of 9 
volumes ice-cold transport buffer. Cells were centrifuged for 5 minutes 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 analyzed for 3H-radioactivity as described before 
[14] in Optifluor scintillation fluid (United Technologies Packard, Brussels, 
Belgium) with the use of an Isocap/300 (Searle, Nuclear Chicago) scintillation 
counter with a counting efficiency for 3H of 51%. Experiments in which uptake of 
[3H]-MTX was analyzed for non-trypsinized HNSCC-11B cells, or for CCRF-CEM 
leukaemia cells incubated with 0.25% trypsin, demonstrated that trypsinization had 
no effect on the uptake of [3H]-MTX in these cells.

pH]-MTX labelling
An N-hydroxysuccimide ester of [3H]-MTX (NHS-[3H]-MTX) [19] was used 

as an affinity label for the carrier protein in HNSCC cells. NHS-[3H]-MTX was 
synthesized as described previously [14,19]. SCC-llB(-LF) cells were grown as a 
monolayer in 10 cm2 culture dishes. Cells were washed twice with HBSS buffer 
and 150 pmol of NHS-[3H]-MTX (in 1.5 ml HBSS) was added to the culture dish. 
Labelling in the presence of 1 mM unlabelled MTX served as control for specific
ity. After 5 min incubation at 25°C, cells were washed twice with HBSS after 
which 1.5 ml 1% (v/v) Triton X-100 in HBSS was added to the culture dish. After 
1 hour the cell homogenate was transferred to an Eppendorf tube and centrifuged 
for 1 min at 13,000 g. The supernatant was diluted 1:1 with methanol and kept for 
1 hour at -20°C. The precipitated protein was recovered by centrifugation, dissolved 
in 10 mM sodium phosphate buffer (pH 7.5) containing 1% sodium dodecyl 
sulphate, and analyzed for 3H-radioactivity. The incorporation of [3H]-MTX is ex
pressed as pmol/mg protein.

DHFR assay
Dihydrofolate reductase (DHFR) activity was determined according to the 

method described by Mini et al. [20].
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1. Time course of accumulation of [3H]-MTX by SCC-11B cells grown at "standard" folate 
(left hand panel) and SCC-11B-LF cells grown at "low folate" concentrations (right hand panel). 
The results are the mean of three experiments, S.D. less than 19%. Uptake buffer; HBSS pH 7.4, 
extracelluar concentration of [3H]-MTX: 2 pM.
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^'8- 2. The specific incorporation of [3H]-MTX after incubating SCC-11B and SCC-11B-LF cells 
With a N-hydroxysuccimide ester of [3H]-MTX. Details of NHS-pH]-MTX labelling are described in 
Materials and Methods".
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RESULTS

pH]-MTX uptake
Fig. 1 demonstrates a 10.5 fold higher rate of [3H]-MTX influx by SCC-11B- 

LF cells grown at "low folate" medium (8.4 pmol/min/107 cells) compared to SCC- 
11B cells grown at "standard" medium (0.8 pmol/min/107 cells). Also steady state 
levels of [3H]-MTX uptake are significantly higher in SCC-11B-LF cells (= 50 
pmol/107 cells) than SCC-11B cells (= 5 pmol/107 cells). No uptake of [3H]-MTX 
is observed at 4°C.

NHS-pH]-MTX labelling
Affinity labelling with a N-hydroxysuccimide ester of [3H]-MTX to estimate 

the amount of reduced folate/MTX carrier protein in SCC-11B and SCC-11B-LF 
cells, is shown in Fig. 2. The amount of carrier protein in SCC-11B-LF cells was 
found to be 1.6-fold higher than in SCC-11B cells (0.59 and 0.38 pmol [3H]- 
MTX/mg protein, respectively).

Cytotoxicity
Growth inhibitory effects of MTX and TMQ for human squamous cell 

carcinoma cell lines of the head and neck (SCC-11B) and (SCC-11B-LF) grown in 
respectively "standard" or "low folate" medium are shown in Table 1. In the 
presence of 10 nM 5-formyl-THF as folate source, SCC-11B-LF cells are a 2.4 
fold more sensitive to MTX than SCC-11B cells grown in "standard" medium 
(ICjo: 24 nM vs 58 nM, respectively). On the other hand SCC-11B-LF cells were 
6.6 fold less sensitive to TMQ as compared to SCC-11B cells (IQ,,: 205 nM vs 31 
nM, respectively).

Table 1. Growth inhibitory effects of MTX and TMQ in the presence of 10 nM 5-formyl-THF for 
human squamous cell carcinoma cells (SCC-11B) grown at "standard" or cells (SCC-11B-LF) grown 
at "low folate" concentrations.

MEDIUM IC50 (nM)

MTX TMQ

standard <A) 58 ± 14 (n=5) 31 ±12 (n=5)

low folate (B) 24 ±3 (n=3) 205 ± 35 (n=4)

SCC-11B cells were grown in RPMI-1640 medium supplemented with 2.2 pM folic acid and 
10% fetal calf serum.
SCC-11B-LF cells were grown in folate free RPMI-1640 medium supplemented with 10% 
dialysed fetal calf serum and 0.25 nM 5-formyl-THF as the sole folate source.
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DISCUSSION

At present two different transport routes, a carrier-mediated process via the reduced 
folate/MTX transport system and a membrane associated folate binding protein 
(FBP), are believed to be involved in tumour cell membrane transport of natural 
reduced folate compounds and folate analogues like MTX [12,14,15,17,21-28]. 
Membrane associated FBPs have been identified in several established cell lines 
adapted to nanomolar concentration of reduced folates in the cell culture medium 
[13,14,23,26,29]. The high concentration of folic acid in commercially available 
media can lead to a down-regulation in the expression of FBP [13].

In this study we have adapted a human head and neck squamous cell 
carcinoma cell line to grow on nanomolar concentrations of reduced folates in the 
medium (SCC-11B-LF). An adaptation period of about six months is usually 
necessary for the FBP to overcome the down-regulation [13,14,26], In the SCC- 
11B-LF cells, however, we could not identify the expression of a FBP by [3H]- 
folic acid binding studies (results not shown). In contrast, growth of SCC-11B-LF 
cells in low folate medium resulted (Fig. 1) in the up-regulation of carrier- 
mediated transport via the reduced folate/MTX transport system. This transport 
system has also been identified in other HNSCC cell lines [5,7-9]. Affinity 
labelling of SCC-11B-LF cells with NHS-[3H]-MTX [19,30], suggests that the up 
regulation of [3H]-MTX transport was associated only to a minor extent with an 
increase in the amount of carrier protein. The major part in the up-regulation of 
membrane transport must therefore be ascribed to a more efficient carrier function. 
This finding is analogous to recent studies with murine L1210 and human CCRF- 
CEM leukaemia cells exhibiting an up-regulation of reduced folate/MTX transport 
following adaptation of cells to grow at low medium folate concentrations 
[18,27,31], In the L1210 variants [18,31] the increased membrane transport of 
[3H]-MTX correlated with a similar increase in the amount of carrier protein, 
whereas an up-regulated variant of CCRF-CEM [27] was characterized by both an 
increased amount of carrier protein and a more efficient carrier function.

In addition, membrane transport of [3H]-MTX in variant CEM cells could be 
down regulated by incubating these cells for 1 hour with 5-25 nM of 5-formyl- 
THF [27], Similar incubations of SCC-11B-LF cells with 5-formyl-THF, however, 
did not result in a down-regulation of [3H]-MTX uptake in these cells (results not 
shown). This suggests that there may be different mechanisms of regulation of 
MTX transport in HNSCC cells and CEM cells.

The up-regulation of [3H]-MTX transport in SCC-11B-LF cells resulted in a 
more potent growth inhibition by MTX for these cells compared to parental cells 
(Table 1). On the other hand, SCC-11B-LF cells were less sensitive to the 
antifolate TMQ. TMQ is a potent inhibitor of the intracellular dihydrofolate 
reductase, but unlike MTX, it does not require the reduced folate/MTX carrier 
system for cell entry [32,33]. Because there was no change in DHFR activity 
(results not shown), it is reasonable to assume that a more efficient uptake of 5- 
formyl-THF, which can protect cells from TMQ cytotoxicity [34], accounts for the 
decreased TMQ sensitivity in SCC-11B-LF cells compared to parental SCC-11B
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cells.
In summary, a human head and neck squamous cell carcinoma cell line, 

grown in cell culture medium containing "low-folate" concentrations, exhibited an 
up-regulation of (anti)folate transport via the reduced folate carrier system. This 
suggests that in HNSCC cells grown in folate-conditioned medium, membrane 
transport could play a more important role in MTX-cytotoxicity than was antici
pated from studies with HNSCC cell lines grown at "standard" conditions [5,7-9]. 
Studies are now in progress to test this hypothesis in vivo using SCC-llB(-LF) 
cells as xenografts in athymic nude mice [35,36],
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ABSTRACT

Mechanisms of acquired resistance to methotrexate (MTX) were evaluated in 
HNSCC-11B cells which were made resistant to MTX either by continuous (11B- 
MTX-C) or by pulse exposure (11B-MTX-P) to the drug.

11B-MTX-C cells were 91-fold resistant to MTX and 30-fold or 49-fold 
cross-resistant to trimetrexate (TMQ) and 10-EdAM, respectively. Dihydrofolate 
reductase (DHFR) activity was increased 63-fold in 11B-MTX-C cells together 
with a decrease in [3H]-MTX transport and folylpolyglutamate synthase (FPGS) 
activity (2.5- and 3.8-fold, respectively). Against two novel antifolates targetting 
enzymes other than DHFR, minor cross-resistance was observed for ICI-198.583, 
but full sensitivity was retained for DDATHF.

11B-MTX-P cells were 46-fold resistant to MTX and 47-fold cross-resistant 
to ICI-198,583 in short-term drug exposure, but showed only minor changes in 
MTX sensitivity following prolonged drug exposure. The resistant phenotype in 
11B-MTX-P cells was characterised by a 5.6-fold decrease in FPGS activity.

These results suggests that different mechanisms of MTX-resistance in 
HNSCC cells in vitro can be obtained dependent on the schedule of exposure to 
MTX.

INTRODUCTION

Surgery and radiotherapy are the primary modalities of treatment in patients with 
squamous cell carcinomas of the head and neck (HNSCC) [1], Chemotherapy is 
most commonly reserved for end-stage disease. Active drugs for the treatment of 
head and neck carcinomas include methotrexate (MTX), cisplatin, bleomycin and 5- 
fluorouracil (5-FU). 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 
MTX as its most used agent [3]. Although MTX 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 MTX. 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 identified
[4] , Four mechanisms of resistance to MTX have been extensively studied in vitro
[5] , and are of significant importance for resistance in HNSCC cell lines [6-9]. 
These mechanisms include: (a) increase of the intracellular level of DHFR, the 
target enzyme of MTX, usually as a result of DHFR gene amplification; (b) altera
tion of DHFR, with decreased affinity for MTX; (c) decrease of MTX transport 
into the cell; and (d) decrease of intracellular polyglutamylation of MTX.

In all of these studies, however, the development of MTX-resistance in vitro 
was induced by stepwise increasing concentrations of MTX to the cell culture. 
Recently Pizzomo et al. [10] have shown for leukaemia cells in vitro that pulse 
doses of MTX, in an attempt to mimic clinical conditions, preferentially resulted in
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impaired polyglutamylation as the mechanism of MTX-resistance.
In this study we investigated the mechanism(s) of acquired resistance to MTX 

for a HNSCC cell line which was made resistant to MTX in two different ways, 
either by continuous (11B-MTX-C), or by 24 hour pulse (11B-MTX-P) exposures 
to MTX.

During the development of MTX-resistance, the HNSCC cell lines were 
grown in "folate-conditioned" medium, containing near physiological concentrations 
of natural folates (~ 5 nM) rather than the high levels of folic acid (= 2 pM) 
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]-MTX membrane transport may occur via 
the classical reduced folate/MTX carrier system [11-13]. Another rationale is that 
the expression of a membrane-associated folate binding protein (mFBP) can only 
be established in "folate-conditioned" medium [14-17]. An mFBP can serve as an 
alternative folate transport system in tumour cells with a non-functional reduced 
folate carrier system [17], or may be functional together with the reduced folate 
carrier system [15,16],

The level of resistance to MTX in 11B-MTX-C and 11B-MTX-P cells were 
analysed in long-term (7 days) and in short-term (24 hours) drug exposure. In 
order to establish whether there is cross-resistance or sensitivity to other anti
folates, the cytotoxicity experiments were also done with two other DHFR inhibi
tors: TMQ and 10-ethyl-10-deazaaminopterin (10-EdAM), and with two novel fo
late analogues which are inhibitors of thymidylate synthase (TS): 2-desamino-2- 
methyl-N10-propargyl-5,8-dideazafolic acid (ICI-198,583), or glycinamide ribonucle
otide transformylase (GAR-TFase): 5,10-dideazatetrahydrofolic acid (DDATHF).

The results demonstrate that resistance to MTX in 11B-MTX-C cells was 
mainly due to increased DHFR levels and to a minor extent as a result of reduced 
MTX-transport and decreased FPGS activity. On the other hand, in 11B-MTX-P 
cells the major defect was found to be a significant decline in FPGS activity. It is 
also demonstrated that MTX resistant 11B-MTX-P cells were concomitantly cross- 
resistant to ICI-198,583, but retained full sensitivity to DDATHF.

Materials and methods

Chemicals
Folate-free RPMI-1640 medium and dialysed fetal calf serum (FCS) were 

obtained from Gibco, Grand Island, NY, USA. d,l-5-Formyltetrahydrofolate (5- 
formyl-THF), folic acid, 5-fluorouracil (5-FU) and 5-fluoro-2-deoxyuridine (FUdR) 
were purchased from Sigma Chemical Co., St. Louis, MO, USA. MTX was a gift 
from Pharmachemie, Haarlem, The Netherlands. Trimetrexate (TMQ) glucuronate- 
salt was obtained from Warner Lambert/ Park Davis, Ann Arbor, MI, USA. 10- 
Hthyl-10-deazaaminopterin (10-EdAM) was a gift from Ciba Geigy, Basel, Switzer
land. 5,10-Dideazatetrahydrofolic acid (DDATHF) was a generous gift of Dr G.B. 
Grindey, Lilly Research Laboratories, Indianapolis, USA. 2-Desamino-2-methyl-
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N10-propargyl-5,8-dideazafolic acid (ICI-198,583) was provided by ICI-Phar- 
maceutical Division, Alderly Park, Macclesfield, Cheshire, United Kingdom. [3H]- 
MTX (20 Ci/mmol) was obtained from Moravek Biochemical, Brea, CA, USA, and 
was purified prior to use by thin-layer chromatography as described before [16-18]. 
Radiochemical purity of the labelled compound was more than 99% after re- 
chromatography. [3H]-glutamate (25.0 Ci/mmol) was obtained from NEN Research 
Products, Boston, MA, 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 Michigan, Ann Arbor, USA. Parental cells (further referred to 
as SCC-11B cells) were adapted to nanomolar concentrations of 5-formyl-THF as 
described before [12], Cells were grown as a monolayer at 37°C in a 5% C02 
humidified atmosphere in "folate-conditioned" RPMI-1640 medium supplemented 
with 10% dialysed PCS, 5 nM 5-formyl-THF, 5 nM folic acid, 2 mM glutamine, 
penicillin (100 Units/ml) and streptomycin (100 pg/ml).

Development of resistance
11B-MTX-C: The isolation of cells which were made resistant by continuous 

exposure to MTX was established by growing SCC-11B cells in "folate-condition
ed" medium supplemented with stepwise increasing concentrations of MTX from 
10 nM to 400 nM over 12 months. Cell doubling times at that time were similar 
as control cells.

11B-MTX-P: In other experiments, SCC-11B cells were made resistant to 
pulse exposures of MTX by adding 2 (iM MTX to cells three days after 
trypsinisation. 24 hours 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 104 cells/cm2 in "folate- 
conditioned" medium. After eleven series of 24 hour pulses of 2 pM MTX, 11B- 
MTX-P cells had established the same doubling time as control cells. The resistant 
phenotype in 11B-MTX-P cells was found to be stable for at least four passages 
without addition of short-term MTX exposures (results not shown).

Cytotoxicity assay
Cells in "folate-conditioned" medium were plated in the individual well of a 

24-well tissue culture plate at a density of 1 x 104 cells/cm2. Appropriate dosages 
of 5-formyl-THF and the antifolate drugs were added 24 hours later. In cytotoxici
ty assays drug exposure to the cells was maintained either for a period of 7 days 
(long-term exposure) or for 24 hours (short-term exposure). In the latter case, the 
drug containing medium was removed after 24 hours, 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% trypsin/0.05% EDTA
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in PBS) and counted by a Sysmex CC-110 cell counter. The IC.*, is defined as the 
concentration of drug required to inhibit cell growth by 50%, compared to controls.

Drugs
MTX and 10-EdAM are classical folate-based inhibitors of DHFR. TMQ is 

also a potent inhibitor of DHFR but unlike MTX or 10-EdAM does not require a 
specific carrier system for cellular uptake [19], Growth inhibition experiments for 
MTX and TMQ were either done in the absence or presence of an additional 20 
nM 5-formyl-THF in order to establish the role of the (anti)folate membrane 
transport system in the cytotoxicity of TMQ and MTX. 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 
°f glycinamide ribonucleotide GAR-TFase, one of the folate dependent key- 
enzymes in purine biosynthesis de novo [20]. ICI-198,583 is a folate-based in
hibitor of TS [21], FUdR and 5-FU, after conversion to the active metabolite 5- 
fluoro-2’deoxyuridine-5’monophosphate (FdUMP), can also have an inhibitory 
effect on TS [22]. These two drugs were used as a control for ICI-198,583 
cytotoxicity.

PHJ-MTX uptake
HNSCC cells in the mid-log phase of growth were harvested by 

tiypsinisation, 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 mM NaCl, 20 mM 
Hepes, 26.2 mM NaHC03, 5.3 mM KC1, 1.9 mM CaCl2, 1.0 mM MgCl2, 7 mM 
D-glucose, pH 7.4 with NaOH. Influx of [3H]-MTX was determined over a period 
°f 2.5 min at 37°C at an extracelluar concentration of 2 |iM [3H]-MTX (specific 
activity 500 cpm/pmol). Uptake of [3H]-MTX at 40C served as a control. [3H]-MTX 
uptake was stopped by the addition of 9 volumes ice-cold transport buffer. Cells 
wcre 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 
H-radioactivity in Optifluor scintillation fluid (United Technologies Packard, 

Brussels, Belgium) with the use of an Isocap/300 (Searle Nuclear, Chicago) scin
tillation counter with a counting efficiency for 3H of 51%.

PH]-folic acid binding
[3H]-folic acid binding studies were carried out as described previously [17]. 

In short, HNSCC cells (107) were harvested as described above and suspended in 1 
ml ice-cold HBSS buffer. Cells were then incubated for 10 minutes at 4°C with 
!00 pmol [3H]-folic acid (specific activity 1.0 Ci/mmol), followed by centrifugation 
m an Eppendorf minicentrifuge (13000 g, 1 min). The supernatant was removed by 
suction and residual fluid was removed by cotton tissues. Cell pellets were resus
pended in water and analyzed for radioactivity. Non-specific binding of radiolabel 
Was determined by measuring radioactivity in the presence of unlabelled folic acid.
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Other methods
Dihydrofolate reductase (DHFR) activity was determined according to the 

method described by Mini et al. [23]. Folylpolyglutamate synthase (FPGS) activity 
was analyzed as described by McGuire et al. [24] using 250 (iM MTX as substrate 
for FPGS. Protein concentrations were determined according to Bradford [25].

MTX MTX/FA TMQ TMQ/FA

A

1

10-EdAM

1CI-198583 5- FU FUdR DDATHF

Fig. 1. Growth inhibition of parental SCC-11B (■§), 11B-MTX-C (^) and 11B-MTX-P (|S) cells 
by: (A) DHFR inhibitors in the absence or presence of 20 nM 5-formyl-THF (FA) or (B) non- 
DHFR targetting folate analogues. Drug exposure: 7 days. Results are expressed as the mean of at 
least 5 separate experiments.
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RESULTS

Cytotoxicity experiments
Compared to parental cells 11B-MTX-C cells were found to be 91-fold 

resistant to MTX (Fig. 1A) in growth inhibition experiments with long-term drug 
exposure. In addition, these cells were 30-fold and 49-fold cross-resistant to TMQ 
and 10-EdAM, respectively. 11B-MTX-C cells exhibited minor cross-resistance to 
ICI-198,583 (5.9-fold), but retained full sensitivity to DDATHF. Following a short
term drug exposure (Table 1) 11B-MTX-C cells were highly (42000-fold) resistant 
to MTX as compared to parental cells (IQ,: 7.4 mM vs 177 nM, respectively). In 
similar experiments also a 13.5-fold cross-resistance was noticed for 11B-MTX-C 
cells during a short-term exposure with ICI-198,583.

Table 1 shows that 11B-MTX-P cells, compared to parental cells, were 46- 
fold less sensitive to growth inhibition by MTX following a 24 hours exposure to 
the drug (IC»: 8.1 (iM vs 177 nM, respectively). However, during long-term drug 
exposure (Fig. IA) 11B-MTX-P cells showed only a 2.5-fold diminished sensitivity 
for MTX, 1.5-fold decreased sensitivity for 10-EdAM, but full sensitivity for TMQ. 
11B-MTX-P cells demonstrated substantial cross-resistance to ICI-198,583 both in 
short-term (Table 1) as well as to long-term exposure (Fig. IB) to this drug (47- 
fold and 14-fold, respectively). No difference in growth inhibition by 5-FU and 
HJdR was observed for parental and resistant cells (Fig. IB). 11B-MTX-C cells, 
11B-MTX-P cells and parental cells were equally sensitive to growth inhibition by 
DDATHF.

friTX-transport
The presence of multiple transport routes for MTX in parental and resistant 

cells was determined via [3H]-MTX influx and [3H]-folic acid binding studies, and 
indirectly via the protective effect by 5-formyl-THF upon growth inhibition by

Table 1. Growth inhibition of parental and resistant HNSCC-11B cells after short-term (24 hours) 
drug exposure.

IC»

DRUGS SCC-11B 11B-MTX-C 11B-MTX-P

MTX 177 ± 95 nM 7.4 ± 3.5 mM 8.1 ± 4.4 pM

ICI-198,583 43 nM 580 nM 2 pM

Results are expressed as the mean ± S.D. of at least four experiments (MTX) and the mean of two 
experiments (ICI-198,583).
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MTX and TMQ. [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 (IC*, < 2 nM) to growth inhibition by 
ICI-198,583 [26] or DDATHF [27], which is based upon the high affinity of 
mFBP for these compounds. In contrast, 11B-MTX-C and 11B-MTX-P cells 
exhibit partial resistance to ICI-198,583 (Fig. IB). Furthermore, the significant 
protection against MTX and TMQ cytotoxicity by 5-formyl-THF is characteristic 
feature indicative for the role of the reduced folate carrier system in MTX/5- 
formyl-THF transport rather than mFBP [18],

MTX transport studies (Table 2) demonstrate that [3H]-MTX influx in 11B- 
MTX-C cells is approximately 60% lower than in parental cells. In 11B-MTX-P 
cells [3H]-MTX influx is reduced by approximately 20%.

DHFR- and FPGS-activity
As shown in Table 2, DHFR activity in 11B-MTX-C cells was significantly 

increased (63-fold) compared to parental cells. No significant changes in DHFR ac
tivity were observed in 11B-MTX-P cells.

FPGS-activity was found to be significantly decreased in 11B-MTX-P cells 
(5.6-fold) as well as in 11B-MTX-C cells (3.8-fold).

Table 2. [3H]-MTX membrane transport, DHFR- and FPGS specific activity in parental cells and 
resistant HNSCC-11B cells.

SCC-11B 11B-MTX-C 11B-MTX-P

DHFR-activity 
(pmol FHyhr 
/mg protein)

0.012 ± 0.005 
(n=4)

0.758 ± 0.162 
(n=3)

0.014 ± 0.008 
(n=4)

MTX-uptake 
(pmol [3H]-MTX 
/min/107cells)

0.71 ± 0.25 
(n=4)

0.29 ±0.11 
(n=3)

0.57 ± 0.15 
(n=3)

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

1575 ± 602 
(n=4)

407 ± 152 
(n=3)

281 ± 80 
(n=5)

Results are expressed as the mean ± S.D.
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DISCUSSION

This study describes the mechanisms of resistance to MTX for a human HNSCC 
cell line in which MTX 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 physi
ological levels in the culture medium, can result in either a more efficient function 
of the classical reduced folate/MTX carrier system [11-13] or in an up-regulation 
of the expression of an mFBP [15-17,28]. In the present study, however, we have 
not found any evidence for the expression of mFBP, neither in parental nor in 
resistant 11B-MTX-C and 11B-MTX-P cells.

The mechanisms of resistance to MTX observed for SCC-11B cells, grown in 
"folate-conditioned" medium and exposed to progressively increasing concentrations 
of the drug (11B-MTX-C), were not significantly different from mechanisms of 
resistance in HNSCC cells grown in "standard" folate medium as reported by 
others [6,8,9], Multiple defects in resistant 11B-MTX-C cells could be identified, 
including a significantly increased activity of DHFR, diminished [3H]-MTX trans
port and decreased FPGS activity. Cross-resistance of 11B-MTX-C cells to TMQ 
and 10-EdAM suggest that the increased level of DHFR is the major factor for the 
MTX-resistance in these cells. Whether, and to what extent, the diminished [3H]- 
MTX transport and FPGS activity contributed in the resistance to MTX is not 
clear. The fact that full sensitivity is retained for DDATHF, an antifolate which 
can also be transported via the reduced folate/MTX 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, cross-resistance to ICI-198,583 was 
observed for 11B-MTX-C cells in cytotoxicity experiments with short as well as in 
long-term drug exposures. It has been shown that 5-FU can interfere with the 
translocation 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 sensi
tivities of 11B-MTX-C and 11B-MTX-P cells for 5-FU and FUdR (Fig. IB) 
therefore suggest that elevated levels of TS are not involved in the cross-resistance 
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 cross-resistance to ICI-198,583. It has 
been reported that MTX and ICI-198,583 are relatively poor substrates for FPGS 
(Km = 100 (J.M and 40 |iM, respectively) [29-31], This is in contrast to DDATHF, 
which is an efficient substrate for FPGS (Km: < 10 pM) [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
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and DDATHF.
Resistance to MTX in 11B-MTX-P cells can be ascribed to a significantly 

reduced FPGS activity and a slightly reduced alteration in membrane transport. Re
cently, Pizzomo et al. [10] have described that human leukaemia cells treated with 
a similar regimen of MTX pulse exposures, also developed resistance to the drug 
which was based upon decreased FPGS activity. Another study by Pizzomo et al. 
[9] indicated that a diminished FPGS activity can be associated with intrinsic resis
tance of HNSCC cells to MTX. In the present study we describe that also 
acquired resistance to MTX related to decreased FPGS activity can be of 
importance as mechanism of resistance to MTX in HNSCC cells. Similar as was 
shown for 11B-MTX-C cells, 11B-MTX-P cells were cross-resistant to ICI-198,583 
but not to DDATHF. This result suggest that although SCC-11B cells were 
exposed to serial pulses of a single agent like MTX, 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 cross-resistance of 11B-MTX-P to ICI-198,583. On the 
other hand, the highly efficient transport of DDATHF via the reduced folate/MTX 
carrier system [27,32], together with its excellent substrate affinity for FPGS, may 
be the determining factor in the sensitivity of (MTX-resistant) SCC-11B cells to 
DDATHF.

These experiments indicate that different mechanisms of resistance to MTX 
and cross-resistance to other antifolates can be acquired by schedule dependent 
treatment of HNSCC cells with MTX. This finding can be of importance 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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ABSTRACT

A series of seven human squamous carcinoma cell lines of the head and neck 
(HNSCC), grown in "folate-conditioned" medium, were all found to be sensitive 
(IC»: <50 nM) in growth inhibition studies by methotrexate (MTX) following long
term drug exposure for 7 days. However, when MTX exposure is limited to 24 
hours, only two out of seven HNSCC cell lines were sensitive to MTX (IC*,: <500 
nM), two cell lines were moderately sensitive (IC*,: 1-2 jiM), and three cell lines 
exhibited inherent resistance to MTX (IC^: > 250 (iM). In these three cell lines, 
the mechanism of resistance was not correlated with an altered membrane transport 
of MTX or changes in dihydrofolate reductase (DHFR) activity, but was rather 
associated with a 3-fold lower activity of intracellular folylpolyglutamate synthase 
(FPGS) activity compared to MTX-sensitive HNSCC cells.

The three cell lines exhibiting inherent resistance to MTX, however, did not 
show inherent cross-resistance in 24 hours exposure to one or more of three novel 
antifolate compounds. These compounds, which appear to be more efficiently 
transported and polyglutamylated than MTX, include: 10-ethyl-10-deazaaminopterin 
(10-EdAM), 2-desamino-2-methyl-N10-propargyl-5,8-dideazafolic acid (ICI-198,583), 
and 5,10-dideazatetrahydrofolic acid (DDATHF).

These results indicate that antifolate membrane transport and intracellular 
FPGS activity are important factors in determining sensitivity or resistance of 
HNSCC cells to short-term antifolate compound exposures.

INTRODUCTION

Most of the patients with circumscribed squamous cell carcinomas of the head and 
neck can be cured with either surgery, radiotherapy, or with a combination of 
these regimens [1], Systemic chemotherapy is usually accepted as the standard 
treatment for palliation in patients with recurrent and metastatic disease who have 
failed the definitive therapy of surgery and/or radiotherapy. Antimetabolites have 
shown to be among the most effective drugs in HNSCC [2], In particular, the 
folate analogue methotrexate (MTX) [3] is one of the most used antimetabolites, 
although the overall response rates are rather low. This may be either due to 
inherent resistance, or after an initial good response, due to the development of an 
acquired cellular resistance to MTX.

Thus far, in vitro studies have indicated that at least four different 
mechanisms may be of importance in acquired resistance of HNSCC cells to MTX 
[4-6]. These mechanisms include [7]: (a) increase of the intracellular level of dihy
drofolate reductase (DHFR), usually as a result of DHFR gene amplification, (b) a 
decreased binding affinity of DHFR for MTX, (c) impaired MTX transport into the 
cell, and (d) decrease of intracellular polyglutamylation of MTX. Recently Pizzomo 
et al. [8] have shown that previously untreated HNSCC cells in vitro can exhibit 
inherent or "natural" resistance to MTX when drug exposure is limited to a short
term period (< 24 hours). Impaired polyglutamylation was found to be the major
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factor in resistance of these cells.
In order to circumvent the problem of inherent or acquired resistance to 

MTX, new antifolate compounds have been developed in recent years which either 
have better membrane transport or polyglutamylation characteristics, and/or have 
target enzymes in folate metabolism other than DHFR [9-12]. In this study we 
have used seven human squamous carcinoma cell lines to evaluate the in vitro 
activity of MTX and two other inhibitors of DHFR (10-EdAM and trimetrexate 
(TMQ), a lipophilic folate analogue), as well as two novel antifolate compounds: 
ICI-198,583 a folate-based inhibitor of thymidylate synthase (TS) [13,14] or 
DDATHF a folate based inhibitor of glycinamide ribonucleotide transformylase 
(GAR-TFase) [15]. The growth inhibitory effects by MTX and other folate 
analogues were determined after long-term (7 days) or short-term (24 hours) drug 
exposure to HNSCC cells. For these studies HNSCC cell lines were maintained in 
cell culture media that traditionally contain high levels of folic acid 2 pM) as 
folate source or, alternatively, adapted to grow in "folate-conditioned" medium 
containing near physiological concentrations of natural folates (- 5 nM).

The results demonstrate inherent resistance to MTX in three out of seven 
HNSCC cell lines following short-term (24 hours) drug exposure, supposedly to a 
low intracellular FPGS activity, compared to the MTX-sensitive HNSCC cell lines. 
The cell lines with inherent MTX-resistance, however, retained in vitro sensitivity 
to one or more of novel antifolates 10-EdAM, ICI-198,583 or DDATHF.

MATERIALS AND METHODS 

Chemicals
EPMI-1640, folate-free RPMI-1640 medium and (dialysed-) fetal calf serum 

(FCS) were obtained from Gibco, Grand Island, NY, USA. d,l-5-Formyltetra- 
hydrofolate (5-formyl-THF), and folic acid were purchased from Sigma Chemical 
Co., St. Louis, MO, USA. MTX was a gift from Pharmachemie, Haarlem, The 
Netherlands. Trimetrexate (TMQ) glucuronate-salt was obtained from Warner 
Lambert/Park Davis, Ann Arbor, MI, USA. 10-Ethyl-10-deazaaminopterin (10- 
EdAM) was a gift from Ciba Geigy, Basel, Switzerland. 5,10-Dideazatetra- 
hydrofolic acid (DDATHF) was a generous gift of Dr G.B. Grindey, Lilly 
Research Laboratories, Indianapolis, USA. 2-Desamino-2-methyl-N10-propargyl-5,8- 
dideazafolic acid (ICI-198,583) was provided by ICI-Pharmaceutical Division, 
Alderly Park, Macclesfield, Cheshire, United Kingdom. [3H]-MTX (20 Ci/mmol) 
and [3H]-folic acid (35 Ci/mmol) were obtained from Moravek Biochemical, Brea, 
CA, USA, and were purified prior to use by thin-layer chromatography as de
scribed before [16-19], Radiochemical purity of the labelled compounds were more 
than 99% after rechromatography. [3H]-glutamate (25 Ci/mmol) was obtained from 
NEN Research Products, Boston, MA, USA. All other reagents were of the highest 
grade of purity available.
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Cell culture
A series of seven HNSCC cell lines: UM-SCC-2 (alveolar carcinoma), -10A 

(larynx tumour), -10B (neck metastasis), -11B (supraglottic larynx tumour), -14A 
(floor of the mouth), -14C (neck metastasis), and -22B (neck metastasis of 
hypopharynx carcinoma) cells were kindly provided by Dr. T.E. Carey, University 
of Michigan, Ann Arbor, USA. Further characteristics of these cell lines are 
described elsewhere [20]. The cells were grown as a monolayer culture at 37°C in 
a 5% C02 humidified atmosphere in "standard" RPMI-1640 medium (with 2 (iM 
folic acid) containing 10% FCS and supplemented with 2 mM glutamine, penicillin 
(100 Units/ml) and streptomycin (100 (Tg/ml). In other experiments, cells were 
adapted to grow in medium containing nanomolar concentrations of 5-formyl-THF 
as described before [21], In short, HNSCC cells were transferred to RPMI-1640 
medium (without folic acid) containing 10% dialysed FCS, glutamine and 
antibiotics as above, and 10 nM 5-formyl-THF as sole folate source. The 
concentration of 5-formyl-THF in the cell culture medium was gradually decreased 
until the final concentration of 5-formyl-THF in the medium was 0.5 - 1.0 nM 
(further referred to as "folate-conditioned" medium). Cell growth under these con
ditions was similar as for control cells grown in "standard" medium.

Cytotoxicity assay
Parental cells and cells in "folate-conditioned" medium were plated in the 

individual well of a 24-well tissue culture plate at a density of 1 x 104 cells/cm2. 
Cells were incubated with the drugs either for a period of 7 days (long-term drug 
exposure) or for 24 hours (short-term drug exposure).

Long-term drug exposure: Appropriate dosages of 5-formyl-THF and the 
antifolate drugs were added the day following cell plating. After seven days, cells 
were washed twice with phosphate buffered saline solution (PBS) to remove non- 
viable cells, trypsinized (0.25% trypsin/0.05% EDTA in PBS) and counted by a 
Sysmex CC-110 cell counter.

Short-term drug exposure: The antifolate drugs were added three days after 
seeding the cells. Then the drug containing medium was removed 24 hours later, 
cells were washed three times with drug free medium, and incubated for another 7 
days in drug free medium. After this time cells were washed, trypsinized, and 
counted as above. During short-term drug exposures the medium was supplemented 
with 5 nM 5-formyl-THF and 5 nM folic acid.

The IC*, is defined as the concentration of drug required to inhibit cell 
growth by 50%, compared to controls.

Drugs used
MTX and 10-EdAM [11,22] were included as folate-based inhibitors of 

DHFR. TMQ was used as a potent inhibitor of DHFR, which, unlike MTX or 10- 
EdAM, does not require a specific carrier system for cellular uptake [23], Growth 
inhibition experiments for MTX and TMQ were either done in the absence or 
presence of an additional 20 nM 5-formyl-THF in order to establish the role of the 
(anti-)folate membrane transport system in the cytotoxicity of TMQ and MTX. ICI-

54



198,583 was selected as a folate-based inhibitor of TS [13], DDATHF is a potent 
folate-based inhibitor of GAR-TFase, one of the folate dependent key-enzymes in 
purine biosynthesis de novo [10],

pHJ-MTX uptake
HNSCC cells in the mid-log phase of growth were harvested by 

trypsinization, 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 (FIBSS buffer) [24], containing :107 mM NaCl, 20 mM 
Hepes, 26.2 mM NaHCO,, 5.3 mM KC1, 1.9 mM CaCl2, 1.0 mM MgCl2, 7 mM 
D-glucose, pH 7.4 with NaOH. Influx of [3H]-MTX was determined over a period 
of 2.5 minutes at 37°C at an extracelluar concentration of 2 |iM [3H]-MTX (specif
ic activity 500 cpm/pmol). Uptake of [3H]-MTX at 4°C served as a control. [3H]- 
MTX uptake was stopped by the addition of 9 volumes ice-cold transport buffer. 
Cells were centrifuged for 5 minutes at 800 x g, and washed once more with 10 
ml ice cold transport buffer. The final pellet was resuspended in 0.5 ml water and 
analyzed for 3H-radioactivity in Optifluor scintillation fluid (United Technologies 
Packard, Brussels, Belgium) with the use of an Isocap/300 (Searle, Nuclear 
Chicago) scintillation counter with a counting efficiency for 3H of 51%.

Other methods
Dihydrofolate reductase (DHFR) activity was determined according to the 

method described by Mini et al. [25]. Folylpolyglutamate synthase (FPGS) activity 
was analyzed as described by McGuire et al. [26] using 250 pM MTX as substrate 
for FPGS. [3H]-folic acid binding was determined as described previously [18]. 
Protein concentrations were determined according to Bradford [27]. Statistical 
significance was evaluated by student t-test for paired observation.

RESULTS

Cytotoxicity experiments
Long-term drug exposure: All seven human squamous carcinoma cell lines 

grown in "standard" RPMI-1640 medium with 10% FCS were sensitive (IC» < 90 
nM) to inhibitors of DHFR (MTX, TMQ and 10-EdAM) in growth inhibition 
experiments with a long-term drug exposure (Fig. 1A). For all of the cell lines 10- 
EdAM was approximately a 10-fold better growth inhibitor than MTX (IC» < 7.5 
nM). Fig. IB shows that against HNSCC cells grown in "folate-conditioned" 
medium, the growth inhibitory effects were greater for all the DHFR inhibitors: 
MTX (2.1- to 7.3-fold), 10-EdAM (1.7- to 3.8-fold) and TMQ (1.4- to 17-fold).

For non-DHFR inhibitors (Fig. 2A), five out of seven HNSCC cell lines were 
sensitive to growth inhibition by ICI-198,583 (IC»: 3.6-56 nM). Two cell lines, 
SCC-10A and SCC- 14A, were less sensitive to growth inhibition by ICI-198,583 
(IC»: 140 nM and 180-840 nM, respectively). The inhibitory activity of ICI- 
198,583 against HNSCC cells grown in "folate-conditioned" medium was 1.3- to
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3.8-fold greater than for parental cells grown in standard medium (Fig. 2B).
In four out of seven cell lines (SCC-10A, -10B, -11B, and -14C) no growth 

inhibitory effect could be observed by DDATHF (IC*,: £ 10 (iM) when cells were 
grown in "standard" RPMI-1640 medium supplemented with 10% FCS (Fig. 2A). 
However, when the FCS concentration in the cell culture medium was reduced 
from 10% to 5%, DDATHF inhibits cell growth at concentrations < 50 nM (results 
not shown). It is reasonable to assume that this effect is related to high levels of 
reversing agents like hypoxanthine in undialysed serum [10,28]. For HNSCC cells 
grown in "folate-conditioned" medium (supplemented with dialysed FCS) half- 
maximal growth inhibition by DDATHF was observed at < 8 nM for all cell lines 
(Fig. 2B).

Short-term drug exposure: Fig. 3 shows the growth inhibitory effect of MTX 
against seven HNSCC cell lines following a short-term (24 hours) exposure to this 
drug. Two cell lines (SCC-11B and -22B) were found to be sensitive to MTX 
(ICs,: <500 nM), two cell lines (SCC-2 and -10B) were moderately sensitive (IC,*,: 
1-2 |iM), whereas three cell lines (SCC-10A, -14A and -14C) were resistant to 
short-term MTX exposure (IC*,: > 500 (iM). The same pattem of MTX-sensitivity

5 70-
T 60-

11B 14,
HNSCC cell lines

I 11B 1‘ 
HNSCC cell lines

Fig. 1. Growth inhibition of human HNSCC cells by DHFR inhibitors following long-term (7 days) 
drug exposure. MTX ( = ), TMQ (|||||), and 10-EdAM ((gf). 1A: "Standard" cell culture medium. 
IB: "Folate-conditioned" cell culture medium. Results are presented as the mean ± S.D. of at least 
four separate experiments.
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10B 11B 14A
HNSCC cell lines

S. 40-

)B 11B 1
HNSCC cell lines

Fig. 2. Growth inhibition of human HNSCC cells by MTX (==), and non-DHFR inhibitors: ICI- 
198,583 (®1), and DDATHF (iljljlji) following 7 days drug exposure. 2A: "Standard" cell culture 
medium. 2B: "Folate-conditioned" cell culture medium. Results are presented as the mean ± S.D. of 
at least four separate experiments, with the exception that IC» values for DDATHF in Figure 2A 
are given in a variable range: lowest range (g|g), highest range (iiii), (see results).

10000

10A 10B 11B 14A
HNSCC cell lines

Fig. 3. Growth inhibition of human HNSCC cells by MTX after short-term (24 hours) drug 
exposure in "standard" (■)) "Standard" cell culture medium and in "folate-conditioned" (%/) cell 
culture medium. Results are presented as the mean of at least four separate experiments.
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was observed after short-term MTX exposure in "folate-conditioned" medium (Fig.
3). The three cell lines which were resistant to short-term exposures of MTX 
(SCC-10A, -14A and -14C) were further characterized for concomitant cross-resis
tance to other folate analogues. Fig. 4 shows that SCC-14C cells were fully sensi
tive to growth inhibition by 10-EdAM, ICI-198,583 and DDATHF after 24 hours 
exposure to these drugs. Likewise, SCC-10A cells were significantly more sensitive 
for 10-EdAM (75-fold) and ICI-198,583 (2300-fold) than for MTX. On the other 
hand, SCC-10A cells exhibited cross-resistance to short-term exposures of 
DDATHF (IQ,,: 440 |iM). SCC-14A cells were 400-fold more sensitive to growth 
inhibition by 10-EdAM as compared to MTX, moderately sensitive to DDATHF 
(ICs,: 46 jiM), but largely cross-resistant to ICI-198,583 (IC*,: 495 (iM).

Membrane transport of MTX
Membrane transport of MTX via the reduced folate/MTX carrier system 

[16,19,29] was studied directly by [3H]-MTX uptake analysis, or indirectly via 
MTX and TMQ growth inhibition experiments carried out in the presence of 20 
nM 5-formyl-THF. Partly due to competition with MTX for uptake via the carrier 
system, 5-formyl-THF added to the cell culture medium provided a 2.1- to 7.3-fold 
protection against growth inhibition by MTX against HNSCC cells grown in 
"standard" medium and a 4.9- to 11.5-fold protection for cells maintained in 
"folate-conditioned" medium. Under these cell culture conditions, the protection 
factor of 5-formyl-THF against TMQ growth inhibition varied from 4 - 14.8 and 
16.2 - 34.8, respectively (results not shown). For HNSCC cells grown in 
"standard" medium [3H]-MTX influx rates were observed ranging from 0.35 to 1.28 
pmol/min/107 cells (Table 1). For two cell lines grown in "folate-conditioned" 
medium (SCC-11B and -14C) a significant increase in [3H]-MTX influx (7-fold and

10000

1000

10A 14A ' 14C

HNSCC cell lines

Fig. 4. Growth inhibition of human HNSCC cells with inherent MTX-resistance by MTX (=), and 
the novel-antifolates: 10-EdAM (§§§), ICI-198,583 (Si), and DDATHF (.. ) during short-term (24 
hours) drug exposure in "folate-conditioned" cell culture medium. Results are presented as the mean 
of at least four separate experiments.
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3.8-fold, respectively) was noted. In SCC-10A cells influx of [3H]-MTX was 
decreased 4-fold, whereas for the other cell lines influx rates were only marginally 
higher than for parental cells. There appears to be no direct correlation between 
the level of MTX-transport and the growth inhibitory effects of MTX against 
HNSCC cells following a 24 hours exposure to this drug (Fig. 3).

In a variety of other human cell lines grown in "folate-conditioned" medium, 
a membrane-associated folate binding protein (mFBP) has been identified as an 
altemative/additional transport route for (anti-)folate compounds [17,18,30-32], 
However, by [3H]-folic acid binding studies no detectable levels of mFBP 
expression were observed in one of the seven HNSCC cell lines (results not 
shown).

DHFR activity
Table 1 shows the specific activity of DHFR in the HNSCC cell lines grown 

in "standard" or "folate-conditioned" medium. DHFR activity in the cell lines 
grown in "standard" medium varied between 5 to 37 nmol FH/hr/mg protein. For 
two cell lines (SCC-11B and -14C) a 3-fold increase in DHFR activity was found 
after adapting the cell lines to grow in "folate-conditioned" medium. For one cell 
line (SCC-10A) DHFR activity was decreased 2-fold, and for the remainder of the 
cell lines no significant changes in DHFR activity were noted. Differences in 
MTX-sensitivity of HNSCC cells for short-term drug exposures (Fig. 3) could not 
be correlated with DHFR reductase activities in the different HNSCC cell lines.

FPGS activity
The specific activity of FPGS in HNSCC cell lines grown in "standard" and 

"folate-conditioned" medium is shown in Table 1. In the HNSCC cell lines with 
inherent resistance to MTX during short-term drug exposure (Fig. 3: SCC-10A, 
-14A, and -14C), FPGS activity was significantly lower (> 3-fold) as compared to 
HNSCC cells which were (moderately) sensitive to MTX: SCC-2 (p < 0.4), SCC- 
10B (p < 0.001), SCC-11B (p < 0.01) and SCC-22B (p < 0.2). Except for a 2-fold 
increase in SCC-22B cells, no significant changes in FPGS activity was observed 
in these latter cell lines after prolonged growth in "folate-conditioned" medium. 
Under these conditions, however, FPGS activity was increased in SCC-10A (2.6- 
fold), SCC-14A (3.4-fold) and SCC-14C cells (1.6-fold), although resistance to 
short-term MTX exposure is retained (Fig. 3).

DISCUSSION

Inherent resistance to short-term exposure of MTX has recently been reported by 
Pizzomo et al. [8] within a series of human squamous cell carcinomas of the head 
and neck. Impaired polyglutamylation of MTX, rather than changes in DHFR 
levels or alterations in membrane transport properties, was found to be the major 
defect in the resistant cells. In this study we have extended the studies by Pizzomo 
et al. by evaluating, in seven HNSCC cell lines, not only the sensitivity for MTX,
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but for four other novel antifolates as well. In preclinical models, 10-EdAM has 
been shown to be superior to MTX as a result of enhanced uptake and 
polyglutamylation [22], TMQ is potentially effective against MTX-transport 
defective cells since its transport is independent of the reduced folate/MTX carrier 
system [23,33], In addition to DHFR, also TS and GAR-TFase are recognized as 
important target enzymes for folate antagonists. ICI-198,583 and DDATHF repre
sent a new class of folate-based inhibitors of TS and GAR-TFase, respectively. 
The potency of both compounds has been correlated with their effective transport 
and polyglutamylation [10,13-15].

HNSCC cells in this study have been grown in "folate-conditioned" medium 
in order to mimic near physiological conditions with respect to extracelluar folate 
concentrations. However, also two other aspects have been considered in following 
this approach. First, it has been reported [24,29,34] that media containing high 
folate levels can have a down-regulatory effect on carrier-mediated transport of 
MTX, thus underestimating the role of this carrier system in the cytotoxic events 
of MTX. Secondly, prolonged culture of cells in media containing high folate 
concentrations may result in a down-regulation of synthesis of another class of 
(anti-)folate transport proteins, i.e. membrane-associated folate binding proteins 
(mFBP) [17,18,31,35]. mFBP expression in tumour cells can be of interest since it 
may be a very effective route for the uptake of folate-based TS and GAR-TFase 
inhibitors [36,37]. One particular example of mFBP expression in a cell line origi
nated from the head and neck are KB cells, an epidermoid nasopharyngeal 
carcinoma cell line [30]. With respect to possible alternative/additional transport 
routes for folate antagonists, mFBP expression could not be observed in this series 
of HNSCC cell lines. Rather, in two cell lines (SCC-11B and -14C) a significant 
up-regulation of MTX-transport via the RF-carrier was noted, an effect which has 
also been reported previously for human and murine leukaemia cells grown in 
"folate-conditioned" medium [29,38]. We have recently reported that the increased 
[3H]-MTX uptake in SCC-11B cells is due to a more efficient carrier functioning 
(increased rate of carrier-translocation) rather than an increased expression of 
carrier protein [21], Antifolate drugs showed greater activity against HNSCC cells 
grown in "folate-conditioned" medium than for cells maintained in "standard" 
medium. This is likely due to the absence of medium/serum folates which can 
compete with antifolates for transport and intracellular target enzymes [39].

Among the group of seven HNSCC cell lines, three were identified exhibiting 
resistance to short-term (24 hours) incubations of MTX, but all were sensitive after 
long-term (seven days) drug exposure. There was no correlation with two possible 
determinants in MTX-resistance, altered membrane transport or changes in DHFR 
activity. The results shown in Table 1 suggest that a low FPGS activity may be 
involved in the resistant phenotype of SCC-10A, -14A and -14C cells. Impaired 
polyglutamylation of MTX has been recognized as a mechanism of acquired 
resistance to this drug in vitro [40], Recent studies have indicated that MTX- 
resistance due to a low FPGS-activity may also be of importance in clinical resis
tance, particularly since this type of resistance has rapidly developed through short 
courses of repeated short-term exposure of different tumour cells to MTX
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[6,9,41-43].
In order to improve selectivity of antitumour action and to challenge the 

problem of acquired or intrinsic resistance to MTX, drug research has focused on 
designing novel antifolates which are more efficiently transported and polygluta- 
mylated or which have different target enzymes in folate metabolism [44-46]. The 
novel antifolates evaluated in this study (10-EdAM, ICI-198,583 and DDATHF) 
fulfil one or more of these criteria [9,11,15,47,48]. The results presented here (Fig.
4) suggest that, in short-term drug exposure and relatively low FPGS activity, these 
novel folate analogues can have an enhanced potency over MTX against HNSCC 
cells. These drugs may therefore be considered for further evaluation in the treat
ment of head and neck squamous cell carcinomas, either for first line therapy or in 
cases of intrinsic or acquired resistance to MTX. Studies by Galivan et al. [49,50] 
support the further testing of antifolate drug combinations, because they showed a 
synergistic growth inhibitory effect when a folate-based TS inhibitor was combined 
with a DHFR inhibitor. At this moment 10-EdAM has entered a phase II/III 
clinical trial for the treatment of advanced head and neck cancer [51], Preliminary 
results suggest that this compound is at least as effective as MTX. DDATHF [52] 
and folate-based TS inhibitors [13,53,54] are also being tested in clinical trials, but 
their usefulness in the treatment of Head and Neck Cancer remains to be 
established.
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ABSTRACT

Activity of folylpolyglutamate synthase (FPGS) was measured in extracts of a head 
and neck squamous cell carcinoma cell line. [3H]-glutamate incorporated into 
methotrexate (MTX) as a substrate for FPGS was separated from free [3H]- 
glutamate following an established procedure of DE-52 anion exchange chro
matography and via a new method including a reversed phase Sep-Pack C18 car
tridge. A good correlation was observed between both methods, but the Sep-Pack 
C18 assay has the advantage that it can be accomplished in less than 5 min, 
whereas the DE-52 procedure requires about 2 hours.

INTRODUCTION

Polyglutamylation plays an important role in folate metabolism and is also a 
determining factor in the effectiveness of folate analogues as cancer 
chemotherapeutic agents [1,2], Naturally occuring folates and antifolate compounds 
like methotrexate (MTX) are converted intracellularly to polyglutamate forms. The 
enzyme responsible for this reaction, folylpolyglutamate synthase (FPGS), catalyzes 
in an ATP-dependent reaction the addition of multiple glutamyl residues in a y- 
linkeage to the glutamate side chain of the (anti)folate molecule [3-6];

HjPteGlUn + glutamate + ATP —> H4PteGlun+I + ADP + P,

or

MTX-Glun + glutamate + ATP —-> MTX-Glun+1 + ADP + P,

The elongation of the glutamate side chain with negatively charged glutamyl 
residues prevents a rapid efflux of (anti)folate compounds from the cell, therefore, 
polyglutamylation mediates the cellular retention of natural and antifolate com
pounds [2-6]. In addition, polyglutamate derivatives of folate analogues can be 
more potent inhibitors of key-enzymes in folate metabolism than monoglutamate 
forms [7-9], In this regard, high cellular levels of FPGS have been correlated with 
tumour cell sensitivity to MTX, whereas impaired polyglutamylation due to low 
FPGS activity can result in resistance to this drug [2,10-13].

At this moment a number of assays for measuring FPGS activity have been 
described. The assays are based on the separation of free [3H]-glutamate from [3H]- 
glutamate incorporated into an (anti)folate substrate for FPGS via charcoal adsorp
tion [6,14] or anion exchange chromatography [3-5]. Alternatively, Antonsson et al. 
[15] have developed an assay system that is based on the entrapment of FHrt’H]- 
diglutamate in a macromolecular complex with fluorodeoxyuridylate and pure 
thymidylate synthase. We have evaluated a new procedure for determining FPGS 
activity using reverse phase chromatography with Sep-Pack C18 cartridges. These 
cartridges have been applied previously to clean-up methotrexate containing plasma
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samples prior to HPLC analysis of this drug [16]. The results of this assay 
procedure were compared with one of the "standard" methods (DE-52 anion 
exchange chromatography).

materials and methods

Chemicals
L-[2,3-3H]-glutamic acid (25 Ci/mmol) was obtained from New England 

Nuclear (NET-395). Adenosine-5’-triphosphate was purchased from Boehringer 
Mannheim, ERG. DE-52 anion exchange cellulose was obtained from Whatman 
Biosystems Ltd, UK., and prepared according to the manufacturers’ instructions. 
Sep-Pack Clg cartridges were from Millipore Waters Associates, Etten-Leur, The 
Netherlands. MTX was a gift from Pharmachemie, Haarlem, The Netherlands. 
RPMI-1640 medium and fetal calf serum were from Gibco, NY. All other 
chemicals were of the highest grade of purity available.

Cells
UM-SCC-11B cells, a cell line originated from a moderately differentiated 

human squamous cell carcinoma of the larynx, was kindly provided by Dr T.E. 
Carey, University of Michigan, Ann Arbor, U.S.A. The cells were grown as a 
monolayer at 37°C in a 5% C02 humidified atmosphere in RPMI-1640 medium 
supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin and 
100 |ig/ml streptomycin.

FPGS activity was measured in cells which were harvested at sub-confluency 
by trypsinisation (0.25% trypsin/0.05% EDTA in phosphate buffered saline).

Enzyme assays
Crude extracts were prepared from a cell pellet of 15 x 106 UM-SCC-11B 

cells by suspending in 0.5 ml ice-cold extraction buffer (50 mM Tris-HCl, 20 mM 
KC1, 10 mM MgCl2, 5 mM dithiotreitol, pH 7.6). Following sonication (3x5 sec 
with 30 sec intervals), a clear supernatant was obtained after centrifugation (4°C) at 
50,000 g for 30 minutes. Protein content in this fraction was determined according 
to Bradford [17].

The FPGS assay mixture was prepared according to McGuire et al. [3,4] 
containing, in a final volume of 250 p.1 and at pH 8.4, 100 mM Tris-HCl (pH 
8.85), 10 mM ATP (neutralized), 20 mM MgCl2, 20 mM KC1, 10 mM dithiotreitol, 
4 mM L-[3H]-glutamate and 250 [iM MTX as substrate for FPGS. One volume of 
[3H]-glutamate (in 0.01 N HC1) was neutralized by one half volume of 150 mM 
Na-glutamate (pH 9.0) and then further diluted with 50 mM Na-glutamate (pH 7.5) 
to a specific acitivity of 5.5 cpm/pmol. Protein concentrations in the reaction 
fixture were 100-400 pg, and incubation times varied from Ih - 3h. The reactions 
were terminated by the addition of 1 ml ice-cold 5 mM L-glutamate (pH 7.5). 
A-ppropiate blanks were included consisting of reaction mixtures lacking MTX.
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DE-52 anion exchange chromatography: Anion exchange chromatography to 
separate free [3H]-glutamate from MTX-[3H]-diglutamate was carried out essentially 
as described by McGuire et al. [3,4], In short, a pasteur pipet is packed to 6 cm 
with DE-52 and equilibrated with column buffer (10 mM HC1 pH 7.5, 110 mM 
NaCl and 2.5 mM dithiotreitol). After loading the sample, the column is washed 
with 20 ml column buffer (flow rate 15 ml/h). MTX-[3H]-diglutamates were then 
eluted with 3 ml 0.1 N HC1.

Sep-Pack C1S cartridge: A 10 ml syringe with Luer end fitting is placed on 
top of a Sep-Pack C18 cartridge. Prior to sample application, the cartridge is 
pretreated with 10 ml of methanol and 10 ml 0.2 M NaAc (pH 5.5), respectively 
(flow rate: 20-30 ml/min) After loading of the sample solution the cartridge is 
washed successively with 10 ml 0.2 M NaAc (pH 5.5), 2.5 ml 0.1N NaOH and 3 
ml 0.2 M NaAc (pH 5.5) (flow rate: 20-30 ml/min) to remove free [3H]-glutamate. 
The FPGS reaction product MTX-[3H]-diglutamate is then eluted with 3 ml of 
methanol.
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Fig. 1. DE-52 (-A-) and Sep-Pack (-•-) procedure for the assay of FPGS activity in extracts of UM- 
SCC-11B cells. FPGS activity is depicted as cpm of product formed as a function of sample 
protein. Incubation time: 2 hours. Inset: comparison of DE-52 assay and Sep-Pack assay. Parameters 
of linear regression analysis were: slope = 1.04 ± 0.05 (SE), intercept = 36, correlation coefficient 
= 0.99, n = 12.
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RESULTS AND DISCUSSION

Extracts of a human head and neck squamous cell carcinoma cell line were 
incubated in duplicate and analyzed for FPGS activity via DE-52 anion exchange 
chromatography and Sep-Pack C18. Fig. 1 shows for both methods a linear 
relationship for the incorporation of [3H]-glutamate into the substrate MTX as a 
function the protein concentration in the assay mixture. The inset of Fig. 1 
demonstrates a good correlation between the DE-52 and Sep-Pack Cm procedure. 
Linear regression analysis (using Statgraph computer program) indicates a slope of 
1.04 ± 0.05 (SE) and a correlation coefficient of 0.99.

Linearity of [3H]-glutamate incorporation was also observed by both methods 
as a function of incubation time (1-3 hours) (Fig. 2). Linear regression analysis of 
the correlation curve (inset Fig. 2) showed: slope = 0.93 ± 0.15 (SE), correlation 
coefficient = 0.89.
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fig. 2. DE-52 (-A-) and Sep-Pack (-•-) procedure for the assay of FPGS activity in extracts of UM- 
SCC-11B cells. FPGS activity is shown as cpm of product formed as a function of time. Sample 
Protein content is 200 pg. Inset: comparison of DE-52 assay and Sep-Pack assay. Parameters for 
linear regression analysis were: slope = 0.93 ± 0.15 (SE), intercept = 306, correlation coefficient = 
0.89, n = 12.
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Sep-Pack C18 cartridges have been applied as a simple and rapid procedure to 
extract MTX from patients’ serum samples during high dose infusions with this 
drug [16]. In this report we have evaluated whether the hydrophobic packing of 
the Sep-Pack Clg cartridge could be exploited to develop an alternative, simple and 
rapid assay for FPGS. A slight modification in the experimental conditions describ
ed by Buice et al. [16] allowed a selective retention of the (anti)folate substrate for 
FPGS on the Sep-Pack C18 cartridge whereas (hydrophilic) [3H]-glutamate is rapidly 
eluted. The results were compared with the DE-52 anion exchange chromatography 
described by McGuire et al. [3,4], which is considered to be one of the standard 
methods for measuring FPGS activity. Fig. 1 and 2 indicate that there is a good 
correlation between the two methods. It should be noted, however, that the assay 
time for Sep-Pack procedure is much shorter (< 5 min) than for the DE-52 method 

2 hours). In the 3 ml elution, the nonenzymatic background radioactivity ob
served after DE-52 chromatography was lower than for the Sep-Pack assay (315 ± 
129 (SD) cpm/ml and 575 ±119 (SD) cpm/ml, respectively). The slightly higher 
background as compared to DE-52 may limit the sensitivy of the Sep-Pack method 
to measure very low levels of FPGS activity, but for FPGS activity levels observed 
in the UM-SCC-11B cell line, the Sep-Pack method can be very useful. FPGS 
activities have also been analyzed via the Sep-Pack method in human CCRF-CEM 
leukaemia cell ines, with similar results as described above for human squamous 
cell carcinoma cells (results not shown). The new method will now be tested for 
determining FPGS activity in clinical samples of normal and neoplastic tissues. 
Other advantages offered by Sep-Pack Ci8 cartridges is that they are commercially 
available in a pre-packed form, ready to use, and can be cost saving since multiple 
assays can be performed with one and the same cartridge following regeneration 
with 10 ml of methanol and 0.2 M NaAc (pH 5.5).

In conclusion, Sep-Pack Ci„ cartridges can be applied for an alternative, rapid 
test method for measuring FPGS activity in tumour cells. There is a good 
correlation in FPGS activity determined via the Sep-Pack method and the "stan
dard" DE-52 method, except that the sensitivity might be slightly lower.
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Chapter 7

GENERAL DISCUSSION AND CONCLUSIONS



CLINICAL ASPECTS

Cancer of the head and neck is, with respect to other tumours, a relatively rare 
disease and includes diseases of the oral cavity, pharynx, larynx, ear, salivary 
glands, nose and the paranasal sinuses. Over 95% of head and neck cancers are 
squamous cell carcinomas, principal exceptions are tumours of the salivary glands. 
Salivary gland tumours include pleomorphic adenomas, acinic cell tumours, 
mucoepidermoid carcinomas, adenoid cystic carcinomas and adenocarcinomas. 
Other histologic categories that occasionally pertain to the head and neck include 
sarcomas, melanomas, plasmacytomas and lymphomas.

Malignant tumours of the head and neck often present in middle-aged patients 
and the incidence increases with age, being maximal between the age of 70-80 
years. For larynx carcinomas the maximum incidence is found between 60-70 
years. The incidence of head and neck cancer in Europe is approximately 35 per 
100.000 males and 5 per 100.000 females. In contrast, the incidence of lung cancer 
is 130 per 100.000 males and for malignant breast tumours 75 per 100.000 females 
[1].

One third of the patients with squamous cell carcinomas of the head and 
neck presents with localized disease which is curable by surgery or radiotherapy in 
the majority of cases. Survival rates are compromised, however, by the age and 
general condition of the patients and by the frequent occurrence of a second 
primaiiy malignancy, mostly carcinomas of the lung. Unfortunately, however, more 
than 60% of the patients presents with advanced disease [2], The overall five year 
survival rate for this group of patients is still 25% or less. Although combining 
surgery and radiotherapy for treatment of stage III and IV disease has produced 
improvements in local and regional control [3,4], there is still an unacceptably high 
rate of local and distant failure [2]. Local recurrences occur in up to 60% of these 
patients and distant metastases develop in 20 to 30% [5], The prognosis for 
patients with locally recurrent or metastatic head and neck cancer is very poor 
with a median survival of less than 6 months [6]. It would appear that the 5-year 
relative survival rate for larynx carcinomas in the southeast part of the Netherlands 
improved during the period 1975-1986 as compared with the period 1956-1958 
(71% vs 50% respectively) [7]. Stage-adjusted survival rates, however, for T3 
laryngeal cancer in the Netherlands did not improve during the period 1975-1984 
[8]. This means that the survival time of the patients did not increase, if the sur
vival rate is corrected for stage of disease. Each year in the USA, among both 
sexes, 32% of patients diagnosed with head and neck cancer eventually die [9].

Surgery and radiotherapy are still the primary modalities of treatment for 
patients with head and neck cancer. However, it appears that this combination has 
reached a plateau. To improve the results of surgery and radiotherapy, combined 
approaches with chemotherapy or immunotherapy have been further explored. In 
contrast to the good results of chemotherapy in treatment of some other cancers 
such as lymphomas or testicular cancer, in which chemotherapy alone can 
frequently lead to cure, the addition of chemotherapy to surgery and radiotherapy 
failed to increase the five year survival rate in patients with head and neck cancer.
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In fact the role of chemotherapy in the treatment of patients with head and neck 
cancer is still modest, at best [10]. This can only partly be explained by extensive 
previous treatment and/or declining physical and nutritional status, since squamous 
cell carcinomas of the head and neck usually have an initial good response to a 
variety of antineoplastic agents [5]. The most active drugs, used as monochemo
therapy, are methotrexate (MTX), bleomycin and cisplatin. Since the initial 
response is good, systemic chemotherapy is an accepted treatment for palliation in 
many patients with locally recurrent disease or distant metastases. Chemotherapy is 
not only used as palliation in end-stage disease, but as neo-adjuvant or induction 
chemotherapy as well, by giving initial chemotherapy prior to surgery and/or radio
therapy. Unfortunately, however, there is no evidence that induction chemotherapy 
will improve the survival rate or sterilize peripheral margins of the tumour, which 
means that an inoperable patient will not become operable with neo-adjuvant 
chemotherapy [11], More benefit might be expected from induction chemotherapy 
combined with radiotherapy [12], since a decrease in tumour load by induction 
chemotherapy should enhance the effect of radiotherapy. Stell and Rawson, 
however, were not able to find prolonged survival in a large group of patients 
treated with neo-adjuvant chemotherapy and radiotherapy [13], In fact, the patients 
who received chemotherapy prior to radiotherapy fared somewhat worse than those 
freated with radiotherapy alone. Another possibility is adjuvant chemotherapy, 
where chemotherapy is used after local therapy to destroy the micro-metastases. 
Preliminary results are suggestive of a beneficial effect [11], but have to be con
firmed with randomized prospective studies.

Systemic chemotherapy can be given as a single agent (monochemotherapy) 
or as multiple drug regimens (combination chemotherapy). The advantage of 
combination chemotherapy is that the combination of effective cytostatics, each 
with its specific mechanism of action, can increase the effect on tumour cells and 
thus delay the development of acquired resistance or overcome inherent drug resis
tance. A wide range of combination chemotherapy regimens has been used in pa
tients with recurrent head and neck cancer [2], The overall response rates (36-57%) 
appear to be higher than those for single agent chemotherapy (15-31%), but the 
differences in complete response were not statistically significant [5], The duration 
of response and survival did not improve and none of the combination drug 
programs has yet proved to be superior to single agent chemotherapy in any 
randomized trial [14,15].

MTX is the drug with which most experience has been accumulated, but 
controversy still exists concerning the optimal dosage and schedule of 
administration. Initial reports suggested increased benefit, with overall remission 
percentages up to 60%, from a high dose (1.5 gr/m2) continuous infusion of MTX 
during 6-24 hours, followed by leucovorin-rescue [16], Studies with a randomized 
comparison between high dose and low dose MTX, however, never suggested that 
high dose methotrexate infusion had a better effect than the more conventional 
weekly standard dose of MTX [17-19]. A weekly intravenous schedule of 40-60 
mg MTX/m2 can produce average response rates of 40-50% without major toxicity 
[20], Therefore, monochemotherapy with conventional low-dose methotrexate con
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tinues to be the standard treatment against which results with new agents and 
combinations should be compared.

PRECLINICAL ASPECTS

Although MTX has gained widespread acceptance as a potent antineoplastic drug, 
it is generally believed that the activity of folate antagonists in cancer chemo
therapy can be further improved [21], Important aspects in improving the selec
tivity of folate antagonists for tumour cells are optimal exploitation of the differ
ences in membrane transport and in intracellular metabolism between normal and 
tumour cells. In a great number of tumour cells uptake of folates and antifolates 
proceeds via the high affinity/low capacity reduced folate carrier system, but in 
normal cells several alternative uptake routes may be taken (Chapter 2). A better 
understanding of the transport kinetic properties of the different folate transport 
proteins in normal and neoplastic cells or tissues may allow the development of 
strategies to manipulate these pathways for therapeutic purposes. The intracellular 
metabolization of folate antagonists to polyglutamate derivatives plays a critical 
role in the cytotoxicity and selectivity of antifolate compounds (Chapter 2). 
Polyglutamate forms, as compared to monoglutamate forms, have a prolonged 
intracellular retention and are also substantially better inhibitors of their target 
enzymes. Differences in polyglutamylation between normal and tumour cells may 
underly the selective rescue of normal cells by 5-formyl-THF [22], It has been 
observed that MTX-polyglutamates are accumulated in higher quantities in tumour 
cells than in normal cells. The competitive displacement of MTX-polyglutamates 
from dihydrofolate reductase (DHFR) following 5-formyl-THF administration, 
resulting in a reactivation of the enzyme, will therefore be less in tumour cells 
than in normal cells.

A major problem that has limited the clinical use of folate antagonists is drug 
resistance. Neoplastic cells can exhibit natural resistance to MTX, or acquired 
resistance to MTX can be developed by primarily sensitive cells. The mecha- 
nism(s) involved in natural and acquired MTX resistance have been thoroughly 
studied in experimental tumour cell systems in vitro (Chapter 2). Some of these 
mechanisms were found to play a role in MTX-resistance in vivo as well. Drag 
resistant cell lines have been exploited as important tools in the development of 
novel antifolates. New drug development has included the synthesis of antifolates 
that were (a) more efficiently transported into the cell than MTX, (b) better 
substrates for folylpolyglutamate synthase (FPGS) than MTX, or (c) selected as 
inhibitors of enzymes other than DHFR. For example, in order to circumvent trans
port-related MTX resistance, lipophilic folate antagonists like TMQ have been 
designed that do not require a specific transport system for cell entry. Preclinical 
studies were promising, but in clinical trials, however, TMQ was only modestly 
active as an anticancer agent. Novel antifolates with better substrate affinities for 
FPGS may also improve therapeutic effectiveness. Besides DHFR, enzymes like TS 
and GAR-TFase are considered to be attractive targets for folate antagonists. At
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this moment, for each of these enzymes, specific inhibitors are available which can 
meet one or more of the criteria described above [23-26].

An important topic throughout the studies was that HNSCC cells were grown 
in folate-conditioned media containing nanomolar concentrations of folates in order 
to mimic a more physiological situation. Under these conditions membrane 
transport of MTX was significantly increased in two HNSCC cell lines (Chapter
5). For one of these lines (SCC-11B), it could be demonstrated that an increased 
rate of carrier translocation is probably responsible for the up-regulation of trans
port (Chapter 3). These results indicate that for some cell lines membrane transport 
could play a more important role in MTX-cytotoxicity than could be anticipated 
from cell lines which are maintained in high folate-containing media. Although 
carrier-mediated transport is one of the most important routes for the uptake of 
antifolate drugs, studies by our laboratory, and that of others, have shown that a 
membrane-associated folate binding protein (mFBP) may be functional as an alter
native transport route, either simultaneously with the carrier system, or as a major 
route when carrier-mediated transport is impaired or absent. mFBP is expressed in 
high quantities in a nasopharyngeal epidermoid carcinoma cell line (KB), so it was 
reasonable to assume that mFBP would also be expressed in other cell lines 
originating from squamous cell carcinomas of the head and neck. Despite the 
negative results for identifying mFBP in the seven HNSCC lines studied in chapter 
5, or in MTX-resistant SCC-11B cells studied in chapter 4, the possibility of 
multiple transport routes for folate antagonists should be taken into consideration in 
future studies.

In chapters 4 and 5 we described studies on intrinsic and acquired MTX- 
resistance in HNSCC cells and determined to what extent novel antifolates were 
effective against resistant cells. The classical procedure for developing MTX resis
tance in tumour cells has always been via a continuous exposure to steadily 
increasing concentrations of MTX. Mostly, resistant cells obtained via this proce
dure are characterized by elevated levels of DHFR (Chapter 4). In contrast, a 
stable resistant phenotype could be obtained from SCC-11B cells following 11 
cycles of short term exposure to 2 pM MTX (Chapter 4). The MTX concentration 
following pulse doses may be representative for plasma levels achieved in thera
peutic schedules. Houwever, it should be realized that a 46-fold resistance to MTX 
(which was observed in this cell line) will be more than sufficient to allow recur
rent tumour growth in a clinical setting. In other words, it is possible that a lower 
resistance factor in vivo, obtained after fewer MTX exposures, can still be of clini
cal importance. The fact that acquired resistance to MTX, as a result of a 
decreased activity of FPGS, has now been observed in human leukaemia cells and 
human HNSCC cells (Chapter 4), strongly suggests that this phenomenon could be 
an important mechanism in clinical resistance when patients are treated with short- 
jerm exposures to MTX. This hypothesis is further supported by studies described 
in chapter 5. Low levels of FPGS activity in three HNSCC cell lines could be 
correlated with inherent MTX resistance in short-term exposure schedules. It should 
jte noted that during long-term MTX exposures FPGS activity is of lesser 
importance since all seven HNSCC lines (Chapter 5) and 11B-MTX-P cells
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(Chapter 4) were sensitive to MTX following a 7 day exposure with this drug.
Of considerable interest is the observation that some of the novel antifolates, 

like 10-EdAM, ICI-198,583 and DDATHF, demonstrate good activity against 
HNSCC cells and MTX-resistant SCC-11B cells, both after short-term and after 
long-term exposure to these drugs. The sensitivity, however, is variable and is 
dependent on the drug exposure time. These results indicate that these novel 
antifolates can be of great interest in the treatment of patients with recurrent 
tumour growth due to resistance to MTX. Another use can be the combination of 
novel antifolates with MTX to minimize the formation of cellular drug resistance 
in the future.

FUTURE STUDIES

In this thesis initial studies have been described investigating the activity of novel 
folate antagonists on MTX-sensitive and -resistant HNSCC cell lines in vitro. 
Special attention was paid to folate conditions of the medium and the role of 
membrane transport and polyglutamylation. Future studies must be designed to 
confirm the in vitro results with HNSCC cells grown as xenografts in athymic 
nude mice. So far, however, studies by Braakhuis et al. [27,28], have failed to 
demonstrate any effect of MTX on HNSCC xenografts, but antitumour activity 
could be observed with 10-EdAM [29]. Studies on xenografts including HNSCC 
cells grown in folate-conditioned medium which are treated with different 
schedules of ICI-198,583 or DDATHF, can provide new insight into the possible 
therapeutic effectiveness of these new drugs in head and neck cancer. In this 
respect it may also be worthwhile to study the effect of antifolate drug combina
tions. Galivan et al. [30,31] have recently provided a biochemical basis for syner
gistic growth inhibitory effects with a combination of a folate-based TS inhibitor 
and DHFR inhibitors (MTX or TMQ). Likewise, Ferguson et al. [32] demonstrated 
synergy between DDATHF and MTX in the treatment of mice inoculated with 
L1210 leukaemia cells. These drug combinations may also be of great importance 
in circumventing either acquired or intrinsic MTX resistance, as suggested by the 
results in chapter 5.

Future studies should particularly focus on the identification of factors known 
to determine tumour cell sensitivity or resistance to folate antagonists in biopsy 
material from patients with advanced squamous cell carcinomas of the head and 
neck. Although the enzymatic activity of FPGS (Chapter 6), TS and DHFR can be 
determined in extracts of HNSCC cell lines, more sensitive analysis techniques will 
be required to detect low levels of activity in tumour biopsies. Polymerase chain 
reaction assays (PCR) might be helpful for these studies. Dolnick et al. [33] have 
very recently described a PCR assay system for the detection of TS- and DHFR- 
mRNA levels in colorectal cells and KB cells which may be applicable for 
HNSCC cells as well. Similar techniques may soon become available for FPGS 
which has recently been cloned [34], Unfortunately, at this moment, no molecular 
probes are available for detection of the reduced folate transport protein.
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CONCLUSIONS

1. Membrane transport of (anti-)folates in HNSCC cell lines mainly proceeds via 
the reduced folate/MTX carrier system. mFBP as an alternative folate transport 
route was not detectable in seven HNSCC cell lines adapted to grow in folate- 
conditioned medium, or in HNSCC cell lines with acquired resistance to MTX.

2. In HNSCC cell lines with acquired MTX-resistance following MTX pulse 
exposure schedules, low FPGS activity was found to be the main mechanism of 
resistance to MTX. In contrast, increased DHFR levels were found in HNSCC cell 
lines made resistant to MTX after gradually increasing the drug concentration in 
the culture medium.

3. After short-term MTX exposure, inherent resistance to MTX was detected in 
three out of seven HNSCC cell lines.

4. HNSCC cell lines with inherent and/or acquired resistance to MTX were 
more sensitive to novel antifolates, e.g.: 10-EdAM, ICI-198,583 and DDATHF, 
with another target enzyme, better membane transport and/or better FPGS affinities.
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SUMMARY

This thesis describes a study of the mechanisms of cellular resistance to the folate 
analogue methotrexate (MTX) and the sensitivity to novel antifolates in human 
squamous carcinoma cell lines of the head and neck (HNSCC). The aim of this 
study has been to elucidate the role of cellular membrane transport in MTX 
cytotoxicity, to investigate the mechanisms of acquired and/or inherent resistance to 
MTX and to evaluate the sensitivity of HNSCC cell lines to novel antifolates. For 
this purpose seven human squamous carcinoma cell lines originating from different 
tumours of the head and neck were studied. An important aspect of these in vitro 
studies was the attempt to mimic a clinical situation by: (a) adapting HNSCC cell 
lines to grow in a culture medium with a reduced folate concentration within the 
physiological plasma concentration range and (b) exposing HNSCC cell lines to 
MTX pulse schedules rather than to continuous drug exposures.

Chapter 2 gives an overview of the literature concerning possible routes for 
membrane transport of MTX, the intracellular metabolism of MTX and the 
different mechanisms of cellular resistance to MTX. In addition, membrane 
transport and intracellular metabolism of some of the novel antifolates used in this 
study are discussed. These novel antifolates include either inhibitors of 
dihydrofolate reductase (DHFR), such as MTX, or inhibitors of other key-enzymes 
in folate metabolism.

In Chapter 3, membrane transport characteristics of the folate analogue MTX 
were studied in an HNSCC cell line adapted to grow in tissue culture media 
containing nanomolar concentrations reduced folates. Usually, studies of MTX 
membrane transport are carried out in standard tissue culture media containing 2-10 
|iM of folic acid, whereas plasma reduced folate levels vary between 5-50 nM. 
The "low folate" HNSCC cell line exhibited a 10.5-fold increase of (anti)-folate 
transport via the reduced folate/MTX carrier system, which was mainly due to 
more efficient carrier function and only to a minor extent (15-20%) due to an 
increase in the amount of carrier protein.

Chapter 4 describes the mechanisms of acquired resistance to MTX in an 
HNSCC cell line exposed to different MTX treatment schedules. Cells which were 
grown in continuously increasing MTX concentration (11B-MTX-C cells) were 91- 
fold resistant to MTX and 30-fold or 49-fold cross-resistant to trimetrexate (TMQ) 
and 10-EdAM, respectively. DHFR activity was increased 63-fold in 11B-MTX-C 
cells, together with a decrease in [3H]-MTX transport and folylpolyglutamate 
synthase (FPGS) activity (2.5- and 3.8-fold, respectively). Against two novel anti
folates, targetting enzymes other than DHFR, minor cross-resistance was observed 
for ICI-198,583, but full sensitivity was retained for DDATHF.

If cells were made resistant by MTX pulse exposures (11B-MTX-P cells), 
they were 46-fold resistant to MTX and 47-fold cross-resistant to ICI-198,583 after 
short-term drug exposure, but showed only minor changes in MTX sensitivity 
following prolonged drug exposure. The resistant 11B-MTX-P cells were 
characterized by a 5.6-fold decrease in FPGS activity.
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Chapter 5 describes the occurence of inherent resistance to MTX in three out 
of seven HNSCC cell lines when MTX exposure is limited to 24 hours instead of 
seven days. The mechanism of inherent resistance was associated with a 3-fold 
reduction in intracellular FPGS activity in comparison with MTX sensitive HNSCC 
cells. The three cell lines exhibiting inherent resistance to MTX, however, retained 
sensitivity to one or more of the three novel antifolates (10-EdAM, ICI-198,583 
and DDATHF) after short term drug exposure.

In Chapter 6 the activity of FPGS was measured in extracts of an HNSCC 
cell line. Two different methods were compared, an established procedure of DE- 
52 anion exchange chromatography and a new method consisting of a reversed 
phase chromatography via a Sep-Pack C18 cartridge. Good correlation was observed 
between both methods, but the Sep-Pack C18 assay has the advantage of being 
accomplished in less than 5 min, whereas the DE-52 procedure requires about 2 
hours.

Finally, in Chapter 7 clinical and preclinical aspects of HNSCC sensitivity or 
resistance to antifolates are discussed. To increase the effectiveness of 
chemotherapy in patients with HNSCC, some suggestions are given for future 
studies of mechanisms of tumour cell resistance to antifolates in vivo.
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SAMENVATTING

In dit proefschrift wordt een onderzoek besproken naar de mechanismen van 
cellulaire resistentie tegen het antifolaat methotrexaat (MTX) en naar de 
gevoeligheid voor nieuwe antifolaten in humane plaveiselcelcarcinoom-cellijnen uit 
het hoofd-halsgebied (HNSCC). De bedoeling van dit onderzoek was om: (1) de 
rol van cellulair membraantransport bij MTX cytotoxiciteit te belichten, (2) de 
mechanismen van verworven en/of natuurlijke resistentie tegen MTX te 
onderzoeken en (3) de gevoeligheid van HNSCC cellijnen voor nieuwe antifolaten 
te bestuderen.

Met dit doel werden zeven humane plaveiselcelcarcinoom-cellijnen bestudeerd, 
die oorspronkelijk afkomstig waren uit verschillende tumoren in het hoofd- 
halsgebied. Een belangrijk uitgangspunt in deze in vitro onderzoeken was om een 
meer klinische situatie na te bootsen door: (a) HNSCC cellijnen langzaam aan te 
laten passen aan een groeimedium met een lage folaatconcentratie, die de 
fysiologische plasma concentratie benadert, (b) HNSCC cellijnen bloot te stellen 
aan een gepulseerde toediening van MTX, in plaats van aan een continue 
aanwezigheid van MTX, in het groeimedium.

In hoofdstuk 2 wordt een overzicht gegeven van de literatuur omtrent de 
mogelijke routes van membraantransport van MTX, de intracellulaire stofwisseling 
van MTX en de verschillende mechanismen van cellulaire resistentie tegen MTX. 
Vervolgens worden membraantransport en intracellulaire stofwisseling besproken 
van enkele nieuwe antifolaten die gebruikt zijn in dit onderzoek. Nieuwe 
antifolaten zoals trimetrexaat (TMQ) en 10-EdAM blokkeren, net als MTX, het 
enzym dihydrofolaat reductase (DHFR), maar ICI-198,583 en DDATHF blokkeren 
andere sleutel-enzymen binnen de folaatstofwisseling.

In hoofdstuk 3 worden membraantransport karakteristieken bestudeerd 
van MTX in een HNSCC cellijn die langzaam aan gewend is te groeien in een 
kweekmedium met nanomolair gereduceerde-folaatconcentraties. Gewoonlijk worden 
proeven voor MTX membraantransport uitgevoerd in standaard groeimedia die 2- 
10 |iM foliumzuur bevatten, gereduceerde folaatconcentraties in plasma 
daarentegen variëren tussen de 5-50 nM. De "laag-folaat" HNSCC cellijn liet een 
tienvoudige toename van (anti)-folaat transport via het gereduceerde folaat/MTX 
transportsysteem zien, hetgeen hoofdzakelijk veroorzaakt werd door een efficiënter 
transport en in mindere mate (15-20%) door een toename van de hoeveelheid 
transporteiwit.

In hoofdstuk 4 worden de mechanismen beschreven van verworven resistentie 
tegen MTX in een HNSCC cellijn wanneer die is blootgesteld aan verschillende 
MTX behandelschema’s. In cellen die gekweekt werden in een continu 
toenemende MTX concentratie (11B-MTX-C cellen) werd de resistentie tegen MTX 
91 maal zo groot, de kruisresistentie tegen TMQ en 10 EdAM werd 30- 
respectievelijk 49 maal zo groot. De DHFR activiteit in 11B-MTX-C cellen was 63 
maal toegenomen, terwijl er tevens een afname in [3H]-MTX transport en de 
folylpolyglutamaat synthase (FPGS) activiteit optrad van (respectievelijk 2.5- en 3.8
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maal). Bij 2 nieuwe antifolaten, die andere doel-enzymen hebben dan DHFR, werd 
een lichte kruisresistentie waargenomen tegen ICI-198,583, maar de 11B-MTX-C 
cellen bleven volledig gevoelig voor DDATHF.

Als cellen resistent werden gemaakt door gepulseerde MTX toediening (11B- 
MTX-P cellen), bleken zij 46 maal resistent tegen MTX en 47 maal kruisresistent 
tegen ICI-198,583 bij kortdurende toediening van deze middelen, maar lieten 
slechts een kleine verandering in de MTX-gevoeligheid zien bij langdurige 
toediening. De resistente 11B-MTX-P cellen werden gekarakteriseerd door een 
afname in FPGS activiteit (5.6 maal) ten opzichte van de moedercellijn.

Hoofdstuk 5 beschrijft het voorkomen van natuurlijke resistentie tegen MTX 
in drie van de zeven HNSCC cellijnen, wanneer de duur van de MTX toediening 
wordt beperkt tot 24 uur (in plaats van 168 uur). Het mechanisme van de 
natuurlijke resistentie was gerelateerd aan een drievoudige verlaging van de 
intracellulaire FPGS activiteit. drie cellijnen met een natuurlijke resistentie 
tegen MTX behielden echter de gevoeligheid voor één of meer van de drie nieuwe 
antifolaten (10-EdAM, ICI-198,583 en DDATHF) bij kortdurende toediening van 
deze middelen.

In hoofdstuk 6 worden de meetresultaten belicht van de activiteit van FPGS 
gemeten in een HNSCC cellijn Twee verschillende meetmethoden worden 
vergeleken, een bestaande methode met DE-52 anion uitwisseling chromatografie 
en een nieuwe methode met een Sep-Pack Clg patroon, die berast op omgekeerde 
fase chromatografie. Er werd een goede correlatie geconstateerd tussen de twee 
methoden, waarbij de Sep-Pack C,8 test het voordeel heeft, dat de analysetijd 
minder dan 5 minuten duurt, dit in tegenstelling tot de DE-52 procedure die 
ongeveer 2 uur in beslag neemt.

Tot slot worden in hoofdstuk 7 de klinische en pré-klinische aspecten van de 
gevoeligheid vóór en de resistentie tegen antifolaten in HNSCC besproken. Om in 
de toekomst de effectiviteit van chemotherapie bij de behandeling van patiënten 
met HNSCC te kunnen vergroten, worden enige suggesties gedaan voor 
vervolgstudies naar cellulaire resistentievorming tegen antifolaten in vivo.
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