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Methotrexate (MTX) is a clinically important antifolate that has been used in
combination with other chemotherapeutic agents in the treatment of malignancies
including acute lymphocytic leukemia, osteosarcoma, carcinomas of the breast, head
and neck, choriocarcinoma and non-Hodgkin’s lymphoma. The primary target of MTX
is the enzyme dihydrofolate reductase (DHFR) which catalyzes the reduction of folate
and 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate. Understanding of MTX action has
revealed how cells acquire resistance to this drug. The four known mechanisms of
MTX resistance are a decrease in the uptake of the drug, a decrease in the retention of
the drug due to defective polyglutamylation or an increase in polyglutamate
breakdown, an increase in the enzyme activity and a decrease in the binding of MTX
to DHFR. The molecular basis for some of these mechanisms has been elucidated in
MTX resistant cell lines; in particular the occurrence of gene amplification resulting
in increased DHFR and point mutations resulting in altered DHFR with reduced
affinity for MTX. Cloning of the human folylpolyglutamate synthase gene and the
reduced folate transport gene have been reported recently and should facilitate the
identification of the molecular basis of these resistant phenotypes. DHFR protein has
been shown to regulate its synthesis by exerting an inhibitory influence on its own
translation. Addition of MTX relieves this inhibition thus providing a possible
molecular explanation for the rapid rise in DHFR activity noted in some cells after
MTX administration. Alterations in genes involved in regulating the cell cycle such as
cyclin D1 and the retinoblastoma (Rb) gene have also been shown to influence cellular
response to MTX. Overexpression of cyclin D1 in HT1080, a human fibrosarcoma cell
line, results in decreased MTX sensitivity. The molecular basis of this observation is
under investigation. Abnormalities in the Rb gene may also have profound effects on
MTX sensitivity. Rb interacts with the family of transcription factors called E2F
reducing transcription of genes that contain E2F binding sites in the promoter regions
e.g. DHFR. When Rb is deleted or rendered nonfunctional levels of “free” or unbound
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E2F are high resulting in enhanced transcription of genes such as DHFR. This results
in increased DHFR protein and may lead to MTX resistance. As the knowledge
regarding mechanisms of resistance increases newer approaches to circumvent such
resistance or to target resistant cells can be undertaken.

Methotrexate (MTX), in combination with
other chemotherapeutic agents, has been suc-
cessfully used in the clinic for the treatment of
malignancies that include acute lymphoblastic
leukemia (ALL), non-Hodgkin's lymphoma,
osteogenic sarcoma, choriocarcinoma and car-
cinomas of breast, head and neck. In addition
to the use of MTX for treatment of malignan-
cies, it is also used for treatment of nonmalig-
nant conditions such as rheumatoid arthritis,
psoriasis and in the prevention of graft versus
host disease [1]. Although response to treat-
ment is observed in patients, many of them
relapse due to development of resistance. The
underlying mechanisms responsible for resist-
ance to MTX have been the subject of intense
scrutiny for the past decade. In order to under-
stand the mechanisms of resistance to MTX we
must first understand the mode of action of the
drug. The primary cellular target of MTXis the
enzyme dihydrofolate reductase (DHFR)
which catalyzes the reduction of folate and 7,8~
-dihydrofolate to 5,6,7,8-tetrahydrofolate [2].
To acton this intracellular target MTX must first
enter the cell. It is known that MTX enters the
cell primarily by an active carrier transport
mechanism also shared by the reduced folates
and mediated by the reduced folate carrier
(RFC) [3]. Once inside the cell, MTX is modified
so that it is retained in the cell. This is accom-
plished by addition of glutamate residues
(upto 5) catalyzed by the enzyme folylpolyglu-
tamate synthase (FPGS) [4, 5]. MTX and poly-
glutamylated forms of MTX are tight binding
inhibitors of DHFR and interfere with pyri-
midine viz. thymidylate biosynthesis. MTX
polyglutamates as well as dihydrofolate poly-
glutamates are also inhibitors of enzymes in-
volved in purine biosynthesis including
5'-phosphoribosylglycinamide transformylase
(GAR transformylase) and aminoimidazole
carboxamide ribonucleotide transformylase
(AICAR transformylase) [6-8]. Enzymatic
removal of glutamyl groups from polygluta-
mylated forms of both folates and MTX is cata-
lyzed by gamma glutamyl hydrolase (GGH).
This enzyme maintains a balance between the

various glutamylated forms in concert with
FPGS [9-12].

MECHANISMS OF RESISTANCE

In experimental cell culture model systems
four common mechanisms of resistance to MTX
have been identified; a decrease inuptake of the
drug, a decrease in retention of the drug due to
defective polyglutamylation or increased poly-
glutamate breakdown, an increase in DHFR
activity as well as a decrease in the binding of
MTX to DHER [13].

TRANSPORT

The most common mechanism of resistance to
MTX is due to defective transport of the drug.
This is true for cell culture model systems as
well as leukemic blast cells from patients with
ALL at the time of rclapse after MTX treatment.
This is an example of acquired resistance to
MTX after acute or chronic exposure to MTX
(14-16]. With the recent cloning of the gene
encoding the mouse as well as the human RFC
it will now be possible to determine the mole-
cular basis of resistance in cells that have to
have impaired MTX uptake [16-19]. Using a
complementation assay a mouse cDNA clone
has been identified that partially restores the
transport defect in a human breast cancer cell
line ZR75 [18]. This gene codes for a protein of
58 kDa and has structural similarity with the
human glucose transporter GLUT1. Hydro-
pathy analysis has revealed that it contains 12
transmembrane domains and belongs to the
superfamily of transporter molecules collec-
tively referred to as the major facilitator super-
family members of which carry out sugar
transport in mammalian cells [20]. The human
cDNA clone that complement transport defect
in a Chinese hamster ovary cell line encodes a
putative RFC of 64 kDa with approximately
50% homology to the hamster and mousce RFCs
at the amino-acid level [19]. Currently we are
working on the development of screening
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methods for identification of mutations in RFC
in ALL patients at relapse.

POLYGLUTAMYLATION

MTX, upon entry into the cell, is modified by
the sequential addition of glutamate residues
catalyzed by the enzyme FPGS. It has been
observed that this ability to form long chain
polyglutamates of MTX correlates well withthe
therapeutic outcome of scveral leukemias.
Adult T and B lineage ALL have been found to
accumulate lower amounts of long chain poly-
glutamates as compared to pediatric B lineage
ALL and this correlates with poorer prognosis
for the former [21-24]. Pediatric T lineage ALL
was also seen to accumulate less long chain
polyglutamates as compared to its B lineage
counterpart [24]. Nonhyperdiploid B lineage
blasts were also found to accumulate signifi-
cantly less long chain polyglutamates once
again correlating with outcome [23]. The ability
to polyglutamylate has now been accepted to
be an important determinant of outcome of
leukemias, most likely through predicting re-
sponse to MTX. It is worthwhile to mention that
the monoblastic subset of acute myeloid leuke-
mia (AML) FAB classification-M5 subtype was
tound to form polyglutamates of MTX as effi-
ciently as childhood ALL blasts [25]. MTX may
be an effective therapy for this subtype and
may have been overlooked because other sub-
types of AML are intrinsically resistant to MTX.
Lack of accumulation of MTX polyglutamates
may be due to lack of formation of long chain
polyglutamates, due to impaired activity of
FPGS or duc to enhanced breakdown of the
formed long chain polyglutamates due to in-
creased activity of GGH [26]. The relative con-
tribution of FPGS and GGH to overall MTX
resistance remains an area of active investiga-
tion. Mammalian FPGS has molecular mass of
60 kDa and catalyzes the addition of gluta-
mates to all naturally occurring folates as well
some folate analogs such as MTX. Charac-
terization of alterations in FPGS at the molecu-
lar level will now be possible with the recent
cloning of the ¢cDNA for human FPGS [27].
Using sequence information made available re-
cently a quantitative polymerase chainreaction
(PCR) method has been developed to measure
FPGS mRNA levels in leukemic blasts. F’GS

mRNA expression using this method corre-
lated well with the enzyme activity levels [28].
Relatively little is known about the enzyme
GGH as compared to FPGS. The hydrolases can
be classified broadly into two types; lysosomal
type with pH optimum around 4.4 and cyto-
plasmic type with a more alkaline pH opti-
mum. It appears that the lysosomal hydrolase
is more important in regulation of polygluta-
mate chain length. The bovine hepatic enzyme
remains the most well characterized lysosomal
hydrolase to date. This enzyme has a molecular
mass of 108 kDa and contains highly reactive
sulfthydryl groups. Several laboratortes includ-
ing our own are engaged in the purification and
further molecular characterization of GGH
from tumor cells in an attempt to understand
the role of GGH in intrinsic and acquired resist-
ance to MTX [29, 30].

GENE AMPLIFICATION

As intracellular MTX levels are limited by a
saturable uptake process and MTX is a tight
binding inhibitor of the enzyme DHFR, an in-
crease in the level of intracellular DHFR would
cause MTX resistance. It has been demon-
strated that exposure of tumor cells to increas-
ing doses of MTX results in amplification of the
DHER gene. In fact four case reports have been
published indicating that low level gene ampli-
fication occurs in tumor cells from patients
treated with MTX [31-34]. This agrees well with
the concept that low level amplification of the
DHER gene is sufficient to cause clinical resist-
ance to MTX. In a recent study reported from
this laboratory approx. 30% of relapsed ALL
patients (9/29) had low level DHFR gene am-
plification (2 to 4 copics of the gene) as com-
pared to only 10% (4/38) of newly diagnosed
ALL patients. This study confirmed that low
level DHFR gene amplification is a mechanism
of acquired resistance to MTX [35].

MUTATTONS IN DHEFR

Alterations in DHFR with reduced affinity for
MTX have been observed in cell fines that were
exposed to increasing doses of the drug [36-41].
[n order to examine whether mutations in the
DHER occur in patient samples we have tested
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blast samples from over twenty patients for
decreased binding of MTX to DHEFR; in addi-
tion we have analyzed the complete DHFR
¢DNA sequence of 8 patients; 6 ALL (4 relapsed
and 2 untreated) and 2 patients with untreated
AML. We have not found any evidence for
decreased binding at the enzymatic level or
alterations in the coding region of the DHFR
cDNA from these patient samples. Thus, it
seems unlikely that mutations in DHFR are a
major mechanism of acquired resistance in pa-
tients exposed to MTX. In contrast, mutations
leading to a decreased affinity of DHFR for the
antifolate pyrimethamine, used in the treat-
ment of malaria, is the major cause of resistance
to this drug [42].

TUMOR SUPPRESS0OR GENES

Loss of functional retinoblastoma protein
(pRb) may also contribute to antimetabolite re-
sistance as cells lacking pRb may have in-
creased levels of enzymes associated with
proliferation {e.g. DHFR, thymidylatesynthase
(TS)) as a consequence of increased levels of
free E2F, a transcription factor that is normally
quenched by hypophosporylated pRb. When
cells begin to move out of G1 and into 5 phase
pRb becomes hyperphosphorylated and re-
leases the bound E2F which then enhances the
transcription of genes invovled in DNA syn-
thesis [43]. We have observed that a human
osteosarcoma cell line 5a0s2 that lacks pRb is
intrinsically resistant to MTX as compared to
lines with pRb present. This cell line has a
higher level of DHFR and the increase in this
activity is attributable to increased trancrip-
tional activity of the DHFR gene. When the
cDNA encoding pRb is reintroduced into this
cell line, sensitivity to MTX is restored. There
are other human sarcoma ccell lines established
in the laboratory which lack pRb and these cell
lines also show a similar resistance to MTX [44].

Since free or unbound E2F levels increase
when pRb is hyperphosphorylated we rea-
soned that activation of regulators of pRb phos-
phorylation like the cyclin-dependent kinase
system (the cyclin DI-CDK4) may also cause an
increase in DHFR transcription and hence MTX
resistance. Transfection of cyclin D1 into HT-
1080 human sarcoma cell line resulted in an
increase in MTX resistance in clones that ex-

pressed high levels but not in clones that ex-
pressed low levels of the gene suggesting a
direct relationship between the level of cyclin
D1 expression and DHFR transcription (Hoch-
hauser, D. ef al., unpublished results from our
laboratory). Since certain tumors have been
shown to express high levels of cyclin D1 it will
be interesting to examine the relationship be-
tween overexpression of cyclin D1, DHFR tran-
scription and MTX sensitivity in these tumors.
It is becoming increasingly clear that deregula-
tion of cell cycle genes has a profound effect on
antimetabolite resistance.

In cell lines with mutated p53, a tumor sup-
pressor gene, amplification of the target gene
has been observed after antimetabolite expo-
sure [45, 46]. In a study carried out in this
laboratory it was reported that mutations in
P53 gene were seen in 7 of 9 ALL blast samples
with DHFR amplification. In contrast, only 2 of
26 ALL blast samples without DHFR gene am-
plification had p53 mutations [35].

TRANSLATIONAL AUTOREGULATION

Previous studies have shown that ad ministra-
tion of MTX to patients leads to an increase in
the level of DHFR protein in both normal and
leukemic feukoceytes as well as in erythrocytes
within hours to days [47]. Studies carried outin
vitro using a lymphoblastoid cell line showed
that an increase in DHER protein is not tran-
scriptionally mediated but was abrogated by
cycloheximide treatment, suggesting that new
protein synthesis was involved. The rapid in-
crease in DHER observed after MTX treatment
could have been due to either protection of
DHER from degradation by bound MTX and /
ordihydrofolate, or to anincrease in translation
of this enzymc [48]. An increase in TS activity
has been reported after 5-FU treatment, and it
has been suggested that this increase may be
due to regulation at the translational level [49].
Using a rabbit reticulocyte translation system
we have found that DHEFR protein inhibited its
ownsynthesis. The reversal of this inhibition by
MTX or dihydrofolate may explain in part the
observed induction of DHFR activity in normal
and leukemic cells after MTX treatment [30]. In
order to locate the region of DHFR mRNA in-
volved in binding to the DHER protein we have

been using a system where 32{’-1abellcd in vitro
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transcribed RNA from different regions of the
coding sequence of DHFR mRNA is UV cross
linked to DHFR protein and electrophoresed
after RNAse treatment. Competition experi-
ments with molar excess of cold RNA frag-
ments have revealed that a small region toward
the 3’ end may be involved in the binding (Er-
cikan-Abali, E. et al., unpublished results from
our laboratory).

bcl-2 AND RESISTANCE

In experimental systems that aim to deter-
mine cytotoxicity of anticancer agents against
tumor cells, the end point usually measured is
cell death. Many types of cancer cells undergo
apoptosis or programmed cell death when ex-
posed to a wide variety of chemotherapeutic
agents. Thus, interference with induction of the
apoptotic process in response to chemotherapy
will result in resistance to the particular drug,.
It has been shown previously that the bel-2 gene
encodes a 26-kDa mitochondrial protein that
contributes to neoplastic cell growth mainly by
enhancing cell survival through inhibition of
the apoptotic pathway [51]. Transfection of the
bcl-2 gene in a human pre-B-cell leukemia line
697 resulted in an increase in cell survival and
greatly reduced DNA fragmentation when
grown in the presence of antincoplastic agents
including MTX [52]. It was found that although
the drugs were able to suppress the prolifera-
tion of these bel-2 transfectants, re-initiation of
cell growth occurred upon withdrawal of drug,.
Although resistance is not limited to any par-
ticular agent, the overall resistance phenotype
imparted by bcl-2 can have direct relevance to
clinical correlation between poor prognosis
and bcl-2 gene rearrangements or transloca-
tions [53]. If further clinical studies indced
point to a clear association between bcl-2 and
drug resistance it will suggest that mechanisms
of drug resistance may not be limited to alter-
ations in specific intracellular targets.

STRATEGIES TO OVERCOME OR
EXPLOIT MTX RESISTANCE

The observation that defective transport was
a common mechanism of resistance to MTX in
ALL has prompted experimentation with lipo-

philic antifolates such as trimetrexate (TMTX)
which do not use the reduced folate carrier to
enter cells. Phase 11 clinical trials with TMTX in
relapsed ALL were not encouraging owing to
dose limiting severe mucositis. TMTX has now
been approved for use against Preumocystis
carinii infections in acquired immunodefi-
ciency syndrome (AIDS) patients without
severe side effects because of the simultaneous
administration of 5-formyltetrahydrofolate
(leucovorin, LV). The combination of TMTX
and LV rescues the host cells from TMTX tox-
icity but s toxic to the parasite cells as they have
no reduced folate carrier and hence cannot take
up LV. This selectivity has encouraged us to
target transport deficient MTX resistant cells
with the TMTX -LV combination. Initial in vitro
studies with CCRF-CEM cells have shown that
cells transport deficient MTX resistant cells are
sensitive to TMTX while the MTX sensitive
cells can be protected by LV. In order to take this
one step further we have treated SCID mice
bearing tumors from transport deficient MTX
resistant CCRF-CEM ALL cells with the TMTX-
LV combination. This treatment led to tumor
regression without any significant toxicity [54].
We plan to treat relapsed ALL patients with the
TMTX-LV combination with the hope that a
similar selectivity will be observed for tumor
cells while the normal cells will be protected.

GENE THERAPY USING DRUG
RESISTANCE GENES

Introduction and efficient expression of drug
resistant genes such as mutant DHFR cDNAs
into bone marrow progenitor cells should
allow further dose intensification and has the
potential to increase the cure rate for those
tumors in which a steep dose response curve is
present. Using retroviral constructs bearing a
mutant human DHFR ¢cDNA (the Ser31 mu-
tant) we have infected mouse marrow progeni-
tor cells and have transplanted irradiated mice
with these transduced cells. Mice receiving
transduced marrow progenitor cells were pro-
tected from the lethal effects of MTX while the
controls died. We have recently initiated
studies to transduce human peripheral blood
and cord blood CD34+ stem cells in vitro with
retroviral contructs bearing the Ser31 mutant
human DHER ¢cDNA. Our results indicate that
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these transduced CD34+ stem cells are less sen-
sitivite to MTX than mock transduced cells [55].
We plan to exploit this system for cotransduc-
tion and ultimate in vivo selection of nonselect-
able genes [56].
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