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Preclinical study

Variable expression of the folylpolyglutamate
synthetase gene at the level of mRNA transcription in
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We investigated the expression of the folylpolyglutamate
synthetase (FPGS) gene at the mRNA level in MOLT-3 and
K562 human leukemia cell lines sensitive, or made resistant,
to methotrexate (MTX) and/or trimetrexate (TMQ), or ralti-
trexed (ZD1694). Northern blot analysis demonstrated ap-
proximately 3-fold higher FPGS mRNA expression in K562
cells than that in MOLT-3 cells, being consistent with graded
polyglutamation capacities of these cell lines. A slight
increase in the expression of the FPGS gene was observed
in the TMQ-resistant MOLT-3 cells (MOLT-3/TMQgq0); more-
over, sequential development of MTX resistance in the TMQ-
resistant cells (MOLT-3/TMQgoo—MTX;; 000) resulted in a
further enhancement of FPGS mRNA expression despite of
decreased polyglutamation capacity in this subline. Another
MTX-resistant subline with impaired reduced folate carrier
(MOLT-3/MTX45 000) also showed overexpression of FPGS
mRNA. Conversely, both raltitrexed-resistant sublines
(MOLT-3/2D1694-C and K562/ZD1694-C) displayed a moder-
ately decreased expression of FPGS mRNA. These findings
did not correspond to the virtual absence of ZD1694
polyglutamates inside the former cells nor to possibly intact
polyglutamation capacity in the latter cells. These resuilts
indicate that FPGS mRNA expression may predict cellular
ability to produce polyglutamate metabolites of antifolate
drugs in the sensitive cells, but does not necessarily reflect
FPGS function at the enzyme level in the antifolate-resistant
tumor cells. [« 1999 Lippincott Williams & Wilkins.]

This work was supported in part by a grant from the Japan
Research Foundation for Clinical Pharmacology.

Correspondence to Y Takemura, Pathology/Information Technol-
ogy Program, Baylor College of Medicine, One Baylor Plaza,
Room 126E, Texas Medical Center, Houston, TX 77030-3498,
USA.

Tel: (+1) 713 799-7105; Fax: (+1) 713 790-7052;

E-mail: takemura@bcm.tmc.edu

ISSN 09594973« 1999 Lippincott Williams & Wilkins

Key words: Antifolate resistance, folylpolyglutamate
synthetase, leukemia cells, mRNA transcription, polyglu-
tamation capacity.

Introduction

Folylpolyglutamate synthetase (FPGS) catalyzes the
addition of glutamate residues to physiological folates
and glutamate-containing antifolate compounds such
as methotrexate (MTX) and raltitrexed (ZD1694;
Tomudex). Elongation of the glutamate chain of
physiological folates is significant for two reasons: (i)
intracellular retention of folates as polyglutamate
forms and (ii) increase in cofactor activity of 5,10-
methylene tetrahydrofolate on thymidylate synthase
(TS).! Like physiological folates, polyglutamatable
antifolate drugs are retained inside cells as polygluta-
mate metabolites and continue to exert their cytotoxic
activity after removal of the drug from the extracellular
circumstances. Folate compounds have different sub-
strate activities for FPGS,“ e.g. raltitrexed, a novel
folate-based TS inhibitor, is the best known substrate
for isolated FPGS and is metabolized to polyglutamate
derivatives much faster than MTX.** Polyglutamates of
raltitrexed progressively enhance their potency to-
ward TS as the glutamate chain is elongated.”®
Recent studies have demonstrated that diminished
cellular polyglutamation significantly contributed to
the acquired resistance to polyglutamatable antifolate
drugs.®"'? In fact, leukemia cells resistant to antifolates
by virtue of diminished polyglutamation showed an
extremely high magnitude of resistance to ralti-
trexed.'"'> MTX is markedly less active against
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polyglutamation-defective cells when the cells were
cultured in short-term drug exposure conditions, in
which drug retention is critically important for
cytotoxic effect of MTX.'>'? MTX polyglutamates,
unlike raltitrexed, are not significantly more potent as
inhibitors of the target enzyme, dihydrofolate reduc-
tase (DHFR), than the parent drug (monoglutamate),l i
and thus the importance of their formation is limited
to their drugretentive properties. On the other hand,
cytotoxic activity of non-polyglutamatable antifolate
drugs such as trimetrexate (TMQ) may not be
influenced by the cellular activity of FPGS and, in fact,
TMQ is active against antifolate-resistant cells with
defective polyglutamation.'''%!>

Cellular ability to produce polyglutamate forms of
folate compounds was also reported to relate to the
sensitivity or inherent (natural) resistance of tumor
cells to polyglutamatable antifolate drugs. Inherent
resistance to MTX was associated with reduced
cellular polyglutamation capacity in soft tissue sarco-
ma cell lines.'®'” K562 chronic myelogenous leukemia
cell line showed a 3fold higher sensitivity to
raltitrexed than MOLT-3, an acute lymphoblastic
leukemia (ALL) cell line, being consistent with a much
higher polyglutamation rate in the former cells.'” In
addition, the inherent resistance of acute myeloid
leukemia (AML) cells to MTX is considered to result
from the weaker polyglutamation ability of these cells
as compared with that of ALL cells.'®"?

Our previous studies demonstrated altered polyglu-
tamation capacity in various antifolate-resistant leuke-
mia cells."*'>** MOLT-3 cells made resistant to
raltitrexed revealed extremely diminished polygluta-
mation of the drug with a high magnitude of resistance
irrespective of methods used to establish resistant

cells.'” In contrast, the MOLT-3 cells selected for
resistance to TMQ were accompanied with an
accelerated polyglutamation rate of raltitrexed as
compared with the parent MOLT-3 cells.”’ However,
further acquisition of MTX resistance in the TMQ-
resistant cells resulted in a reduced polyglutamation
rate in the doubly-resistant cells.’ K562 cells acquired
resistance to raltitrexed through an extremely im-
paired reduced folate carrier (RFC) function but not
through diminished polyglutamation.'® In the present
study, we investigated FPGS gene expression at the
mRNA level in these MTX- and/or TMQ-, or raltitrexed-
resistant MOLT-3 and K562 sublines and observed
some unforeseen results of FPGS gene expression in
these cells. We provide some evidence for whether
gene expression at the level of mRNA transcription
can predict cellular polyglutamation capacity and
consequent drug cytotoxic efficacy in the sensitive
and resistant tumor cells to antifolate drugs, or not.

Materials and methods

Biological and pharmacological properties of MOLT-3
and K562 cell lines sensitive or resistant to various
antifolate drugs are summarized in Table 1. Selection
methods for, and cellular properties of, these resistant
cell lines were described in detail elsewhere.'#!3-20724

Figure 1 illustrates cellular ability of these cell lines
to produce polyglutamate metabolites, re-constituting
data taken from our previous works'>'>?*%> and
unpublished experimental results. Although we have
already demonstrated an increased or decreased
expression of FPGS mRNA in MOLT-3/MTXy000 OF
MOLT-3/ZD1694-C cells, respectively,'” we used these

Table 1. Biological and pharmacological properties of MOLT-3 and K562 sublines resistant to TMQ and/or MTX, or

raltitrexed
Cell line Population  Relative resistance (-fold)® Known mechanism(s) for
doubling antifolate resistance
time (h) MTX TMQ Raltitrexed
MOLT-3 18 1 1 1 -
MOLT-3/TMQggo 22 7.0 300 1.2 Impaired membrane transport for TMQ; increase in
DHFR activity®'
MOLT-3/TMQgoo—MTX 10000 35 11000 >2500 6.8 Amplification of mutated DHFR gene; diminished
polyglutamation?®-2223
MOLT-3MTX10000 32 7800 0.88 1400 Impaired RFC; amplification of DHFR gene®*
MOLT-3/ZD1694-C 26 0.53° 0.033 1600 Diminished polyglutamation'®
K562 22 1 1 1 -
K562/ZD1694-C 24 170 16 4200  Impaired RFC'®

2Relative resistance is given by: ICs, values of the resistant celis/ICs, value of the parent cells, when cells were cultured for 72 h with a drug.
PRelative resistance was 120-fold when cells were exposed to MTX for 24 h,
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Cellular content of ZD1694 (pmol/1 x 108 cells)

MOLT-3/TMQgqo

MOLT-3/TMQigo-
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MOLT-3/MTX 0000
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MOLT-3/ZD1694-C ]

K562/2D1694:C

Figure 1. Polyglutamation capacity of the sensitive and resistant MOLT-3 and K562 cell lines to TMQ and/or MTX, or
raltitrexed (ZD1694). Cells were incubated with 0.1 uM [5-°H]ZD1694 at 37°C for 24 h, then harvested for measurement of
intracellular ZD1694 polyglutamate formation. Cellular content of ZD1694 was measured by the ion-pairing HPLC method
using synthetic ZD1694 polyglutamate standards.’> White columns represent total cellular contents of ZD1694 accumulated
and black columns overlapped represent total amounts of triglutamate or longer chain length polyglutamates produced. Total
amount of tri- to hexa-glutamate in K562/ZD1694-C composed 95% of total cellular [*H}ZD1694 with the same distribution
profile as that of the parent cells.'® Presenting data were reconstituted from Takemura et al.'>"52° and unpublished raw data.

sublines again in this study to serve as control cells
over- or underexpressing FPGS mRNA. Cells were
cultured in RPMI 1640 medium (Gibco, Grand Island,
NY) supplemented with 10% (v/v) fetal bovine serum
(Gibco) at 37°C and fed with fresh medium twice a
week. Resistance to raltitrexed and TMQ in the
respective resistant subline was stable for more than
12 months in the culture medium devoid of the drug.
In contrast, MTX resistance in MOLT-3/MTX, g and
MOLT-3/TMQguo-MTX y 000 Was unstable in the med-
ium without the drug, so that these two sublines had
been maintained in the medium containing 50 uM of
MTX up to 2 or 3 weeks before experiments. The
magnitude of resistance to respective drug was
periodically checked by using the MTT assay.”°

The full-length cDNA for the human FPGS gene was
a generous gift from Dr B Shane (University of
California, Berkeley, CA). The FPGS probe (2.2 kb
fragment) was prepared by EcoRI digestion from a
pTZ18U plasmid.> The cDNA for human glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (pHcGAP,
Pstl-Xbal-digested 1.4 kb fragment) was obtained
from the ATCC (Rockville, MD). Total cellular RNA
was extracted by the acid guanidinium thiocyanate-
phenol-chloroform method.” Following quantifica-
tion of RNA by a spectrophotometer at a wavelength

of 260 nm, 5 ug total RNA per lane was size-
fractionated by electrophoresis in 0.41 M formalde-
hyde/1% agarose gels. RNA was transferred onto
Maximum Strength Nytran nylon membranes using
Turboblotter Rapid Downward Transfer Systems
(Schleicher and Schuell, Keene, NH) as described by
Chomczynski.”” The membranes were hybridized with
*?p-labeled cDNA probes. Specific hybridization signals
were visualized by autoradiography using Konica SR-G
film (Konica, Tokyo, Japan) between two intensifying
screens at —80 C for 6-24 h.

Results

Figure 2(A) shows the expression of FPGS mRNA by
Northern blot analysis in the MOLT-3 sublines sensitive
and resistant to TMQ and/or MTX. A slight increase in
FPGS mRNA expression was observed in MOLT-3/
TMQgx, cells (Figure 2A, lane 2) as compared with the
parent cells (Figure 2A, lane 1), corresponding to an
increase in polyglutamation rate of raltitrexed (Figure
1). The gene expression was obviously increased
(Figure 2A, lane 3) when the TMQ-resistant cells were
sequentially made resistant to MTX. although poly-
glutamation capacity was conversely decreased in the
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Figure 2. Expression of the FPGS gene at the mRNA level
in MOLT-3 and K562 cells sensitive and resistant to TMQ
and/or MTX, or raltitrexed (ZD1694). Total RNA (5 ng) was
applied to each lane. All lanes were equally loaded, as
determined with a GAPDH probe. The results were
reproducible in two to four experiments. (A) Lane 1,
MOLT-3; lane 2, MOLT-3/TMQgg; lane 3, MOLT-3/
TMQBOO—MTX10000; lane 4, MOLT'3/MTX1QQOQ (B) Lane 1,
MOLT-3; lane 2, MOLT-3/ZD1694-C; lane 3, K562; lane 4,
K562/ZD1694-C.

MOLT-3/TMQgpo-MTX g000 cells as compared with
MOLT-3 and MOLT-3/TMQy, cells. As demonstrated
in our previous study,lZ another MTX-resistant MOLT-3
subline (MOLT-3/MTX,000) also showed enhanced
FPGS mRNA expression (Figure 2A, lane 4) despite of
the shift to shorter chain length metabolites in the
polyglutamate production profile.

FPGS mRNA expression in the MOLT-3 and K562
cell lines sensitive or resistant to raltitrexed was
compared in Figure 2B. The sensitive K562 cells
(Figure 2B, lane 3) expressed approximately 3-fold
higher FPGS mRNA than the MOLT-3 cells (Figure 2B,
lane 1) when band intensities were quantified by a
densitometer, and this virtually corresponded to the
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2.5-fold higher sensitivity to, and 3-fold greater cellular
accumulation of raltitrexed in K562 cells than those in
MOLT-3 cells.'”> Signal intensity from MOLT-3/
ZD1694-C (Figure 2B, lane 2) was approximately
40% of that from MOLT-3 (Figure 2B, lane 1).
However, this was not consistent with the virtual
absence of tri- to hexaglutamate metabolites of
raltitrexed in this resistant MOLT-3 subline (Figure
1. K562/ZD1694-C (Figure 2B, lane 4) displayed a
significant decrease in FPGS mRNA transcription as
well. Total cellular drug content accumulated in the
resistant K562 cells was less than 1% of that in the
parent K562 cells following 24 h incubation with
0.1 uM raltitrexed, resulting from extremely impaired
RFC function,!”>?" but there was no change in the
raltitrexed-polyglutamate distribution profile as com-
pared with that seen in the parent cells."

Discussion

In this study, we demonstrated variable expression of
the FPGS gene at the mRNA level in MTX- and/or TMQ-,
or raltitrexed-resistant leukemia cell lines. Interestingly,
the expression did not necessarily correspond to
cellular polyglutamation capacity in these cell lines.
Since none of our resistant MOLT-3 and K562 sublines
used for experiments demonstrated a significant
increase in y-glutamyl hydrolase activity (Takemura et
al.'**! and unpublished data), decreases in polygluta-
mation capacity measured were attributable to quanti-
tative or qualitative alteration of FPGS in the cells.
MOLT-3/TMQgq cells which were selected for the
resistance to TMQ, a non-polyglutamatable DHFR
inhibitor, showed a higher polyglutamation rate and
an increase in FPGS mRNA expression in parallel. In
fact, an increase in FPGS activity concomitant with
enhanced mRNA expression was also reported in the
L1210 cells made resistant to another lipophilic DHFR
inhibitor, metoprine.** Sequential development of
MTX resistance in the TMQ-esistant cells (MOLT-3/
TMQgpo-MTXg000) resulted in a reduced cellular
ability of polyglutamation, but in further enhancement
of FPGS mRNA transcription. Another MTX-resistant
MOLT-3 subline (MOLT-3/MTX,000) showed the up-
regulation of FPGS mRNA transcription as well,
despite of the shift to shorter chain length metabolites
in the polyglutamate production profile.'> On the
other hand, both raltitrexed-resistant sublines (MOLT-
3/ZD1694-C and K562/ZD1694-C) displayed a de-
creased FPGS mRNA expression as compared with
their parent cell lines. A moderate decrease in FPGS
mRNA expression could not explain the virtual
absence of cellular polyglutamate metabolites of
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raltitrexed in MOLT-3/ZD1694-C cells. In addition,
down-regulation of FPGS mRNA transcription in K562/
ZD1694-C cells was also an unforeseen finding
contrary to the intact ability to produce polyglutamate
metabolites in this subline.'® These results suggest that
FPGS mRNA expression levels may not reflect the
actual cellular ability of polyglutamation nor predict
cytotoxic efficacy of polyglutamatable antifolate drugs
in some antifolate-resistant tumor cells.

Cell multiplication of two MTX-resistant sublines
was much slower than the parent MOLT-3 cells (Table
1) and this seems to result from intracellular folate
deficiency through an extremely impaired RFC func-
tion (MOLT-3/MTX,p000) Or through a diminished
polyglutamation of folate compounds (MOLT-3/
TMQgoo-MTX p000). In fact, Kano et al’®® demon-
strated incremental requirements not only of reduced
folates but also of pteroylglutamate (oxidized folate)
for optimal growth of the former cells. The MTX-
resistant cells with impaired RFC showed a collateral
sensitivity to TMQ which does not utilize RFC nor
membrane-associated folate binding protein for cell
entry. Relative resistance of MOLT-3/MTX 000 tO
TMQ (0.88fold; Table 1) might be a big value of
collateral sensitivity if considered a > 10fold increase
of DHFR activity in this subline.’*?* The increased
sensitivity of the transport-defective MTX-resistant
cells to lipophilic antifolates is probably attributable
to relatively low levels of intracellular folates by virtue
of impaired transport of folates.** Likewise, the
raltitrexed-resistant MOLT-3 cells with extremely
diminished polyglutamation displayed a remarkable
collateral sensitivity to TMQ,'? suggesting the intracel-
lular folate deficiency caused by dispersion of non-
polyglutamated folates outside cells. In the aspect of
intracellular folate homeostasis, therefore, it is likely
that our MTX- and TMQ/MTX-resistant sublines, if not
having the same resistance mechanism, may up-
regulate FPGS gene transcription to retain much more
folates inside cells as polyglutamate forms or to
compensate for folate deficiency.

An alternative possible explanation for the paradox-
ical enhancement of FPGS mRNA expression in our
TMQ/MTX doubly-resistant cells is the induction of
mutated FPGS mRNA which does not encode func-
tional enzyme. This hypothesis is analogous to our
previous observation that the doubly-resistant subline
amplified and overexpressed a variant DHFR gene with
two critical point mutations which resulted in the low
affinity of the enzyme for MTX.?>%* Recent studies
demonstrated a dissociation between the FPGS mRNA
levels and the polyglutamation rates in the antifolate-
resistant human and murine cell lines with defective
polyglutamation,'***-*® indicating that cells resistant

to antifolates by virtue of decreased FPGS activity do
not necessarily have reduced FPGS mRNA expression.
Indeed, in one of the above studies, edatrexate-
resistant L1210 cells were shown to express a variant
FPGS mRNA with significantly lower efficiency in
mediating formation of the FPGS peptide product in a
manner correlating with FPGS activity:“’ Furthermore,
there are several different splice forms of FPGS mRNA
and variable expression of the different forms in
different cells was demonstrated.’” > Some of the
spliced mRNA do not encode functional FPGS,
associating with acquired resistance to antifolates (B
Shane, pers commun). Paradoxical overexpression of
FPGS gene contrary to the reduced capacity of
polyglutamation in the MOLT-3/TMQguo-MTX, 0000
cells may suggest such an alteration in the FPGS gene
and consequent production of functionally defective
FPGS.

FPGS mRNA expression in MOLT-3/ZD1694-C was
approximately 40% of that in MOLT-3; however, it is
difficult to reconcile the moderate decrease in FPGS
mRNA expression with the virtual absence of tri- to
hexa-glutamates of raltitrexed in the cells and high
magnitude of resistance to this drug (Figure 1 and Table
1). In addition, despite the extremely defective
polyglutamation of raltitrexed used for the selection
of the resistance, the growth of the resistant MOLT-3
cells was only minimally affected,'? suggesting that
physiological folates essential for cell survival and
proliferation could be effectively polyglutamated. The
dissociation between defective polyglutamation and
cell multiplication rate was also observed in the
raltitrexed-resistant L1210 cells.'' These observations
may support the induction of mutated FPGS being
responsible for decreased enzyme affinity only for the
drug(s). Finally, the raltitrexed-resistant K562 cells with
extremely impaired RFC (K562/ZD1694-C) displayed
an unforeseen but significant decrease in FPGS mRNA
transcription as well, although there was no change in
the polyglutamate distribution profile.'> This finding
with K562/ZD1694-C supported the observation by
Roy et al. of a transport-defective, MTX-resistant L1210
variant which had decreased FPGS mRNA transcrip-
tion,** but was not consistent with our experimental
result with the MTX-resistant MOLT-3 cells (MOLT-3/
MTX,000). Regulation of FPGS might be different in
cells with different biological characteristics.

In conclusion, there may be variable expression in
FPGS mRNA in cells resistant to antifolate drugs, and
the expression would not be predictive for polygluta-
mation ability of the cells and subsequent cytotoxic
efficacy of polyglutamatable antifolates, at least in the
resistant cells. Although exact mechanism(s) to
explain the difference in FPGS regulation in different
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antifolate-resistant cells remain(s) to be clarified,
cellular biological dispositions and biochemical prop-
erties of antifolate drugs used for the establishment of

resistance seem to be

involved in the intricate

regulation.
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