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Abstract

Previously, we reported that the multidrug resistance proteins MRP1, MRP2 and MRP3 confer resistance to therapeutic antifolates by
mediating their cellular extrusion. We now determined whether MRPs also play a role in controlling cellular homeostasis of natural
folates. In MRP1, MRP2 and MRP3-transfected 2008 human ovarian carcinoma cells total cellular folate content was 32—38% lower than
in 2008 cells (105 £ 14 pmol folate/mg protein) when grown in medium containing 2.3 pM folic acid (FA). Under these conditions
cellular growth rates were not compromised. However, when cells were challenged under folate-depleted conditions with a short exposure
(4 hr) to FA or leucovorin, MRP1 and MRP3 overexpressing cells were impaired in their growth. In contrast to wild-type cells, MRP1
transfected cells retained only 60% of the maximum growth when exposed to 500 nM leucovorin or 500 uM FA. For 2008/MRP1 and
2008/MRP3 cells FA growth stimulation capacity was dramatically decreased when, during a 4 hr exposure, metabolism into rapidly
polyglutamatable and retainable dihydrofolate was blocked by the dihydrofolate reductase inhibitor trimetrexate. To retain growth under
such conditions MRP1 overexpressing cells required much higher concentrations of FA (Ecsg > 500 uM) compared to 2008 cells (Ecso:
12 uM). These results suggest that down- and up-regulation of MRP1 (and MRP3) expression can influence cellular folate homeostasis, in

particular when cellular retention by polyglutamylation of folates is attenuated.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Over the past decades an increasing number of ATP-
driven efflux pump families (ABC-transporters) has been
identified that can confer multiple drug resistance by cellular
extrusion of a wide variety of structurally unrelated drugs
[1]. The best-known efflux pumps include P-glycoprotein
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Abbreviations: RFC, reduced folate carrier; MTX, methotrexate; MRP,
multidrug resistance protein; FA, folic acid; FPGS, folylpolyglutamyl
synthetase; SFU, 5-fluorouracil; LF, low-folate; LV, leucovorin; HF, high-
folate; DHFR, dihydrofolate reductase; TS, thymidylate synthase.

(Pgp, ABCB1) [2] and the multidrug resistance protein
(MRP1, ABCC1) [3]. More recently another transporter
has been identified: the breast cancer resistance protein
(BCRP, ABCG?2), also known as mitoxantrone resistance
associated protein (MXR) [4].

Since the first description of the MRP1 [3] many studies
focused on MRP-mediated cellular extrusion of cytotoxic
drugs (for reviews see [1,5,6]). The discovery of several
MRP1 homologues, including MRP2 (ABCC2) and MRP3
(ABCC3), broadened this field of research [7]. These related
transporters only partly share the same subset of substrates.
Beside the established function of MRPs in the protection of
cells against toxic compounds, there is cuamulative evidence
for other biological functions of MRPs [1,5,6].
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The folate antagonist MTX finds widespread use in cancer
chemotherapy [8,9] and treatment of inflammatory diseases,
e.g. in rheumatology [10]. As a potent inhibitor of folate
metabolism by binding to DHFR and TS, MTX abolishes
purine and thymidylate biosynthesis, thereby disrupting
DNA replication.

In the past, several causes of cellular resistance against
MTX and other hydrophilic folate antagonists have been
discovered. Among them are (1) downregulation of anti-
folate uptake mediated by the RFC, (2) impaired polyglu-
tamylation of MTX due to downregulation of FPGS, or (3)
upregulation of the targets of MTX (i.e. DHFR) (for reviews
see [11]). More recently, attention is being paid to efflux
systems of antifolates that may contribute to cellular resis-
tance [18-21].

Initial studies by our laboratory as well as other labora-
tories demonstrated that members of the MRP family, in
particular MRP1, MRP2 [12], MRP3 [13,14], and MRP4
[15,16] play a role in MTX efflux. Inhibition of MRP1
efflux function by probenecid reverted the MTX-resistant
phenotype in vitro [12] or enhanced the activity of the
antifolate 10-deazaaminopterin in vivo [17].

Beyond a function for MRPs in antifolate resistance, we
have obtained indirect evidence for a possible physiolo-
gical role of MRPs in controlling cellular homeostasis of
natural folates [12]. Cells transfected with MRP1 or MRP2
displayed a collateral sensitivity to the lipophilic antifolate
trimetrexate (TMQ), which is indicative of a decreased
intracellular folate pool status. Other evidence for a con-
tribution of MRPs in folate homeostasis was reported by
Kusuhara et al. [23], showing that MRP2/cMOAT was able
to transport reduced folate cofactors in rats. Finally, Zeng
et al. [14] and Chen et al. [16] described vesicular mem-
brane transport of FA by MRP3 and MRP4, respectively.

As described by our laboratory [24,33] and recently by
others [25] subtle changes in the folate content of cells
might result in a major increase in resistance for a series of
polyglutamylation-dependent antifolates. Likewise, ani-
mal studies [23,26] showed the relevance of folate status
for the in vivo sensitivity to several novel antifolates.

In this report we addressed the issue of whether over-
expression of MRPs affects cellular homeostasis of folates
due to efflux of these compounds. We show that MRP1 and
MRP3 overexpression results in a diminished cellular
folate content. Also, we demonstrate that MRP1/3 over-
expression can hamper FA stimulated growth, especially
when metabolism or cellular retention by polyglutamyla-
tion is attenuated.

2. Materials and methods
2.1. Materials

Folic acid and r-leucovorin were obtained from Sigma
Chemical Co. TMQ was a gift from Warner Lambert/Parke

Davis (Ann Arbor, MI). Protease inhibitor cocktail was
purchased from Boehringer, NL. RPMI-1640 medium
(with and without 2.3 pM FA) and (non)dialyzed fetal calf
serum were obtained from GIBCO.

2.2. Cell lines

The human ovarian carcinoma cell line 2008, and its
stable MRP1, MRP2 and MRP3 transfectants were kindly
provided by Dr. M. Kool and Prof. Dr. P. Borst (The Nether-
lands Cancer Institute, Amsterdam) [28]. These cell lines
2008, 2008/MRP1, 2008/MRP2 and 2008/MRP3 were cul-
tured in RPMI-1640 medium (containing 2.3 uM FA),
supplemented with 10% FCS, 2mM glutamine and
100 pg/mL penicillin/streptomycin. The MRP1-3 transfec-
tants display MTX resistance following short-term drug
exposure [12,13].

To deprive cells of folates they were cultured in folate-
free RPMI-1640 medium supplemented with 10% dialyzed
FCS, 2 mM glutamine and 100 pg/mL penicillin/strepto-
mycin for a period of 4 days.

2.3. Folate pool analysis

The measurement of reduced folate cofactors was made
using procedures described previously by Bunni et al. [27].

2.4. MRP-Western blot

Total lysates were prepared from 5 x 10° cells by lysing
in 250 pL buffer containing 10 mM Tris—HCI (pH 7.6),
20% glycerol, 5 mM DTT, 0.5% NP-40, and a protease
inhibitor cocktail 2.0% v/v (Boehringer). Lysates were
sonicated at 3 x 5s with 30-s interval (MSE Soniprep
150, 4°, amplitude 6-7). Western blotting was performed
according to standard techniques. In each lane of a Biorad
minigel system 10-50 pg protein was loaded. For detection
of MRP1, MRP2, and MRP3 monoclonal antibodies
(MRPr1, M2III-6, and M3II-9, respectively) [28] were
used in a dilution of respectively, 1:500 (0.5 pg/mL),
1:50 (5 pg/mL), and 1:50 (5 pg/mL). As a loading control
expression of B-actin was determined using anti-human [3-
actin (Chemicon). MRP expression was measured as
OD x mm? with densitometric scanning (Imaging Densit-
ometer GS-800, Biorad Laboratories).

3. Results

3.1. MRP expression in human 2008 ovarian
carcinoma cells

In order to investigate whether MRPs contribute to the
cellular extrusion of natural folates, we used the human
ovarian carcinoma cell line 2008 and its MRP1-, MRP2-,
and MRP3-transfected sublines. These cells were used
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Fig. 1. Expression of MRP1, MRP2, and MRP3 in (transfected) 2008 ovarian carcinoma cells. Expression of MRP1 (A), MRP2 (B), and MRP3 (C) in 2008
(WT), and 2008/MRP1-3 was analyzed by Western blotting, as detailed in Section 2. Per lane 10 pg (A) or 50 pg (B and C) protein was loaded. As a loading
control B-actin levels are indicated. Average expression of MRP1, MRP2, or MRP3 relative to B-actin = SD (N = 3) is given.

previously by our laboratory and others to analyze MRP1-,
MRP2-, and MRP3-mediated transport of MTX [6,12,
13,28].

We assessed the expression levels of MRP1, MRP2,
and MRP3 in transfected 2008 cells by means of Western
blotting. Fig. 1A, B and C show the expression of
MRP1, MRP2, and MRP3 in wild-type 2008 and 2008/
MRP1-3 transfectants. Wild-type 2008 cells contain a low
expression of endogenous MRP1. MRPI-transfected
2008 cells expressed 48-fold more MRP1 than wild-type
2008 cells. In wild-type 2008 cells no MRP2 or MRP3
could be detected. As calculated relative to f-actin MRP2
expression in 2008/MRP2 was 2.33-fold. The level of
MRP3 in 2008/MRP3 was 1.62-fold relative to B-actin
(see Fig. 1).

3.2. Effect of MRP overexpression on cellular levels
of folates

Based on the earlier reports that MRPs mediate the
transport of FA [13,15], we wanted to analyze whether
MRP1, MRP2, or MRP3 overexpression affect the cellular
folate content. Total folate pools were analyzed in wild-type
2008 cells and their MRP1, MRP2, and MRP3 transfectants
at mid-log phase of growth in standard RPMI-medium,
which contained 2.3 pM FA. The MRP1-3 transfectants
had 32-38% diminished total folate pools relative to wild-
type 2008 cells, which contained ~105 £ 14 pmol folate/
mg protein (Fig. 2). When discriminating between different
reduced folate co-factors we observed that the diminish-
ment in cellular folate was mainly due to a 35-45% decrease

in the pool of 10-formyltetrahydrofolate (10-CHOFH,),
rather than 5-CH;FH,, CH,FH, or FH, (see Fig. 2).

3.3. Effect of MRP overexpression on cellular growth

Despite the lower intracellular folate content, cellular
growth rates of MRP overexpressing cells were not
affected in a cell culture medium containing 2.3 uM folates
(not shown). The latter folate levels are, however, far above

Total:
104.9 +13.6

Cellular Folate Pool
(pmol/mg protein)

Fig. 2. Total cellular folate pools in 2008 and 2008/MRP cells. Total
folate pools in 2008 cells and several MRP-transfectants were determined
in their mid-log phase of growth, when grown in standard RPMI-1640
medium containing 2.3 pM folates, and supplemented with 10% FCS.
Total cellular folate pools have been subdivided into FH, (black bars),
5-CH3FH, (spotted bars), CH,FH,4 + FHy (striped bars) and 10-CHOFH,
pools (blank bars). Results are the means = SEM of three separate
experiments.
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Fig. 3. Effect of MRP overexpression on folate-dependent cellular growth (72 hr exposure). Cell growth was measured when cells were cultured in folate-
free RPMI-1640 medium, containing either leucovorin (A) or folic acid (B) as the sole folate source. Cell lines studied were 2008 ([J), 2008/MRP1 (W),
2008/MRP2 (A) and 2008/MRP3 (@). Exposure time of folates was 72 hr. Cell growth is given as percent of growth obtained under high folate conditions
(HF). Results are representative experiments of three independent experiments. Standard deviations (SD) between experiments were <19%.

physiologically relevant concentrations (human plasma
levels 5-20 nM). We therefore also analyzed the folate
growth requirement of MRP overexpressing cells that were
first depleted from folates by a 4-day growth in folate-free
medium.

Fig. 3 shows the growth of 2008 and 2008/MRP cells
after folate depletion and subsequent growth in medium
replenished with either FA or the reduced folate cofactor
LV. After continuous exposures of FA or LV for 72 hr
minor shifts were noted for 2008/MRP1 and 2008/MRP3
cells (Fig. 3). Cell growth nearly attained levels of counter-
part cultures grown continuously in high folate medium.
Apparently, during such long (72 hr) exposures (even after
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folate depletion prior to the exposure) MRP overexpression
in these cells was not able to hamper cellular growth
significantly.

3.4. Effect of MRP overexpression on cellular growth
under impaired folate-metabolizing conditions

Polyglutamylation of folates diminishes their MRP-
mediated transport, as shown earlier by our laboratory
[12] and Zeng et al. [14]. Thus, it might be assumed that
due to the presence of folate polyglutamates after long
(72 hr) exposures MRPs will not be able to diminish cellular
folate pools completely. We therefore analyzed the effect of
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Fig. 4. Effect of MRP overexpression on folate-dependent cellular growth (4 hr exposure). Cell growth was measured when cells were cultured in folate-free
RPMI-1640 medium, containing either leucovorin (A and C) or folic acid (B and D) as the sole folate source. Cell lines studied were 2008 ([]), 2008/MRP1
(H), 2008/MRP2 (A) and 2008/MRP3 (@). Exposure time of leucovorin or folic acid was 4 hr after which the cells were washed and cultured in folate-free
medium (A and B). In other experiments 1 pM TMQ was also added during the 4 hr exposure time to prevent rapid metabolism of folic acid (C and D). After
the incubation period cells were cultured in folate-free medium for another 68 hr. Cell growth is given as percentage of growth obtained under high folate
conditions. Results presented are representative experiments of six independent experiments. Standard deviations (SD) between experiments were <24%.
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MRP overexpression in cells that had been exposed to FA or
leucovorin for a much shorter period of time to minimize
FPGS-mediated polyglutamylation.

Fig. 4 shows that when cells were exposed to FA for only
4 hr (after a 4-day folate-free period), followed by a 68-hr
period in folate-free medium, a marked effect of MRP1 and
MRP3 overexpression on cellular growth was observed
(Fig. 4A and B) (for leucovorin only minor shifts were
noted in MRP1 and MRP3 overexpressing cells). The FA
concentration at which the cells enhanced their growth to
50% of their maximal level (Ecsy) was ~10 pM for 2008
wild-type cells compared to ~35 uM for 2008/MRP3 and
~100 pM for 2008/MRP1 cells (Fig. 4B). Moreover, in the
presence of the DHFR inhibitor TMQ (to prevent metabo-
lism of FA) even larger differences were observed in the cell
growth ability. The 2008/MRP1 and 2008/MRP3 cells
displayed a ~5-fold increase in LV growth requirement
(ECs0’s of ~250 nM for 2008/MRP1 and ~150 nM for 2008/
MRP3 compared to ~40 nM for 2008 wild-type). But most
pronounced increases in folate requirement were observed
for FA. Even at the highest FA concentration tested
(250 uM), 2008/MRP1 and 2008/MRP3 cells resumed only
20 and 35% of control cell growth, respectively, and the
estimated Ecso’s for these cell lines were >500 pM com-
pared to ~12 uM for wild-type 2008 cells (Fig. 4D).

4. Discussion

In the present study we investigated the role of the
multidrug resistance proteins MRP1, MRP2 and MRP3
in cellular extrusion of natural folates. We show that these
MRPs contribute to a lowering of cellular natural folates,
based on several lines of evidence: (1) diminished cellular
folate pools in MRP overexpressing cells, and (2)
decreased cellular growth of MRP overexpressing cells
after short-term (4 hr) folate exposure. Earlier, MRP-
mediated transport of FA in MRP1- and MRP3-containing
membrane vesicles was described [14].

Overexpression of MRP1, MRP2 or MRP3 decreased
total folate pools in transfected 2008 ovarian carcinoma
cells by 32—-38%. This lower level was mainly accounted
for by a diminished pool of 10-CHOFH,. Whether this
implies that 10-CHOFH, is a preferred substrate for extru-
sion by MRPs remains to be established. Studies from our
laboratory [12,13] and others [14,16] showed that poly-
glutamylation of (anti)folates, mediated by FPGS is a
determining factor for (anti)folates to be available sub-
strates for MRP-mediated efflux. In fact, conversion to
diglutamate forms of MTX or FA was sufficient to markedly
diminish the substrate affinity for MRP3 [14]. The substrate
specificity of MRPs for other natural folate cofactors and
their polyglutamate forms has not been documented. The
10-CHOFH, per se is known to be a good substrate for
FPGS (K,,: 24 uM) [31], which may suggest that dimin-
ished 10-CHOFH, pools in MRP-overexpressing cells

could also arise from altered metabolic interconversions
due to efflux of other folate intermediates.

The decrease in total intracellular folate concentration in
MRP overexpressing cells did not interfere with their
optimal cell growth in medium containing 2.3 pM folates.
Studies by Sirotnak et al. [30] and recently by Mauritz et al.
[29] showed that the minimal folate growth requirement
was achieved with cellular folate pools as low as 1-5 pmol/
mg protein. Hence, total folate pools in 2008/MRP cells
exceeded by far this folate concentration. However, upon
folate depletion, and impaired intracellular metabolism
and polyglutamylation of folates, 2008/MRP cells revealed
a marked MRP-related effect on folate growth dependency.
After a 4 hr exposure to FA, which diminishes FPGS-
mediated conversion of folate cofactors into folate-poly-
glutamates, the folate growth requirement was markedly
higher for 2008/MRP1 and 2008/MRP3 cells as compared
to parental 2008 cells. This was even more pronounced
during co-incubation with TMQ, which blocks FA reduc-
tion to FH, and FH, by DHFR. In contrast, under similar
folate growth permissive conditions a 72 hr exposure to FA
displayed only minor differences in FA growth dependency
between MRP-transfectants and parental 2008 cells. This
suggests that in folate uptake- and polyglutamylation
competent cells, rapid metabolism of folates into FH,
and FHy and to their polyglutamate forms occurs, which
prevents folate efflux via MRP-routes. FH, is known to be
one of the best substrates for FPGS (K,,: 0.8 uM), rather
than FA, which is only a moderate substrate for FPGS (K ,,:
60 uM) [31]. Once folates have been converted into the
FH, form, it is therefore very unlikely that MRP is able to
largely influence their cellular extrusion. In conclusion, our
results imply that predominantly in cells deficient in FA
uptake and/or FPGS activity, MRPs may play an important
role in folate efflux.

Previously, response mechanisms to altered folate con-
ditions were described, which include upregulation of RFC
expression [32] or increased FPGS activity [33]. In general,
cellular folate status can influence indirectly the regulation
of gene expression through methylation of CpG islands in
the promoter region of a variety of genes [34,35]. An effect
of MRP overexpression on cellular folate levels might,
therefore, influence cell function in a broad way such as on
the level of gene expression. Otherwise, changes in cellular
folate might affect MRP expression, although no methyla-
tion sensitive CpG islands in the MRP1 promotor region
were reported [36]. Yet, a recent study by Worm et al. [36]
showed that the demethylating agent 5-aza-2'-deoxycyti-
dine induced indirect upregulation of MRP1, MRP2 and
MRP3 mRNA expression in RFC-transport defective
human breast cancer cells. Clearly, additional studies to
determine the relation between MRP expression and cel-
lular folate concentration as well as cell function have to be
carried out. Cellular folate status is considered an impor-
tant determinant in the efficacy of folate-based chemother-
apeutic drugs and SFU/LV combinations. Previously, our



770 J.H. Hooijberg et al./Biochemical Pharmacology 65 (2003) 765-771

laboratory and others showed that augmented levels of
intracellular folates largely abrogated the activity of poly-
glutamylation-dependent antifolates because of competi-
tion at the level of FPGS [11,22,25,33]. In addition, it has
been shown that at physiological folate levels sensitivity to
antifolates is greatly enhanced while that to the fluoropyr-
imidine SFU can be decreased [26,37]. The latter is due to
the fact that inhibition of the target enzyme of 5FU,
thymidylate synthase, can only be optimal when sufficient
reduced folate cofactors are present intracellularly. Nutri-
tional intake of folates via food and vitamin supplements
can affect folate homeostasis significantly and thereby
affect cellular processes dependent on folates but also
the antiproliferative activity of anticancer drugs [38].
The pharmacological role of MRPs in cellular extrusion
of anticancer drugs is well established [4]. Data presented
in this study support a physiological role of MRP1, as well
as MRP3 (in close relation to FPGS activity) in controlling
cellular folate homeostasis. Further research should be
directed towards elucidating the mechanistic basis of
MRP1 and MRP3 functional activity (and of other mem-
bers of the MRP family), in response to alterations in extra/
intra-cellular folate status.
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