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Multidrug Resistance Protein (MRP) 1 and MRP3 Attenuate Cytotoxic and
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ABSTRACT. One of the most potent cyclopentenone prostaglandins, 15-détdfprostaglandin 2J(15-
d-PGJ), has been shown to be cytotoxic in some tumor cells and, as a ligand of peroxisome proliferator
activated receptoy (PPARy), to influence the transcriptional regulation of several genes. We examined
whether a glutathione conjugate of 15-d-B@A5b-d-PGJ—SG, is formed and if the glutathione conjugate
efflux pumps, MRP1 and MRP3, could transport this conjugate, thereby attenuating the cytotoxicity and
transactivating activity of 15-d-PGJdn MCF7 breast cancer cells. Formation of 15-d-P&3G was
demonstrated both in vitro and in cells, and its structure was determined by ESI/MS and NMR. Expression
of MRP1 and MRP3 was achieved by stable transduction of parental MCF7 cells. Membrane vesicles
derived from these cells supported efficient, ATP-dependent transport of 15-6-BGJKu 1.4 and 2.9

uM for MRP1 and MRP3, respectively). When compared with parental, MRP-minus MCF7 cells, expression
of MRP1 and MRP3 conferred-2-fold protection from 15-d-PGJcytotoxicity. 15-d-PGgmediated
transcriptional activation was evaluated in cells transiently transfected with a reporter gene under the
transcriptional control of a PPAR responsive element. Treatment of parental MCF7 cells with 15-d-PGJ
resulted in a time-dependent induction of reporter gene acthuitgluction that was measurable with
concentrations of added 15-d-P@3$ low as 100 nM. In contrast, expression of MRP1 or MRP3 abolished
15-d-PGg-dependent reporter gene induction. Depletion of intracellular glutathione reversed MRP1- and
MRP3-mediated attenuation of 15-d-RB@ytotoxicity and transactivation. These data indicate that MRP1
and MRP3 can modulate the biological effects of 15-d-f&d likely other cyclopentenone prostaglandins,

in a glutathione-dependent manner. The results are consistent with a mechanism for the attenuation of the
biological activities of 15-d-PGdhat involves the formation and active efflux of its glutathione conjugate,
15-d-PGJ—-SG.

The cyclopentenone prostaglandins (CP-P@ffect a 15-d-PGd has attracted considerable attention because of its
variety of cellular processes including growth and dif- antitumor activities including the ability to inhibit growth

ferentiation, gene expression, and apopto%is6). 15-d- and induce apoptosis in several cancer cell lirgsle—

PGJ, the most potent of the J-series CP-PG, is derived from 16). Additionally, 15-d-PGg influences the expression of

PGD, by dehydration and isomerization reactioBs{—11). several genes and has antiinflammatory effebts8( 17—
21).
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reactivity of its electrophiliat,s-unsaturated ketond, 19,
29, 30). Indeed, the inhibition of cell proliferation by CP-
PG has been attributed to the presence ofdffisunsaturated
carbonyl in a variety of tumor modelsl,(2). Moreover,

Paumi et al.

probe. Data collection was at 298 K in 99.9%®in a 2-mm
NMR tube. The 1-D'H spectrum was collected with 128
scans using double-pulsed field gradient water suppression
(DPFGSE-WATERGATE)38). The 2-D DQF-COSY spec-

previous studies have indicated that this electrophilic centertrum was collected with 2048 points in the F2 dimension

of 15-d-PGJd and other CP-PG is a target for the Michael
addition of glutathione, 31—34). Accordingly, we deter-
mined whether a glutathione conjugate of 15-d-P®as
formed under physiological conditions and whether gluta-
thione-conjugate efflux transporter8y 36), MRP1 (AB-
CC1) and MRP3 (ABCC3), could transport the conjugate
thereby attenuating biological effects of 15-d-R@datment

in MCF7 breast cancer cells.

MCF7 cells lack MRP but express PPARand are
sensitive to the cytotoxicity of 15-d-P&J12, 37). To

and 512 points in the F1 dimension with 64 scans per time
increment. ThéH 2-D spectral width was 10 ppm centered
on the water resonance. Processitid 2-D spectrum
consisted of making both F2 and F1 dimensions 2048 points.
The H8-H9 coupling constant was extracted from the active
coupling associated with the H89 cross-peak. Modeling

of both diastereomers was carried out in 02 SPATAN ES
(Wave function Inc., Irvine, CA). A semiempirical AM1
geometry optimization was carried out on both diastereomers
from several different starting structurez9). The H8-H9

examine the influence of glutathione conjugate transportersdihedral angles for both diastereomers were measured and

on the cellular effects of 15-d-PgMCF7 cells were stably

the coupling constants were calculated with electronegativity

transduced with expression vectors encoding MRP1 andParameters40—42). The measured and calculated+89

MRP3. The results indicate that MRP1 and MRP3 can

attenuate both the transactivating and cytotoxic activites of

coupling constants were then compared.
Radiolabeled 15-d-PG3SG was prepared in a total

15-d-PGJ. This attenuation was glutathione-dependent and reaction volume of 20@L containing 6 mM 15-d-PG;1.01

was associated with the ability of MRP1 and MRP3 to
transport the glutathione conjugate, 15-d-R&SG, ef-
ficiently.

EXPERIMENTAL PROCEDURES

In Vitro Preparation and Analysis of the Glutathione
Conjugate of 15-d-PGJ15-PG3—SG).15-d-PGJ—SG or
PGA,—SG were prepared in-15 mL solutions containing
1 mM 15-d-PGdor PGA, (Cayman Chemical, Ann Arbor,
MI), 10 mM glutathione (GSH) (Sigma, St. Louis, MO), 140
mM KCI, and 0.1 M sodium phosphate (pH 7.5) at 37
for 30 min. The reaction was stopped by the addition of 70%
perchloric acid (PCA) to a final concentration of 5% PCA.
For analytical HPLC, samples from these conjugation
reactions with PGA or 15-d-PGg were injected onto a
Rainin Rabbit-HPX HPLC system (solvent A: 35% aceto-
nitrile, 0.05%TFA, solvent B: 100% acetonitrile) and eluted
isocratically for 30 min in solvent A followed by a 20 min
gradient (0-60% solvent B). For electrospray mass spec-
trometry and NMR, 15-d-PG3SG was purified from

mM GSH (specific activity of 0.51 Ci/mmol)dlycine-2-
3H] glutathione (PerkinElmer Life Sciences), 0.1 M sodium
phosphate (pH 7.8), and 0.2 M NaCl. The reaction mixture
was incubated at 37C for 30 min and then terminated by
the addition of PCA to a final concentration of 5%. The
radiolabeled conjugate3ffl]-15-d-PGJ—SG) was purified
by HPLC and lyophilized. The lyophilized powder was
redissolved in 10 mM Tris (pH 7.5) for use in insideut
vesicle transport studies.

Cell Lines and CultureAll cell lines were derived from
parental MCF7 cells (MCF7/WT) and were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) at 3T, 5% CQ. For
some experiments, a drug-selected multidrug resistant deriva-
tive cell line expressing MRP1, MCF7/VP, was usd®)(
Transgenic MCF7 cells expressing MRP1 (MCF7/MRP1
10) and MRP3 (MCF7/MRP39) were obtained as follows.
The cDNAs encoding human MRP1 and MRP3 (see below)
were inserted into the multiple cloning site of pLNCX4j.
These vectors were stably expressed in MCF7 cells by
retroviral transduction as describet)). Briefly, expression

reaction mixtures as follows: samples were loaded onto vectors were transiently transfected into PA317 amphotropic

Waters (Milford, MA) Oasis HLB 3-cc extraction cartridges
prewashed with 10 mL of methanol followed by 10 mL of

packaging cells and the resulting viral supernatants were used
to transduce MCF7 cells. MRP expressing clones were

50 mM ammonium acetate (pH 3.0). The loaded cartridge selected in 1 mg/mL G418. Cells were maintained in 0.5

was then washed sequentially with 10 mL of 50 mM

mg/mL G418 until 3 days prior to experiments when drug

ammonium acetate (pH 3.0) and 10 mL of heptane. 15-d- was removed. MRP expression was verified by Northdf (

PGJ—SG was eluted from the column by 10 mL of 35%
acetonitrile containing 0.05% trifluoracetic acid (TFA). The
eluate was evaporated to a volume~0200 «L under N,
and further purified by HPLC using the same system
described above. The peak fraction containing 15-d,PGJ

46) and Western blot4b, 47) as described previously using
the QCRL1 (MRP1) and MRP3 1I-9 (MRP3) antibodies from
Alexis Biochemicals (Carlsbad, CA).

The cDNA for MRP1 was derived from p@BMRP, a
plasmid kindly supplied by Guido Zamam). Using

SG (elution time 34.5 min) was collected and snap frozen restriction endonuclease cleavage and PCR, the cDNA was
in a dry ice/acetone bath. The sample was then lyophilized tryncated to exclude all but the coding and Kozak consensus
overnight. The lyophilized powder was resuspended in 700 sequences prior to insertion into pLNCX. The MRP3 cDNA

uL of D,O and 2uL of 12 N DCI for NMR analysis (500
MHz Bruker NMR). Alternatively, eluate from the Oasis
HLB cartridge was directly analyzed by HPLC or electro-
spray mass spectroscopy.

All NMR spectra were collected on a Bruker 500 DRX

was obtained by PCR amplification of a first strand cDNA
synthesized from human liver mRNA (Clontech, Palo Alto,
CA) using AMV reverse transcriptasetq). A 4628-bp

fragment containing the entire coding region of MRP3 was
amplified using the Expand High Fidelity DNA polymerase

equipped with a 5-mm triple resonance broadband inversemixture (Roche, Indianapolis, IN) according to the manu-
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facturer's recommendations. Thedligonucleotide used,' 5
AAGCCACCATGGACGCCCTGTGCGGTTCC:3 was

Biochemistry, Vol. 42, No. 18, 20035431

jugate Uptake.Membrane vesicles were prepared from
parental (MCF7/WT) and transduced (MCF7/MRAD and

modified from the published sequence (modified bases MCF7/MRP3-9) cells as described previousl$5). The

underlined) to create a perfect Kozak consen&@. (The
3'-oligonucleotide was 'SCCAGGAAAGGCCAGGAG-
GAAATCTCAGGAA-3'. The veracity of the amplified DNA

kinetics of ATP-dependent®fil-methotrexate (Moravek,
Brea, CA) or fH]-15-d-PGJ—SG uptake was determined
as described except that 10 mM creatine phosphate and 100

was ascertained by sequence analysis (DNA Synthesis Core«ig/mL creatine kinase (Roche, Indianapolis, IN) were
Laboratory, Comprehensive Cancer Center of Wake Forestincluded in the reaction mixture§%). Kinetic constants were
University) and comparison with the published database calculated from the initial velocities of ATP-dependent
sequences (Genbank accession numbers AB10887 andiptake that were fitted to the MichaelidMenten equation

Y17151).
Cytoxicity experiments were performed using the sulfo-

using Synergy KaleidaGraph 3.5 software for the Macintosh.
PPAR/-Dependent Transactation Assays.Cells were

rhodamine B microtiter plate assay as previously describedpjated at a density of 0.75 10° cells per well in six-well

with the following modifications %1, 52). Cytotoxicity
experiments were performed BSO (Sigma, St. Louis, MO)

to evaluate the effects of glutathione depletion on MRP-

mediated resistance to 15-d-B@ytoxicity. Total GSH was
measured as describes3]. Cells were plated at either 100
cells/well #-BSO) or 300 cells/well £BSO) in DMEM

dishes and grown for 24 h at 3T, 5% CQ. Cells were
then transfected with g of PPREx3-TK-LUC plasmidg)
(kindly supplied by Dr. Ronald Evans, Salk Institute). The
PPREx3-TK-LUC plasmid contains three PPARsponse
elements (PPRE) inserted upstream of a thymidine kinase
promoter driving transcription of a firefly luciferase gene.

containing 10% FBS. Cells were exposed to varying amounts Cells were transfected using Superfect transfection reagent

of methotrexate (Sigma, St. Louis, MO), 15-d-BGar 9,-
10-dihydro-15-deoxyA*214prostaglandin 2J(9,10-dihydro-
15-d-PGJ) (Cayman, Ann Arbor, MI) for 1 (15-d-PGdr
9,10-dihydro-15-d-PGJor 4 h (methotrexate) in serum-free
DMEM medium. Following drug exposure, cells were briefly
washed with 80uL of serum-free DMEM and medium
containing 10% FBS was replaced.

Analysis of 15-d-PG3-SG Formation in MCF7 Cells.
Parental MCF7 cells (4< 1Cf cells in 2 100-mm tissue

(Qiagen, Valencia, CA). Twenty-four hours after transfection
with PPREx3-TK-LUC, the cells were treated with 6.20

uM 15-d-PGJ, 30 uM 9,10-dihydro-15-d-PGJ or vehicle

in 3 mL of serum-free DMEM for 1 h. Medium containing
vehicle or compound was removed, cells were washed once
with PBS, and 3 mL of fresh DMEM containing 10% FBS
was replaced. Transfected cells were harvested at timed
intervals 0, 3, 6, 9, 12, 15, 24, and 29 h following the
completion of treatment with vehicle or compound. Luci-

culture dishes) were treated in serum-free DMEM containing ferase activity was determined using the Promega Luciferase

20 uM 15-d-PGJ or equivalent ethanol vehicle control.
Following 1 h (37 °C, 5% CQ) incubation, cells were
washed with PBS to remove extracellular 15-d-RGdraped
in PBS, and pelleted at 5Cfor 5 min. Cell pellets were

Assay kit (Promega, Madison, WI) and a Turner TD-20e
luminometer.

RESULTS

suspended in serum-free DMEM and 0.38 mL of 70%
perchloric acid was added. The suspension was extracted as Formation and Structure of 15-d-P@JSG. Incubation
described %4). Briefly, the suspension was extracted twice 0f 15-d-PGJdwith glutathione under physiological conditions
with 5 mL of ethyl acetate. The aqueous phase was appliedresulted in the formation of a single derivative resolved by
to an Oasis HLB 3 cfextraction cartridge and washed with HPLC (Figures 1 and 2). This derivative, eluting at 34.5 min
ammonium acetate solution and heptane as described abovedFigure 2A), was identified as a monoglutathionyl conjugate
Material eluting in 10 mL of 95% ethanol was dried under ©f 15-d-PGJ (15-d-PGd—SG) by electrospray mass spec-
N to 100xL and used for HPLC tandem mass spectrometry troscopy (Wz 624, M+H*). Moreover, under chromato-
analysis. graphic conditions that resolve the two diastereomers re-
HPLC/ESI/MS/MSHPLC was with a Hewlett-Packard ~ported for PGA—SG (insert, Figure 2B)32), only one peak
1100 equipped with a Hypers” opE|D 3#'\/', 2.0x 150 is observed for 15-d-PG3SG. While these data indicate
mm column (PhenomeneX, Torrence, CA) The mobile phasethat glutathione Conjugation probably occurs Stereoselectively
consisted of 33% acetonitrile, 0.05% trifluoroacetic acid at a single carbonmost likely at the ketone conjugated,
(solvent A), and 100% acetonitrile (solvent B). Samples (50 unsaturated C9 position (Figure-igefinitive assignment of
uL) derived from cell extracts (above) were chromatographed the site and stereochemistry of glutathione conjugation was
at 200uL/min before entering the electrospray source. HPLC accomplished by NMR.
separation began at 100% solvent A (5 min) followed by a NMR analysis,'H NMR, and DQF-COSY (Table 1,
linear gradient to 70% solvent B (15 min) which was then Figure 3), allowed complete assignment of the 15d-PGJ
held at 70% B for 5 min. Approximately 12% of the HPLC SG conjugate. The site of conjugation was identified by
eluate was diverted to the electrospray source. MS/MS mapping three distinctly separate spin systems: (i) glu-
analysis was accomplished using a Micromass Quattro Il tathione, (ii) C1 to C10, and (iii) C12 to C20. Analysis of
mass spectrometer equippediwdt z spray source and triple  COSY spectra confirmed that the coupling pattern between
quadrupole analyzer. The instrument was operated in positiveH13, 14, and 15 was conserved indicating that Michael
ion mode with the capillary voltage set to 3.5 kV and the addition of glutathione must have occurred elsewhere in the
sampling cone to 35 V. The argon gas pressure was set to Imolecule. Loss of the characteristicS-unsaturated H9
microbar and the collision energy was 20 eV. H10 spins in 15d-PG3-SG offered further support for the
Preparation of Inside-Out Plasma Membrane Vesicles conclusion that conjugation occurred at C9. Alkene proton
and Determination of MRP1- and MRP3-Dependent Con- H6 clearly showed coupling to two diastereotopic protons
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N N
COOH
I N W .._._,_I\.m_J J ll\.“/\
dONT NN 34.5 min 72 min
9,10-dihydro-15-d-PGJ2 FiGURe 2: Analytical HPLC of 15-d-PGJand its glutathione

Ficure 1: Structures of 15-d-PGJ15-d-PG4—SG, and 9,10- ~ conjugate, 15-d-PGISG. Reactions containing 15-d-RGA,
dihydro-15-d-PGy The structure of 15-d-PGISG was determined ~ _ 9lutathione; B, +glutathione) were examined by HPLC as
by HPLC/electrospray mass spectrometry andHyP-COSY, and described in Experimental Procedures. The parent compound elutes
DQF-COSY NMR spectroscopy as described in Experimental at 72 min (A and B) and the monoglutathionyl conjugate at 34.5

Procedures and Results. The structures of 15-d;B6d its 9,10- ~ Min (B). The structure of this conjugate, 15-d-RE3G, was
dihyro analogue are shown for reference. determined by mass spectrometry and NMR. Additionally, a

reaction_ containing PGAand gluta;hione was analyzed by HPLC.

H7a and H7b. These protons were then seen to couple to %f;ﬂg“ig”sﬁ;\fvhneiﬁ"{ﬁ Jeir?gge(%)d'asmreomers of BS3G @2)
single proton, H8, which in turn was coupled to a proton at '
4.63 ppm, H9. _The proton assigned to H9 was cou_pled t0 Taple 1: Proton Chemical Shift Data for 15-d-RGJ
two diasterotopic protons, H10a and H10b. The coupling and
chemical shifts were consistent with conjugation at C9. Once
the assignments were made, the H8 to H9 coupling constant 2
was measured from the DQF-COSY active coupling (Figure 2 %'ﬁ
3) and compared to calculated coupling constants for the syn 5 555

6

7

8

9

1H resonance chemical shift (ppm)
2.39

and anti addition products of 15d-P&BG. Thed values 5.48
were calculated by energy minimizing the syn and anti a,b 2.24,2.38

structures in 02 SPATAN ES (Wave function Inc., Irvine, i'gg

CA) then measuring the resulting H89 dihedrgl angles 10a.b 2.89, 3.10
(47 and 170 degrees for the syn and anti structures, 13 6.99
respectively). Using the dihedral angles in an electronega- 14 6.34
tivity adapted Karpulus equation, a value of 4.3 Hz for the 15 6.29
. 16 2.22
syn product and 11 Hz for the anti product was calculated 17 1.47
(40—42). The measured value of 5 Hz agreed with the 18 1.34
calculatedJ value of 4.3 Hz for the syn addition product. 19 1.34
By inspection of the NMR data, we did not detect any 20 0.92
appreciable amount of the anti addition product. 215-d-PGJ was analyzed byH NMR and DQF-COSY NMR

Formation of 15-d-PGa-SG from Exogenous and En- spectroscopy as described in Experimental Procedures. Chemical shifts
dogenous 15-d-PGJn MCF7 Cells Having established that ~d€termined for individual protons are listed.
15-d-PGJ—SG forms in vitro, it was necessary to determine
whether the conjugate was formed in intact cells. MCF7/ and prostaglandin CID fragments of 15-d-B&3G were
WT cells were treated fol h with 20 uM 15-d-PGJ or scanned an/z 308 (panels A and B) and 317 (panels C and
vehicle control. Cellular extracts were prepared and analyzedD), respectively. Using these parameters, the chromatograms
by HPLC/ESI/MS/MS as described in Experimental Proce- in Figure 4 show a single major peak (HPLC retention
dures. These results are displayed in the multiple reaction-~ 15 min) and demonstrate that 15-d-B&3G is formed
monitoring chromatograms shown in Figure 4. The precursor in intact cells. Moreover, the data show that 15-d-PERG
ion m'z 624, corresponding to 15-d-P&JSG, was selected  is made from both exogenously added (Figure 4, panels B
for all analyses. Product ions corresponding to the glutathioneand D) and endogenous (Figure 4, panels A and C) sources
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Ficure 3: DQF-COSY showing coupling between H9 and H8 on

20000

15d-PGJ—SG. DQF-COSY NMR spectroscopy was carried out 10000
as described in Experimental Procedures. Displayed is a 500 MHz 0 ‘
DQF-COSY showing the H8 (1495 Hz) to H9 (4.64 ppm) cross- 5 10 15 20 25 30 35
peak. Positive contours are indicated by black, and negative contours Time (min)
are indicated by gray. The active coupling constant was measured 300
from the H8-H9 cross-peak. The measured coupling constant of C 624 > 317
5 Hz was consistent with the calculated coupling constant of 4.3 250
Hz for the energy minimized syn addition structure (anti-addition 200
structure gave a H8H9 J = 11 Hz). 150
of 15-d-PG4J. However, comparison of the relative ion 100 ¢
current intensities indicates that at least 100-fold more 50
conjugate is present in MCF7/WT cells treated with:20 0
15-d-PGJ (B and D) than in untreated control cells (A and 5 10 15 20 25 30 35
C)' i . . . Time (min)
Characterization of MRP-Transduced Cell Lin&ghile 30000
parental MCF7/WT cells do not express MRP1 or MRP3 25000 D 624>317
(45, 46, 56), stable transduction of MRP expression vectors
resulted in high levels of MRP1 and MRP3 in MCF7/ 20000
MRP1-10 and MCF7/MRP39 cells, respectively. Func- 15000
tional characterization of MCF7/MRP110 will be reported 10000 |
elsewhere. Briefly, MRP1 is highly expressed on the plasma 5000 |
membrane of MCF7/MRP110 cells. Vesicles derived from
0

these cells support ATP-dependent transport of several 5 0 5 2 s o
glutathione conjugates and of methotrexate (Table 2). Last, Time (min)
MRP1 expression n MCFWMRP{LO cells conferg FeSIS”  Ficure4: 15-d-PGg-SG formation in MCF7 cells. 15-d-PgJ
tance to the cytotoxicities of several drugs associated with sG formation was analyzed in extracts of MCF7 cells treated with
the MRP1 resistance phenotype including doxorubicin (10- 20 uM 15-d-PGJ (panels B and D) or vehicle control (panels A
fold resistance) and etoposide (8-fold resistance). and C). Multiple reaction-monitoring HPLC/ESI/MS/MS chro-
Cells transduced with MRP3, MCF7/MRP9, express mat_ograms ar_e ShOWI_"I with _|on current |ntenS|t|e_s expressed as
both MRP3 RNA and plasma membrane-associated roteinfaquwalent arbitrary units (ordinate). The precursor ion correspond-
0_ . and p ! p ing to 15-d-PGg-SG atn/z 624 was selected in all chromatograms.
(Figure 5). Vesicles derived from these cells demonstrate product ions were scannedmlz 308 (glutathione fragment, panels
ATP-dependent methotrexate transport (Table 2). Moreover,A and B) and atmvz 317 (prostaglandin fragment, panels C and
expression of MRP3 confers 3-fold resistance to the cyto- D)- *;anas A_tar_ld c rep;esetnt e:ne}lyses frotm Ia Slilnglg mulltipée
Fp reaction-monitoring run or extracts from control cells. FPanels
toxicity of methotrexate (1 h drug exposure, data.not shown). and D represent cr?romatograms from a single run of extracts from
MRP1 and MRP3 Transport 15-d-P&JSG.Inside—out 15-d-PGgtreated cells
membrane vesicles derived from MRP1 (MCF7/MRHD)
and MRP3 (MCF7/MRP39) expressing cells support ef- approach allowed some adjustment for potentially different
ficient ATP-dependent transport of 15-d-R&$G, whereas  levels of protein expression. From these data (Table 2), the
membranes from parental (MCF7/WT) cells do not (Figure relative efficiency and capacity of 15-d-PGBG transport
6). Similar K, values of 1.4 and 2.&M were observed, by MRP1 and MRP3 was ascertained. As shown, both MRP1
respectively, for MRP1 and MRP3 (Table 2). and MRP3 supported methotrexate transport with sirkijar
The efficiency and capacity for substrate transport dependvalues of 0.93 and 0.91 mM, respectively. THg.x was
on the cellular levels as well as the inherent properties of higher in MRP1-expressing cells resulting in a 2-fold higher
the MRP expressed. The transport kinetics of a known efficiency of transport\mad/Km). Similar calculations for 15-
common substrate of the two transporters, methotre®dte (  d-PGJ3—SG transport were made and normalized for differ-
59), were compared with those of 15-d-BG$G. This ences in the efficiency of methotrexate transport observed
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Table 2: Kinetics of 15-d-PG3SG and Methotrexate Transport by 1.2
MRP1 versus MRP3 )
MRP1-10
Km  Vmax(pmol Vimaxd Km relative
substrate M) min~tmg™) (uL min~tmg™) efficiency g 0.8
MRP1 g
methotrexate 930 380 0.41 1.0 @ 06
15-d-PGJd—-SG 1.4 67 48 120 ]
MRP3 g 04
methotrexate 910 190 0.21 1.0 v
15-d-PGJ-SG 2.9 9.1 3.1 15 0.2
aKinetic parameters of methotrexate and 15-d-PGgtake into 0 I
inside-out vesicles derived from MRP1 and MRP3 transduced cell 2 4 6 1 50
lines were determined as described in Experimental Procedures. 15-d-PGJ2 (uM)
b Relative efficiency of transport is defined for each MRPVag,/Kmn 12
divided by Vima/Km of methotrexate. ’ '
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FIGURE 5: MRP3 expression in transduced MCF7 cells. MRP3 15-d-PGJZ (uM)

expression was analyzed by Western (upper panel) and NorthernFigure 7: MRP1 and MRP3 confer glutathione-dependent resis-
(lower panel) blots using membrane protein and total RNA tance to 15-d-PGytotoxicity. The cytotoxicity of 15-d-PGvas
preparations, respectively, as described in Experimental Proceduresevaluated in parental (MCF7/WT, WT; open circles), MRP1
Material was derived from parental (MCF7/WT); drug selected, expressing (MCF7/MRP410, MRP+10; open squares and
MRP1 expressing (MCF7/VP); and transduced, MRP3 expressing MCF7/VP, VP; closed circles), and MRP3 expressing (MCF7/

(MCF7/MRP3-9) cells. MRP3-9, MRP3-9; closed squares) cell lines as described in
Experimental Procedures. Cytotoxicity experiments were done
70 T T T without (A, —BSO) or with (B,+BSO) BSO treatment to deplete
intracellular glutathione. BSO treatment resulted ©5% reduction

MRP1-10 of intracellular glutathione. Data points represent the means of eight
replicate determinationg one standard deviation.

D
o

(42
o

15-d-PGJ—SG, is efficiently transported by MRP1 and
MRP3, we examined whether expression of the MRPs would
alter the biological activities of exogenously added 15-d-
PGJ. Cytotoxicity of 15-d-PGgwas assessed in cells treated
for 1 h with varying concentrations of the compound. As
shown in Figure 7A, cytotoxicity of 15-d-P&is observed
in the micromolar range in MCF7 cells. When compared
with parental cells (MCF7/WT), expression of MRP1
conferred 2.6-2.1-fold resistance to 15-d-P&tbxicity in
both drug-selected (MCF7/VP) and transduced (MCF7/
0 155d o se1(0|v| 15 MRP1-10) cells. Similarly, expression of MRP3 (MCF7/
"HPGIZ-SC (M) o MRP3-9) at the levels achieved conferred 2-fold resistance.
FiGURe 6: ATP-dependent uptake of 15-d-RG3G by inside-  pepletion of >95% of intracellular glutathione with BSO
out membrane vesicles derived from MRP1 and MRP3 expressing . . . .
cells. Shown are the initial velocities of ATP-dependent 15-d,pGJ  reversed MRP1-and MRP3-mediated resistance while having

SG uptake by insideout membrane vesicles prepared from parental no effect on MCF7/WT sensitivity to 15-d-P&(Figure 7B
(MCF7/WT, WT; triangles), MRP1 expressing (MCF7/MRPII0, and Table 3).

MRP1-10; closed circles), and MRP3 expressing (MCF7/MRP3 L -

9, MRP3-9; open circles) cells. Data points represent the mean Activation of the nuclear receptor and transcription factor,

values of four replicate determinatiogsone standard deviation. PPARy, by its ligand 15-d-PGJwas examined by transient
transfection assay. Cells were transfected with a luciferase
between the two cell lines. Relative efficiency so defined reporter gene (PPREx3-TK-LUC) under the transcriptional
indicates that 15-d-PG3SG is transported 8-fold more  control of the PPAR responsive element, PPRE. Transfected
efficiently by MRP1 (MCF7/MRP%10 cells) than by MRP3  cells were treated with 15-d-P&3,10-dihydro-15-d-PG,)
(MCF7/MRP3-9 cells) (Table 2). or vehicle control fo 1 h and luciferase activity measured
Expression of MRP1 and MRP3 Modify the Cellular attimed intervals thereafter. Results (Figure 8) show that in
Effects of 15-d-PGJ Having established that 15-d-PQd the absence of MRP expression, treatment of MCF7/WT cells
conjugated with glutathione in cells and that the conjugate, with 20 uM 15-d-PGJ resulted in a time-dependent induction

[ w »
o o o

15-D-PGJ2-SG uptake (pmol/min/mg)

-
o

WT

x
1 L2 e
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Table 3: Glutathione-Dependent Resistance to 15-d:PGJ
Cytotoxicity in MRP1 and MRP3 Expressing Cell Lines r = .

relative resistance

cell line —BSO +BSO c 8l 4
MCF7/WT 1.0 1.0 g L i
MCF7/VP 2.1 1.1 34 L |
MCF7/MRP1-10 2.0 1.2 =
MCF7/MRP3-9 2.0 1.2 s T -

a Relative resistance is defined as thed{Cso MCF7/WT — BSO.
Data are derived from experiments shown in Figure 7.

T 1

0.1 1 10 20
15-d-PGJ2 (M)

Ficure9: MRP1 attenuates 15-d-P@dediated induction of PPRE
reporter gene expression over a range of 15-d-R@Gdcentrations.
Parental (MCF7/WT, WT; open bars) and MRP1 transduced
(MCF7/MRP1-10. MRP%-10; shaded bars) MCF7 cells were
transfected with PPREx3 TK-LUC as described in Figure 8 and
Experimental Procedures. Cells were incubated fb with vehicle
(control) or the indicated concentrations of 15-d-RQ@# h later
luciferase activities were measured and fold induction calculated
as described in Figure 8. Bars represent mean values of triplicate
25 30 determinationst 1 standard deviation.

Fold Induction

0 _ 15

Time (hr)
Ficure 8: MRP1 and MRP3 block 15-d-P&ihduction of PPRE L .
reporter gene expression. The ability of 15-d-P@J activate reporter gene transcription that was unaffected by expression

PPARy and thereby transactivate a PPRE-containing luciferase of MRP1 or MRP3.

reporter gene, PPREx3-TK-LUC, was assessed in parental (MCF7/

WT, WT; open circles), MRP1 transduced (MCF7/MRFID, DISCUSSION

MRP1-10; closed circles), and MRP3 transduced (MCF7/MRP3

%ro'\(/:'gdﬁggi Cogfsnwbe%e% :;gi-tlA?r :nes?‘grci?eeddvL?thEéggg(%n% Results presented herein demonstrate that a glutathione
LUC, treated with 2QuM 15-d—PGé or vehicle for one hr, and conjugate of 1.5.'d'P.G’Jl.5'd'PGQ_SG’ forms under phy_SI-
were harvested immediately (O time) or subsequently at indicated ©/09ical conditions in vitro (Figures-13, Table 1) and in
timed intervals for reporter gene activity assay. Fold induction is intact cells (Figure 4). Both MRP1 and MRP3 mediate ATP-
defined as luciferase activity (units/mg of cytosolic protein) in 15- dependent transport of this conjugate at biologically relevant
d-PGJ-treated cells divided by activity in vehicle-treated control concentrations (Figure 6, Table 2). Indeed, tKg of
cells. Data points represent the mean values of triplicate determma—conjugate transport are 1.4 (MRP1) and 2.9 (MR#&@)and

tions £+ one standard deviation. .
are comparable to the concentrations of parent compound

of reporter gene expression that reached 16-fold by 24 h. Inassociated with potent biological activitie3; 6, 8). Expres-
contrast, expression of either MRP1 (MCF7/MRPD) or sion of either MRP1 or MRP3 attenuated the cellular
MRP3 (MCF7/MRP3-9) virtually abolished induction activities of 15-d-PGyJ such that, under the conditions
throughout the time course examined. In MCF7/WT cells, ©xamined, MRP1 and MRP3 conferred-fold resistance
transcriptional activation by 15-d-P@das dose-dependent  t0 15-d-PGd cytotoxicity (Figure 7, Table 3) and virtually
with measurable induction observed with concentrations of abolished the ability of 15-d-P@ transactivate a PPAR
exogenously added 15-d-PGak low as 100 nM (Figure 9, ~ fesponsive promoter (Figures 8 and 9).

open bars). Again, expression of MRP1 (MCF7/MRHAD Structural analysis of 15d-P&JdSG by HPLC, electro-
cells) abolished 15-d-PGdnediated induction (Figure 9, spray mass spectrometry, and 1D and 2D NMR confirmed
shaded bars). that glutathione is conjugated to 15d-BGFigures 1-3,

In separate experiments (not shown), the role of glutathione Table 1). On the basis of tH&l chemical shifts (Table 1),
and glutathione conjugate formation in MRP-mediated at- integration, and 2D-DQF-COSY (Figure 3), the site of
tenuation of CP-PG-dependent transactivation was inves- glutathione thioether attachment was consistent with C9 and
tigated. First, depletion of intracellular glutathione by a 48 not C13 or C15. The relative stereochemistry between
h preincubation with 50uM BSO resulted in a 7-fold glutathione and the C7 tail was consistent with syn addition
induction of PPREXx3-TK-LUC reporter gene activity in to C9 when comparing the calculated H89 coupling
MCF7/MRP1-10 cells upon subsequent treatment with 20 constants for both the syn (4.3 Hz) and anti (11 Hz) addition
uM 15-d-PGJ. This result contrasts with the finding that products to the DQFCOSY measured coupling constant
15-d-PGJ fails to mediate induction in glutathione replete of 5 Hz. There seem to be fewer van der Waals interactions
MCF7/MRP1-10 cells (Figures 8 and 9}thus indicating between the sulfur atom of glutathione and ring protons H8
that MRP-dependent attenuation of 15-d-R&Gédiated and H10. This may explain the preferred formation of the
transactivation depends on the presence of physiologic levelssyn product. Bogaards et al. have isolated a similar,PGJ
of glutathione. Second, treatment of cells with/8@ of the SG conjugate with the same relative stereochemistry at C9
15-d-PGdanalogue, 9,10-dihydro-15-d-P&which cannot  with similar chemical shifts and coupling constants being
form a glutathione conjugate, stimulated 4-fold induction of observed 32).
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Using our experimental system, MRP1 (MCF7/MRP1 members will be generally important in the modulation of
10 cells) was superior to MRP3 (MCF7/MRPS cells) in biological effects of other eicosanoids that can form glu-
supporting 15-d-PG3J SG transport (Figure 6, Table 2). This tathione conjugates such as PGRGJ, andA>-PGJ (1,
apparent superiority of MRP1 transport efficien®n{/Km) 31-34).
persisted even when data were normalized to the transport
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