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ABSTRACT: MRP is an ATP-binding cassette family transporter that confers cellular resistance to a variety
of natural product cytotoxic agents. However, the biochemical mechanism by which MRP confers
resistance has not been established. To gain insight into its mechanism of actionyithe substrate
specificity of MRP was examined by analyzing drug uptake into membrane vesicles prepared from MRP-
overexpressing HL60/ADR cells. Compared to control HL60 membrane vesicles, HL60O/ADR membrane
vesicles exhibited markedly enhanced ATP-dependent transport of daunorubicin, etoposide, and vincristine.
In contrast, little or no increased uptake was observed for vinblastine and Taxol. This paiteuitiaf
substrate specificity was consistent with the analysis of the HL60/ADR drug resistance phenotype, which
revealed substantial levels of resistance to anthracyclines, etoposide, and vincristine, but only slightly
increased resistance to vinblastine and Taxol. Drug transport into HL60/ADR membrane vesicles was
osmotically sensitive and dependent on ATP concentration, witki,avalue of 45uM for ATP.
Lineweaver-Burk analysis indicated that substrate transport was concentration-dependent, with apparent
Km values of 6.1, 5.7, and 5.5M for daunorubicin, etoposide, and vincristine, respectively. The
P-glycoprotein-modulating agents cyclosporin A, PSC833, and verapamil, which have modest reversing
effects on MRP-overexpressing cell lines, were weak competitive inhibitors of daunorubicin transport,
with K; values of 35, 84, and 9bM, respectively. In addition, the glutathione analog azidophenacyl-
glutathione, oxidized glutathione, and the LfBntagonist MK571 were competitive inhibitors of
daunorubicin transport, witK; values of 69, 31, and 3,0M, respectively. Genistein, an MRP-specific
modulating agent, and arsenate, a compound for which MRP has previously been reported to confer
resistance, were also competitive inhibitors, vithvalues of 17 and 28M, respectively. These results

are consistent with a previous report in which we demonstrated that HL60/ADR membrane vesicles transport
azidophenacylglutathione and that transport of this agent is competitively inhibited by daunorubicin,
vincristine, and etoposide [Shen et al., (19@&chemistry 355719-5725]. Together, these uptake
studies performed with HL60O/ADR membrane vesicles constitute a consistent body of evidence that
indicates that MRP transports both glutathione S conjugates and unaltered natural product drugs and support
the idea that the direct transport of unaltered lipophilic cytotoxic drugs is the predominant biochemical
mechanism whereby MRP confers multidrug resistance.

Drug resistant cancer cells can display a multidrug resistanttransporter, was isolated from a drug resistant cell line (Cole
phenotype that involves simultaneous resistance to a specet al., 1992). We and others have reported transfection
trum of structurally and functionally distinct natural product = studies that have established that MRP confers a multidrug
agents, including anthr_acyclin_es, vinca alkaloids, epipodo- resistant phenotype (Grant et al., 1994; Kruh et al., 1994),
Egs?;gggég]rsésiﬂg ffoarf]tg";pr:‘ggégn c(:jl‘l?Degfl?lrcrgp?()fteTnUI:Ihderul%o the drug resistance profile of which is similar but not identical

- AN “to that conferred by P-glycoprotein (Breuninger et al., 1995;
kDa product of the MDR1 gene. P-Glycoprotein, an ATP- Cole et al., 1994: Zaman et al., 1994). However, the

binding cassette (ABC)Yamily transporter, functions as an ”. . : . ;
ATP-dependent efflux pump that reduces the intracellular biochemical mechanism by which MRP confers resistance

concentrations of chemotherapeutic agents by transportingh@s not been established. The detection of increased drug
them across the plasma membrane (Endicott & Ling, 1989; efflux in MRP transfectants (Breuninger et al., 1995; Cole
Gottesman & Pastan, 1993). Recently, MRP, another ABC et al., 1994; Zaman et al., 1994) and drug-selected MRP-
overexpressing cell lines (Coley et al., 1991; McGrath &
" This work was supported by NIH Grant CA63173 and a Betz Center, 1988; Slovak et al., 1988; Versantvoort et al., 1992)

Foundation grant to G.D.K. Additional support was provided by Public suggests that MRP may function as a pump for unaltered
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@ Abstract published imdvance ACS Abstract€ctober 15, 1996.  Opposed to transporting unaltered drugs, has been considered

. 1ﬁbbrEViﬁtliOPStihAPA-?_(%CE}Zidfpth_enacsgglgtgg_i%rfégNP-%_G. dini- on the basis of recent reports that MRP transports drug
ropnenacyigiutatnione; eukotriene (, , sodium . . . .

dodecyl sulfate-polyacrylamide gel electrophoresis; ABC, ATP-binding glutathione conjugates such as amdophenacylglutathlone
cassette. (APA-SG), DNP-SG, and the endogenous glutathione-
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conjugated leukotriene LT{Jedlitschky et al., 1994; Leier
et al., 1994a; Muller et al., 1994; Shen et al., 1996).

We previously examined the effect of MRP expression
on the cellular anth witro transport of glutathione conjugates

Paul et al.

combined and centrifuged at 100@0@r 40 min. The
pellets were resuspended in 20 mL of incubation buffer and
manually homogenized with a tight-fitting Dounce homog-
enizer. After dilution with 10 mL of incubation buffer, the

in MRP-overexpressing cells and membrane vesicle prepara-Suspension was layered onto 38% sucrose/5 mM Hepes-KOH
tions (Shen et al., 1996). In that study, we reported that (PH 7.4), and centrifuged in a Beckman SWA41 swinging

MRP confers enhanced cellular efflux of glutathione con-

bucket rotor at 2800@p for 2 h. The interphase was

jugates and that membrane vesicles prepared from MRP-CO”eCted, diluted in 20 mL of incubation buffer and

overexpressing HL60/ADR cells display increased ATP-

homogenized with a Dounce homogenizer. The resulting

dependent transport of the glutathione analog azidophenacyl-suspension was centrifuged at 1009@6r 40 min, and the

glutathione. In addition, we found that transport of APA-

pellet was resuspended in 1 mL of incubation buffer. All

SG in MRP-enriched membrane vesicles was competitively Operations were carried out at’€.

inhibited by several natural product cytotoxic drugs. The

Membrane vesicles were formed by passing the final

later observation suggested that the substrate specificity ofmembrane suspension through a 27 gauge needle 20 times.

MRP might include lipophilic cytotoxic drugs as well as

Ten milliliters of the vesicle suspension was mixed with 2.5

glutathione conjugates. In the present study, we directly ML of Con-A Sepharose equilibrated with 160 mM Tris-
examined whether MRP transports natural product cytotoxic HCl (PH 7.4) and incubated at 4C for 30 min with gentle

drugs.

We demonstrate that MRP-enriched membraneshaking. The Con-A Sepharose was removed by centrifuga-

vesicles prepared from HL60O/ADR cells transport a Spectrum tion at 140@ for5 min, and the inside-out membrane vesicles

of natural product cytotoxic drugs, including anthracyclines,

in the supernatant were collected by centrifugation at

vinca alkaloids, and epipodophyllotoxins. The present study 10000@ for 30 min. The pellet was suspended in incubation
thus supports the idea that the direct transport of unalteredbuffer and stored at-80 °C. The purity of membrane

lipophilic cytotoxic drugs is the predominant biochemical
mechanism whereby MRP confers multidrug resistance.

EXPERIMENTAL PROCEDURES

Materials. Antipain, creatine phosphate, ATP-AMP,

pepstatin A, benzamidine, RNase A, DNase |, verapamil,

genistein, oxidized glutathione (GSSG), &(p-azidophe-

vesicles was assayed using marker enzyme activities as
described (Leier et al., 1994b).

Analysis of Drug Uptake by Membrane Vesicld3rug
uptake by membrane vesicles was measured by the rapid
filtration technique (Horio et al., 1988). Inverted membrane
vesicles were quickly thawed at 3T shortly before use
and kept on ice. Radiolabeled drugs were mixed with ATP
reaction buffer [10 mM Tris-HCI (pH 7.5)/4 mM ATP/10

nylacyl)glutathione (APA-SG) were purchased from Sigma. mm MgCl,/10 mM creatine phosphate/0.25 M sucrose/100
Creatine kinase, leupeptin A, and aprotinin were purchased,g/mL creatine kinase], and membrane vesicles 4g0of

from Boehringer Mannheim. 3H(G)]Daunomycin (3.7 Ci/
mmol) was purchased from DuPont-NENH]Etoposide
(900 mCi/mmol), fH]vinblastine sulfate (9 Ci/mmol), and
[®H]Taxol (7.4 Ci/mmol) were purchased from Moravek
Biochemicals, andPH]vincristine sulfate (10.6 Ci/mmol) was

protein) were added. The suspension was incubated at 37
°C and 20uL aliquots were removed at various time points
and diluted in 1.0 mL of ice-cold incubation buffer. The
suspensions were immediately applied to Q/6Millipore
HAWP nitrocellulose filters (presoaked in incubation buffer)

purchased from Amersham. Arsenate was purchased fromynder suction and washed twice with 5.0 mL of ice-cold

J. T. Baker. Cyclosporin A and PSC833 were generously incubation buffer. The filters were dissolved in scintillation
provided by Sandoz Pharmaceuticals. MK571 was a gener-flyid, and the radioactivity was measured in a Beckman liquid

ous gift of A. W. Ford-Hutchinson (Merck-Frost Center for
Therapeutic Research, Quebec, Canada).

Preparation of Membrane VesiclesMembrane vesicles

scintillation counter. In parallel control experiments, ATP
was replaced with 4 mM'BAMP. ATP-dependent transport
was calculated by subtracting the uptake values obtained with

were prepared as described (Ishikawa et al., 1990; Leier et5'-AMP from those obtained with ATP. Osmotic sensitivity

al., 1994b). Briefly, cells were pelleted by centrifugation at
120@ for 10 min and washed twice in ice-cold phosphate-
buffered saline (PBS). The cell pellet was diluted 40-fold
with hypotonic buffer [0.5 mM sodium phosphate (pH 7.0)
and 0.1 mM EGTA] supplemented with protease inhibitors
(2 MM PMSF, 0.5/g/mL leupeptin, 2tg/mL aprotinin, 200
ug/mL benzamidine, kg/mL pepstatin A, and 5@g/mL
antipain), 25ug/mL RNase A, and 5@g/mL DNase | and
gently stirred on ice for 2 h. The cell lysate was centrifuged
at 10000@ for 40 min, and the pellet was resuspended in
20 mL of hypotonic buffer and homogenized with a Potter-
Elvehjem homogenizer.
diluted with incubation buffer (250 mM sucrose/10 mM Tris-

The resulting homogenate was

experiments were performed by incubating the membrane
vesicles in incubation buffer containing various concentra-
tions of sucrose for 15 min at 2Z%. Drug uptake was then
measured in the presence of either ATP &/AMP as
described above, except that the sucrose concentration of the
ATP reaction buffer was adjusted to that of the incubation
buffer. For LineweaverBurk analyses and sucrose inhibi-
tion studies, initial reaction rates measured at 1 min were
used. All experiments were performed in triplicate. A
simple regression curve fit program (Cricket Graph) was used
to obtain theK, values for various substrates.

Immunoblot Analysis Fifty microgram protein samples
were separated on 6% SBPolyacrylamide gels and

HCI at pH 7.4) supplemented with protease inhibitors and transferred to nitrocellulose membranes (Millipore, Bedford,

centrifuged at 120a9for 10 min. The postnuclear super-

MA). Filters were blocked in PBS containing 0.1% Tween-

natant was kept on ice, and the pellet was resuspended i20 (PBST) and 5% bovine serum albumin, and MRP was

20 mL of incubation buffer supplemented with protease
inhibitors and homogenized and centrifuged at 12088

detected using MRPmADb-1, a monoclonal antibody generated
against amino acids 66961 of the protein (Paul et al.,

described above. The two post nuclear supernatants werel996) and a secondary anti-mouse antibody. P-Glycoprotein
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Ficure 1. Immunoblot analysis of MRP in inside-out membrane %
vesicles prepared from HL60 and HL60/ADR cells. (A) Detection 5 160
of MRP in inside-out membrane vesicles prepared from HL60 (1) o
and HL60/ADR (2) cells. (B) Detection of P-glycoprotein in inside- u E 120
out membrane vesicles prepared from HL60 (3) and HL60/ADR w 9
(4) cells. Cell lysates prepared from MCF-7 (1) and P-glycoprotein- 8 g. 80
overexpressing MCF-7/ADR cells (2) are included as controls. Fifty o)
microgram samples of membrane vesicles or lysates were separated w e
by 6% SDS-PAGE. MRP and P-glycoprotein were detected with g 40
anti-MRP or anti-P-glycoprotein monoclonal antibodies, respec-
tively, as described in Experimental Procedures. The position of 0
the 200 kDa molecular mass marker is shown. The products of the £ 200 c '
MRP and MDR1 genes are indicated by arrows. .g seob |
(=%
was detected using monoclonal antibody C219 (Signet E g | |
Laboratories). Blots were washed several times with PBST 5 3 120
before and after the secondary antibody treatment and three S E sof .
times in PBS alone before development with an Amersham E g _@=—""
ECL chemiluminescence Kit. £ a0t - .
Drug Sensitiity Analysis The drug sensitivities of HL60 3
and HL60/ADR cells were analyzed using the MTT colo- 0 ' : '
rimetric assay, as previously described (Campling et al., P Y
1991). Cells were plated in triplicate in 96-well dishes and 2 160t i
after overnight growth were treated with various concentra- a
tions of cytotoxic drugs. The colorimetric assay was o g 120F ]
performed after growth in drug-containing medium for 48 () 3
h. < §E gl ]
g
RESULTS 2 a0f _ .
ATP-Dependent Uptake of Daunorubicin by Inside-Out > 0 i
Membrane Vesicles Prepared from HL60/ADR Cellgo 200 y y -
examine the substrate specificity of MRP, inside-out mem- 5 E
brane vesicles were prepared from HL60/ADR cells, a well- w g 160 1
characterized doxorubicin-selected cell line that overexpress- E o
es MRP (Krishnamachary & Center, 1993; Kruh et al., 1994; @ % 120 1
Marquardt & Center, 1992; Marsh et al., 1986; McGrath & a E |
Center, 1987, 1988), and used in drug uptake studies. Figure § 3 80_
1A shows the high levels of MRP protein expression in 3 aof =
membrane vesicles prepared from HL60/ADR cells, com- g I —
pared to control HL60 vesicles, in which MRP is undetect- 0 - - '
able. P-Glycoprotein expression has previously been re- 0.0 1.0 2.0 3.0
ported to be undetectable in HL60/ADR cells (Marsh & incubation time, min.

. ; ; Ficure 2: ATP-dependent uptake of natural product cytotoxic drugs
Center, 1987; McGrath & Center, 1987), and this cell line by inside-out membrane vesicles prepared from HL60/ADR and

has been maintained in the absence of chem_otherapeu_tiq_“_so cells. ATP-dependent uptake of daunorubicin (A), etoposide
agents. The absence of detectable P-glycoprotein expressionB), vincristine (C), Taxol (D), and vinblastine (E) by inside-out
was confirmed by immunoblotting with a P-glycoprotein membrane vesicles prepared from HL60/ADR (solid lines) and

monoclonal anti Figure 1B). We first analvz no- HLE0 cells (broken lines) was measured by the rapid filtration
onoclonal antibody (Figure 1B) e first analyzed dauno technique. Uptake was measured in the presence of 1.2 mM ATP

rubic_in uptake by the membrape_ vesicles. Figure 2A_‘ shows (closed circles) or 1.2 mM'8AMP (open circles). The concentration
the time course of daunorubicin uptake over 3 min. To of radiolabeled drugs was &M. Each data point represents the
distinguish between ATP-dependent transport of drug into average of triplicate determinations. Experiments were performed
membrane vesicles and nonspecific binding, uptake wasat least three times with similar results, and typical experiments
measured in the presence of ATP ¢iP. Consistent  a'€ shown.

with previous reports of vesicle transport studies using al., 1989; Lelong et al., 1992), we observed appreciable levels
lipophilic cytotoxic drugs (Horio et al., 1988; Kamimoto et  of nonspecific binding (AMP controls). However, substantial
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80 —T 77— vesicles increased with increasing ATP concentrations. Drug
A transport was saturable with respect to ATP concentration,
I ] with a Ky, of 45 uM for ATP (Figure 3A, inset). A
biochemical hallmark of transport into membrane vesicles,
as opposed to nonspecific binding, is inhibition at high
; osmotic pressures (Horio et al., 1988; Kamimoto et al., 1989;
004 Lelong et al., 1992). High osmotic pressure shrinks mem-
003 § brane vesicles, thereby reducing the intravesicular space
available for substrate accumulation. Osmotic sensitivity was
002 ] examined by analyzing daunorubicin uptake into membrane
001 i vesicles after the vesicles were incubated in buffer containing
/ various concentrations of sucrose. As expected for transport
004 000 004 008 012 ] into membrane vesicles, ATP-dependent drug uptake dra-
VATP (uM)? matically decreased as sucrose concentrations were increased
—_t— above the standard assay conditions of 0.25 M (Figure 3B),
0 10 20 30 40 50 whereas the AMP control values were unchanged. At 1.0
ATP, uM M sucrose, the level of vesicle-associated drug in the
presence of ATP was comparable to that of the AMP control.
180T T Specificity of Natural Product Drug TransportWe next
B examined then vitro substrate specificity of MRP by per-
[ ] forming membrane vesicle uptake assays with several lipo-
philic cytotoxic drugs. In addition to being seen for dauno-
rubicin, markedly enhanced ATP-dependent uptake was
observed for etoposide and vincristine (Figure 2). When
AMP control values were subtracted, the HL60/ADR mem-
a0r 7 brane vesicles exhibited15- and~18-fold increased ATP-
O\O\o“o ] dependent uptake of etoposide and vincristine, respectively,
compared to that of the control HL60 vesicles. Similar levels
of ATP-dependent uptake were also observed for doxorubicin
(data not shown). In contrast, when AMP control values
were subtracted, onhkr1.5-fold increases in ATP-dependent
uptake of Taxol and vinblastine transport were observed.
' Although the modest increases in uptake of the latter two
00 02 04 06 08 10 12 drugs were consistently observed, they were not statistically
significant.
sucrose, M Drug Resistance Phenotype of HL60/ADR CellBhe

Ficure 3: ATP dependence and osmotic sensitivity of daunorubicin
uptake. (A) ATP concentration dependence of daunorubicin uptake. ohbse,{/\llsg pz;ttelr(rj] of nfatural .product drug rl]thakeI. sugggsted
ATP-dependent uptake of daunorubicin by inside-out membrane that should confer resistance to anthracyclines, vinc-

vesicles prepared from HL60/ADR cells was measured at various ristine, and etoposide but that MRP overexpression should
concentrations of ATP. ATP-dependent uptake was calculated by be accompanied by little or no increase in resistance to
Stg?tracgng_tlﬁlpgﬁg \fa!?ef in tftl_e pre?ence'owlP from :j/alltJiS _vinblastine and Taxol. A previous report found that HL60/
The concentration of ATP was 9:87.5,M, and the concentration DR Cells, which were isolated by growth in doxorubicin
of daunorubicin was &M. (Inset): LineweaverBurk plot of the (100-fold resistant), are also resistant to vincristine (40-fold)
data. TheK,, of ATP was 45uM. (B) Osmotic sensitivity of (McGrath & Center, 1988). We analyzed the extended drug
daunorubicin uptake. Daunorubicin uptake was measured in the sensitivity pattern of HL60/ADR cells to determine if thre
D e oA e s o R cooioming (o analyss of dug uplake was consistent wilh the
various sucroge concentrations. Initial reaction rates were measugrecphenOtype of the cells from which th? memb_ranes were
at 1 min. prepared. In view of the fact that resistance in cell lines
obtained by stepwise selection in drug is multifactorial (Cole
ATP-dependent drug uptake was detected for the HL60/ADR et al., 1991; Zijlstra et al., 1987), the phenotype of HL60/
vesicles but not for the control vesicles. WherABIP ADR cells was in reasonably good agreement with the
values (i.e. nonspecific binding) were subtracted from the membrane vesicle transport analysis (Table 1). High levels
ATP values at 3 min, net daunorubicin uptake by the HL60/ of resistance were observed for etoposide, doxorubicin,
ADR vesicles was-16-fold greater than that by the control daunorubicin, and vincristine, whereas vinblastine and Taxol
vesicles. sensitivity was only slightly decreased compared to that of
ATP Concentration Dependence and Osmotic Seitgiti  alkylating agents, a class of drugs for which MRP does not
of Daunorubicin Transport To confirm that daunorubicin  confer resistance (Breuninger et al., 1995; Cole et al., 1994).
uptake was the result of ATP-dependent transport into Concentration Dependence of Natural Product Drug
membrane vesicles, the ATP concentration dependence andransport. To examine the affinity of MRP for lipophilic
osmotic sensitivity of uptake were analyzed. Increasing the cytotoxic drugs, the drug concentration dependence of
ATP concentration in the incubation mixture should result transport was analyzed for daunorubicin, etoposide, and
in increased drug uptake if transport is ATP-dependent. As vincristine. Typical LineweaverBurk plots of the relation-
shown in Figure 3A, daunorubicin uptake by HL60/ADR ship between drug transport and drug concentration are
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Table 1: Drug Sensitivity Analysis of HL60/ADR vincristine, respectivelyK, values are the averages of at
least three independent determinations).

ICs® (NM) Inhibition of Daunorubicin Transport by APA-SG and
drug HL60 HL6O/ADR  fold resistan¢e Other Compounds In addition to the transport of natural
etoposide 4.3 10t 2.2x 10 458 product drugs, we have also observed MRP transport of the
ggﬁ‘r’ggﬁgn }a-%x 10t 1-915( ig 1;2 glutathione conjugate APA-SG (Shen et al., 1996), and MRP
vincristine 11 4.2 100 38 has al_so been_ reported to transport DNP-SG and the

vinblastine 1.8 4.0 2.2 glutathione-conjugated leukotriene LT (Jedlitschky et al.,
taxol 2.8x 10 7.5% 10 2.7 1994; Leier et al., 1994a; Muller et al., 1994). To confirm
cisplatin 1.6x 10¢ 2.0x 10 12 that MRP has broad substrate specificity, we examined the
cytoxan 1.2x 10 14x 10 1.2

ability of APA-SG and oxidized glutathione to inhibit
@ The concentration of drug that |nh|b|ted cell growth by 50% The daunorubicin transport_ As shown in Figure 5 (A and B)’
values represent the results of an experiment performed in triplicate APA-SG and oxidized glutathione were competitive inhibi-
and are representative of several independent experintd@ls of - .
HLBO/ADR divided by the 1Go of HL60. tors of daunorubicin transport, witk; values of 69 and 31
uM, respectively. (The increase in the apparéat of
daunorubicin with no alterations in)x indicated competi-
A oo016- tive inhibition.) MRP has been reported to confer resistance
to arsenate (Cole et al.,, 1994), and the LTi2ceptor
i antagonist MK571 (Jones et al., 1989), an anionic quinolone
derivative, has been reported to inhibit LT €ansport by
0.008 - MRP (Gekeler et al., 1995). Both arsenate and MK571 were
competitive inhibitors of daunorubicin transport, wiky
/ values of 29 and 3.aM (C and _D). Previo_us studies have
m_— shown that potent P-glycoprotein-modulating agents such as
. : . cyclosporin A, PSC833, and verapamil are weak multidrug
0.2 0.0 02 0.4 resistance-reversing agents for MRP-overexpressing cell lines
V/[daunorubicin] (1M) (Barrand et al., 1993; Breuninger et al., 1995; Cole et al.,
K 1989; Coley et al., 1991; Twentyman et al., 1986; Ver-
B santvoort et al., 1993). These three agents also inhibited
1 daunorubicin transport in a dose-dependent fashion, Kyith
0.02 values of 35, 84, and 9aM, respectively (EG). The
relatively highK; values for the P-glycoprotein-reversing
agents were consistent with the modest effects of these agents
0.01 on MRP-overexpressing cell lines. Genistein, an isofla-
vonoid inhibitor of protein tyrosine kinases, has been reported
J to be a specific modulator of multidrug resistance in MRP-
r r . overexpressing cell lines (Versantvoort et al., 1993). This
02 00 0.2 | 04 agent was also a competitive inhibitor of daunorubicin
Vetoposide] (1M) transport (Figure 5H), and its relatively lo of 17 uM,
compared toK; values of the P-glycoprotein-modulating
agents, is consistent with its greater potency on MRP-
overexpressing cell lines. Competitive inhibition of dauno-
rubicin uptake by these diverse compounds suggests the
possibility that they share a common or overlapping binding
0.010 site on the transporter with lipophilic drugs.

DISCUSSION

In the present study, we examined the biochemical
- ' - - substrate specificity of MRP in order to gain insight into
0.2 0.0 0.2 0.4 X : ;
1/[vincristine] ( uM)-1 the mechanism by which the transporter confers resistance
Ficure 4: Kinetic analysis of natural product cytotoxic drug to natural prod.uct cytotoxic drugs. We found that MRP in
transport by inside-out membrane vesicles prepared from HL60/ membrane vesicles prepared from HL60/ADR cells transports
ADR cells. Lineweaver Burk plots of the concentration dependence the natural product cytotoxic drugs daunorubicin, vincristine,
of daunorubicin (A), etoposide (B), and vincristine (C) transport. gnd etoposide in an ATP-dependent, sucrose inhibitable

The K, values of daunorubicin, etoposide, and vincristine were - : : :
6.3, 5.6, and 5.0M, respectively, and thifp., values were 174, fashion. These experiments support the idea that the direct

125, and 105 pmol md min—, respectively, in these experiments. transport of unaltere'd lipophilic cytotoxic drugs is'the
The concentration of ATP was 1.2 mM, and the concentration of predominant mechanism whereby MRP confers multidrug
cytotoxic drugs was 3:015 uM. Initial reaction rates were  resistance. The low micromol#i, values we observed for

measured at 1 min. Independent experiments were performed afipophilic cytotoxic drugs indicate that the drug transport
least three times with similar results. activity of MRP is pharmacologically significant, and the
shown in Figure 4. Drug transport was saturable with respectcomparability of these values to tig, of 2.0 uM reported

to drug concentration, witk,, values of 6.1+ 0.6, 5.7+ for vinblastine transport by P-glycoprotein (Horio et al.,
0.6, and 5.5+ 0.4 uM for daunorubicin, etoposide, and 1988) supports the mechanism of MRP-conferred resistance

1/ v (pmol/mg/min)~1

1v (pmol/mg/min)'1

C  0.020-

1v (pmol/mg/min)‘1
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FiIGure 5: Inhibition of daunorubicin transport by diverse compounds. LinewesaBark plots of the concentration dependence of
daunorubicin uptake in the presence or absence of APA-SG (A), oxidized glutathione (B), arsenate (C), MK571 (D), cyclosporin A (E),
PSC833 (F), verapamil (G), and genistein (H). Transport in the absence of inhibitors is indicated by open squares. The concentrations of
inhibitors were as follows: APA-SG, 50M (closed circles) and 10@M (closed squares); GSSG, 20 (closed circles) and 5@M

(closed squares); arsenate, /@@ (closed circles) and 50M (closed squares); MK571, 2M (closed circles) and 4M (closed squares);
cyclosporin A, 2QuM (closed circles) and 50M (closed squares); PSC833, Bb! (closed circles) and 100M (closed squares); verapamil,

50 uM (closed circles) and 100M (closed squares); and genistein, 2@ (closed circles) and 50M (closed squares). The plots in the
presence and absence of each inhibitor gave lines that intersected at the ordinate, indicatipg thas unchanged and inhibition was
competitive.K; values were determined from the LineweavBurk plots using plots oK,/Vmax versus inhibitor concentration. THg

values were as follows: APA-SG, 6&8M; GSSG, 31uM; arsenate, 2&M; MK571, 3.0 uM; cyclosporin A, 35uM; PSC833, 84uM;
verapamil, 95uM, and genistein, 1ZM. The concentration of ATP and AMP was 1.2 mM, and the concentration of daunorubicin was
3—15uM.

we propose. Transport of natural product drugs by HL60/ the glutathione analog APA-SG are consistent with a
ADR membrane vesicles and inhibition of drug transport by previous study in which we found that the HL60/ADR
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membrane vesicles transport APA-SG and that APA-SG Consistent with this possibility, the reported H69R MRP
transport is competitively inhibited by daunorubicin, vinc- cDNA (Cole et al., 1992) differs in three amino acid positions
ristine and etoposide (Shen et al., 199&).itro transport when compared to the HL60O/ADR MRP cDNA (Breuninger
of natural product drugs is consistent with the detection of et al., 1995). Since single amino acid alterations in P-
decreased cellular accumulation and increased efflux of drugglycoprotein are known to affect transport activity (Gottes-
in HL6O/ADR cells (Marsh et al., 1986; McGrath & Center, man & Pastan, 1993), it is possible that these differences in
1988); and then witro drug specificity we observed is in  MRP are functionally significant. Whether due to cell type
reasonably good agreement with the drug resistance profilespecificity, differences in MRP primary structure, or other
of HL60/ADR cells. We found that this cell line exhibits factors, differences in the characteristics of the MRP-
high levels of resistance to the drugs for which we detected overexpressing cell lines used in the membrane vesicle
in vitro transport, including anthracyclines, vincristine, and studies support the possibility that there is variation in the
etoposide, but only modestly reduced sensitivity to vinblas- properties of the transporter. For example, although MRP
tine and Taxol, drugs for which we did not observe is dramatically overexpressed in HG9AR (Cole et al., 1992),
substantial levels of membrane vesicle transport. The cellular accumulation of natural product drugs, including
disproportionately higher levels of etoposide resistance, daunomycin and etoposide, has been reported to be unaltered
compared to anthracycline and vincristine resistance levels,compared to that in the parental drug sensitive cell line (Cole
probably relate to collateral resistance mechanisms, such a®t al., 1991). In contrast, decreased drug accumulation in
altered topoisomerase Il activity, that are known to exist in HL60/ADR is prominent (Marsh et al., 1986). Cellular drug
anthracycline resistant cell lines obtained by step wise kinetics in MRP-transfected HeLa and NIH3T3 cells also
selection in drug (Cole et al., 1991; Zijlstra et al., 1987). differ. HelLa cells transfected with the H69AR MRP cDNA
Transport assays performed using membrane vesicles predisplay altered drug accumulation but only slight differences
pared from NIH3T3 cells transfected with an expression in drug efflux (Cole et al.,, 1994), whereas substantial
vector harboring the MRP cDNA isolated from HL60/ADR  reductions in drug accumulation and efflux were observed
cells are completely consistent with the results of the presentin NIH3T3 cells transfected with the HL60/ADR MRP
study (Paul et al., 1996). Membrane vesicles prepared fromcDNA (Breuninger et al., 1995). In addition to distinct
the MRP-transfected NIH3T3 cells transport daunorubicin, cellular drug kinetics, H69AR and MRP-transfected HelLa
vincristine, and etoposide in an ATP-dependent, sucrosecells differ from HL60/ADR and MRP-transfected NIH3T3
inhibitable fashion but display little or no uptake of vinblas- cells in chemosensitization by verapamil. Anthracycline
tine or Taxol (Paul et al., 1996). The pattern of drug sensitivity in the former two cell lines has been reported to
resistance observed in the MRP transfectants is also similarbe unchanged by verapamil (Cole et al., 1989, 1994), whereas
to that of HL60/ADR and in good agreement with the MRP-transfected NIH3T3 cells (Breuninger et al., 1995) and
membrane vesicle transport studies. The MRP-transfectedHL60/ADR are partially sensitized by this agénterapamil
NIH3T3 cells are resistant to etoposide, anthracyclines, andhas also been reported to reverse the cellular accumulation
vincristine but display only marginally reduced sensitivity deficit in HL60/ADR cells (McGrath et al., 1989). Consis-
to Taxol and vinblastine (Breuninger et al., 1995). These tent with the effect of verapamil on HL60/ADR and MRP-
in zitro studies of natural product drug and glutathione S transfected NIH3T3 cells, we demonstrate in this report that
conjugate transport using membrane vesicles prepared fromverapamil is a competitive inhibitor of daunorubicin transport
HL60/ADR and NIH3T3 cells transfected with the HL60/ by MRP in HL60O/ADR membrane vesicles. Although the
ADR MRP cDNA constitute a consistent body of evidence reason why cytotoxic drug transport can be detected in
supporting the idea that MRP transports unaltered naturalmembrane vesicles prepared from HL60/ADR and MRP-
product drugs. transfected NIH3T3 cells, but not in MRP-transfected HelLa
A recent report describing transport studies performed with cells, is unclear, this variability raises the possibility that the
membrane vesicles prepared from Hela cells transfected withbiochemical mechanism whereby MRP pumps unaltered
an MRP cDNA isolated from MRP-overexpressing H69AR natural product drugs may be distinct from that of P-
cells is not consistent with the present study in that transportglycoprotein. This possibility is also suggested by the low
of unaltered lipophilic cytotoxic drugs was not detected degree of amino acid identity shared by the two transporters
(Jedlitschky et al., 1996). The reason for the lack of (15%) (Cole et al.,, 1992) and by our observation that
agreement between the analysis of MRP-transfected HelLavinblastine and Taxol, drugs that are excellent P-glycoprotein
cells and our experiments using vesicles prepared from twosubstrates, are transported poorly or not at all by MRP.
different MRP-overexpressing cell lines is unclear. Since The observation that MRP in membrane vesicle prepara-
the rapid filtration assays used in these studies are similar,tions pumps glutathione S conjugates (Jedlitschky et al.,
it seems unlikely that methodological differences account 1994; Leier et al., 1994a; Muller et al., 1994; Shen et al.,
for the different observations. One possible explanation is 1996) has led to consideration of the idea that the transporter
that, unlike that of P-glycoprotein, natural product drug confers multidrug resistance by pumping the glutathione
transport by MRP may be influenced by cellular components conjugates or anionic metabolites of lipophilic cytotoxic
that may be cell type-specific. HL60, a human myeloid drugs (Ishikawa et al., 1995). The present study does not
tumor cell line, and NIH3T3, a murine fibroblast cell line, exclude the possibility that this activity contributes to
are derived from mesodermal cellular elements, whereas H69multidrug resistance. However, glutathione conjugates of
a human small cell lung cancer cell line, and HelLa, a human the natural product drugs for which MRP confers resistance
adenocarcinoma cell line, are derived from epithelial cellular have not been isolated (Tew, 1994), and MRP transfectants
elements. An alternative explanation for the difference in do not exhibit increased resistance to alkylating agents
lipophilic cytotoxic drug transport is that the activities of
the proteins encoded by the two MRP cDNAs are different.  2L. M. Breuninger and G. D. Kruh, unpublished observations.




14010 Biochemistry, Vol. 35, No. 44, 1996 Paul et al.

(Breuninger et al., 1995; Grant et al., 1994), the class of ACKNOWLEDGMENT

drugs for which glutathione conjugation is well established We thank Kenneth D. Tew for many helpful discussions

(Tew, 1994). _While sulfated apd glucuronidated met'abolites nd Irwin Rose, Donaid Kuo, Naomi Laing, Steven H.

of anthracyclines a.”d etoposide have been dgscrl_bed, an(geeholzer, and Abhijit Raha for advice on kinetic studies.

glucuronosyletoposide has been reported to bénaritro

substrate of MRP (Jedlitschky et al., 1996), the extent to REFERENCES

which formation of these compounds influences cytotoxicity

is unknown (Pratt et al., 1994). The observations that the Ba(rlrggg,) éﬂljrAj’ I?:Z%?:Z?’ZBAEO%ESESM. S, & Twentyman, P. R.

LTD, antagonist MK571 is a competitive inhibitor of LEC  preuninger, L. M., Paul, S., Gaughan, K., Miki, T., Chan, A.,

transport by MRP in membrane vesicles (Leier et al., 1994a) Aaronson, S. A., & Kruh, G. D. (1995}ancer Res55, 5342~

and that MK571 and the glutathione-depleting agent BSO _ 5347.

can reverse the resistance phenotype of MRP-overexpressiné:a,\r/lnp("lng%l?'B?'j P()Zlamr;c\]e.r, 683?‘7(228% M., Cole, S. P., & Lam, Y.

cell lines (Gekeler et al., 1995; Lutzky et al., 1989; Schneider coje s P. Downes, H. F., & Slovak, M. L. (1988). J. Cancer

etal., 1995; Versantvoort et al., 1995) have also contributed 59, 42—46.

to speculation that glutathione conjugate transport is the COée,ES. l;’é,g(ihanda, EFER" Digléezsliégngerlach, J. H., & Mirski,
H H H H . E. ncer . .

biochemical mechanism of MRP-conferred resistance. Our . T S.(P., Br);?dv(\::\j, Ge.,sezrlach, J. H., Mackie, J. E., Grant, C.

observation that MK571 is a potent competitive inhibitor of E.. Aimquist, K. C., Stewart, A. J., Kurz, E. U., Duncan, A. M.,

natural product transport by MRP indicates that the resistance- & Deeley, R. G. (1992)5cience 2581650-1654.

modulating activity of this compound is not necessarily based Cole, S. P., Sparks, K. E., Fraser, K., Loe, D. W,, Grant, C. E.,

on competing with drug glutathione conjugates. BSO might ‘é‘g'f(?”’ G. M, & Deeley, R. G. (1994Fancer Res54, 5902~

also modulate MRP activity by mechanisms distinct from Coley, H. M., Workman, P., & Twentyman, P. R. (1998). J.

the inhibition of drug-glutathione conjugate formation. For Cancer 63 351—357.

example, BSO could increase the cellular levels of endog- Endicott, J. A., & Ling, V. (1989)Annu. Re. Biochem58, 137—

enous metabolites such as oxidized glutathione, a compound_ 171.

PR Gekeler, V., Ise, W., Sanders, K. H., Ulrich, W. R., & Beck, J.
that we found to be a competitive inhibitor of natural product (1995) Biochem. Biophys. Res. Comm@08 345-532.

transport b){ MRP. This agent might also be a direct gottesman, M. M., & Pastan, I. (1992nnu. Re. Biochem. 62
competitive inhibitor of MRP transport. Although we favor 385-427.

the idea that BSO modulation of MRP-conferred multidrug Grant, C. E., Valdimarsson, G., Hipfner, D. R., Almquist, K. C.,
resistance is unrelated to reduced formation of glutathione  C°le: S. P., & Deeley, R. G. (199Qancer Res 54357-361.

S conjugates, it is possible that the sensitivity of MRP but HOS”;’_ h(l)..,sc.;sftg;?sgné_l\gslgﬂd.f,-& Pastan, I. (1988joc. Natl. Acad.

not P-glycoprotein to this agent reflects as yet undetermined shikawa, T., Muller, M., Klunemann, C., Schaub, T., & Keppler,
differences in the biochemical mechanism whereby the two  D. (1990)J. Biol. Chem 265 19279-19286.

proteins transport unaltered natural product drugs. Ishikawa, T., Akimaru, K., Kuo, M. T., Priebe, W., & Suzuki, M.
(2995)J. Natl. Cancer Inst. 871639-1640.

Our observation that MRP in HL60O/ADR membrane Jedlitschky, G., Leier, 1., Buchholz, U., Center, M., & Keppler, D.

vesicle preparations pumps the glutathione S conjugate APA—J éll_?94r3kcar(‘3°eiRes- |54g83ﬁ;]4?3% 5 K Kurs G &
. " edlitschky, G., Leier, 1., Buchholz, U., Barnouin, K., Kurz, G.,

SG (Shen et gl., 1996)_, in addition to unaltered natu_rgl Keppler, D. (1996)Cancer Res. 56988-994,

product cytotoxic drugs, mdlc.ates that the substratfa.speuflc—Jones’ T. R., Zamboni, R., Belley, M., Champion, E., Charette, L.,

ity of the transporter is surprisingly broad. In addition, the  Ford-Hutchinson, A. W., Frenette, R., Gauthier, J. Y., Leger,

observation that natural product drugs inhibit APA-SG  S., Masson, P., et al. (198@an. J. Physiol. Pharmacol. 67

transport (Shen et al.,, 1996), and that APA-SG inhibits 17—28.

amimoto, Y., Gatmaitan, Z., Hsu, J., & Arias, |. M. (1989,
natural product transport (the present study), suggests tha Bi(l)|. Chem 264, 116'93_11698_ ! ' (1989)

these chemically distinct classes of compounds share akrishnamachary, N., & Center, M. S. (1993ancer Res. 538658
common or overlapping binding site on the transporter. In 3661 -
addition to APA-SG, MRP has been reported to transport KU, G. D., Chan, A., Myers, K., Gaughan, K., Miki, T., &
the glutathione S conjugates LTMNP-SG, and glutathio- Aaronson, S. A. (1994Fancer Res. 541649 1652.

g . Jug ' ! 9 ) Kruh, G. D., Gaughan, K. T., Godwin, A. K., & Chan, A. (1995)
nylmelphalan (Jedlitschky et al., 1994, 1996; Leier et al.,  j. Natl. Cancer Inst. 871256-1258.
1994a; Muller et al., 1994). This broad substrate specificity, Leier, I., Jedlitschky, G., Buchholz, U., Cole, S. P., Deeley, R. G.,
combined with the widespread expression pattern of MRP & Keppler, D. (1994a)J. Biol. Chem 269, 27807-27810.
transcript in human tissues (Kruh et al., 1995), indicates that LeBeréliagﬁng:}s%%%Q(g:géjachholz, U., & Keppler, D. (1994a)r.
the transporter represents a ubiquitous and versatile cellular giong, I. H., Padmanabhan, R., Lovelace, E., Pastan, I., &
defense mechanism for both lipophilic xenobiotics and the  Gottesman, M. M. (1992Febs. Lett. 304256—260.
products of phase Il detoxification enzymes. MRP-mediated Lutzky, J., Astor, M. B., Taub, R. N., Baker, M. A,, Bhalla, K.,

: Gervasoni, J. E., Jr., Rosado, M., Stewart, V., Krishna, S., &
transport has also been reported for glucuronidated and Hindenburg, A. A. (1989)Cancer Res. 494120-4125,

sulfated compound_s, including the steroid cpnjugatﬁ—ﬂ Marquardt, D., & Center, M. S. (199ZJancer Res. 523157
glucuronosylestradiol, and the bile salt conjugates glucu- 3163.
ronosylhydrodeoxycholate and sulfatolithocholyltaurine (Jedl- Marsh, W., & Center, M. S. (198 ancer Res. 475080-5161.

itschky et al., 1996). Additional studies should determine Mi{ggé_VZbSS?iChe”- D., & Center, M. S. (1986)ancer Res. 46
whether the transport of endogenous conjugated compoundiﬂcerath’ T. & Center, M. S. (1987Biochem. Biophys. Res.

such as LTG and metabolized bile salts and steroids is a  commun. 14511711176.
physiological function of MRP. McGrath, T., & Center, M. S. (198&}ancer Res. 483959-3963.



Natural Product Transport by HL60/ADR Membrane Vesicles Biochemistry, Vol. 35, No. 44, 19964011

McGrath, T., Latoud, C., Arnold, S. T., Safa, A. R., Felsted, R. L., Twentyman, P. R., Fox, N. E., & Bleehen, N. M. (1986}. J.

& Center, M. S. (1989Biochem. PharmacoB8, 3611-3619. Radiat. Oncol. Biol. Phys. 121355-1358.

Muller, M., Meijer, C., Zaman, G. J., Borst, P., Scheper, R. J., Versantvoort, C. H., Broxterman, H. J., Pinedo, H. M., de Vries,
Mulder, N. H., de Vries, E. G., & Jansen, P. L. (19%2oc. E. G., Feller, N., Kuiper, C. M., & Lankelma, J. (1992ancer
Natl. Acad. Sci. U.S.A1, 13033-13037. Res. 5217-23.

Paul, S., Breuninger, L. M., Tew, K. D., Shen, H., & Kruh, G. D.  versantvoort, C. H., Schuurhuis, G. J., Pinedo, H. M., Eekman, C.
(1996) Proc. Natl. Acad. Sci. U.S.A. 98929-6934. A., Kuiper, C. M., Lankelma, J., & Broxterman, H. J. (1993)

Pratt, W. B., Rudqon, R. W., Ensminger, W D._, & Maybaum, J. Br. J. Cancer 68939-946.
(1994) The Anticancer DrugsOxford University Press, New  versantvoort, C. H., Broxterman, H. J., Bagrij, T., Scheper, R. J.,

York. . ) & Twentyman, P. R. (1995Br. J. Cancer 7282—89.
Schneider, E., Yamazaki, H., Sinha, B. K., & Cowan, K. H. (1995) Zaman, G. J., Flens, M. J., van Leusden, M., de Haas, M., Mulder,
Br. J. Cancer 71738-743. o ) H. S., Lankelma, J., Pinedo, H. M., Scheper, R. J., Baas, F.,
Shen, H., Paul, S., Breuninger, L. M, Ciaccio, P, Laing, N., Helt,  groxterman, H. J., et al. (1998roc. Natl. Acad. Sci. U.S.A
M., Tew, K. D., & Kruh, G. D. (1996 Biochemistry 355719~ 91, 8822-8826.
5725, Zijlstra, J. G., de Vries, E. G., & Mulder, N. H. (198Dancer

Slovak, M. L., Hoeltge, G. A., Dalton, W. S., & Trent, J. M. (1988)
Cancer Res. 48793-2797. Res. 471780-1784.
Tew, K. D. (1994)Cancer Res. 544313-4320. BI19618528



