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Abstract: The benzothiophene LY329146 reverses the drug resistance phenotype in multidrug resistance
protein (MRP1)-overexpressing cells when dosed in combination with MRP1-associated oncolytics doxorubicin
and vincristine. Additionally, LY329146 inhibited MRP1-mediated uptake of the MRP1 substrate LTC, into
membrane vesicles prepared from MRP1-overexpressing cells. © 1999 Published by Elsevier Science Ltd. All rights reserved.

Introduction

The multidrug resistance-associated protein (MRP1) is a member of the superfamily of ATP-binding
cassette (ABC) transporters and is structurally and functionally related to the multidrug resistance (MDR)
protein, P-glycoprotein (Pgp).! Like Pgp, MRP1 has been shown to confer cellular resistance to various natural
product oncolytics, such as the anthracyclines, epipodophylotoxins and some Vinca alkaloids.” However,
MRP1 differs from Pgp in that taxanes are apparently not involved in MRP1-mediated resistance.” Both Pgp
and MRP1 act as efflux pumps for the corresponding oncolytics. This action results in a lower intracellular
concentration of the cytotoxic agent, thus producing a drug resistant phenotype. Therefore, cells overexpressing
the MRP1 protein require greater concentrations of oncolytic to achieve cytotoxic endpoints (such as IC’s),
relative to cells that do not overexpress MRP1. This difference in IC,; is referred to as relative resistance.

In addition to its role in clinical drug resistance, MRP1 transports various endogenous substrates (Figure
1)." It has been shown that several hydrophobic glutathione conjugates, including the eicosanoid leukotriene

C, (LTC),”" are transported by MRP1. Of particular interest is the discovery that estradiol glucuronides are

Figure 1. Endogenous MRP1 Substrates.
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MRPI1 substrates** and that the 17-B-glucuronide of estradiol, but not the 3-glucuronide, is transported by
MRPI1. As part of our studies in the drug resistance arena, we sought a potent inhibitor of MRP1 for functional
studies of this protein.* Thus, we felt that one approach to finding potent inhibitors of MRP1 would be to use
the molecular information of MRP1 substates for SAR studies. This tactic has been used successfully in the
identification of the leukotriene antagonist, MK 571." Unfortunately, while this compound inhibits MRP1 in
direct transport assays, its cellular activity is limited.” This report describes the activity of LY329146, a potent
MRP1 inhibitor, which inhibits MRP1 directly and, more importantly, reverses cellular resistance to MRP1-

associated oncolytics.

RESULTS
Reversal of Resistance in Drug Resistant Cells"

Raloxifene, a selective estrogen receptor modulator (SERM)," is indicated for the prevention of
osteoporosis in post-menopausal women.™"” The biological activity of raloxifene results from this molecule’s
ability to competitively bind to the estrogen receptor (ER)." Raloxifene binds to the ER with about one third
the binding affinity of estradiol (E2).” The benzothiophene LY117018," which shows in vitro estrogen
antagonism activity comparable to raloxifene,” was tested for its ability to modulate MRP1-mediated resistance
in cells. These experiments are run by measuring the IC,, of doxorubicin (DOX) in the presence of various
concentrations of the inhibitor (reversal agent). A reversal agent will enhance the cytotoxicity of the oncolytic
by some factor, usually referrred to as the reversal factor (RF). LY117018 reversed doxorubicin resistance in
the MRP1-expressing HL60/ADR cell line by about 3-fold at a modulator concentration of 5 pM (Figure 2,
Table 1)." The LTC, receptor antagonist, MK 571 had no effect on doxorubicin resistance in HL60/ADR cells
up to 5 UM, in spite of the fact that this compound is a sub-micromolar inhibitor of LTC, transport into MRP1
membrane vesicles’ (vide infra). Using LY117018 as a lead, we examined other benzothiophenes for their

ability to modulate cellular resistance to MRP1-associated oncolytics, such as doxorubicin and vincristine.

Figure 2. MRP1 Inhibitors.
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The 4°-bis-methanesulfonanilide LY329146 (Figure 2, Table 1)'*"* showed enhanced reversal activity in
the HL60/ADR cell line (MRP1 highly expressed, Pgp not expressed), relative to LY117018. In fact,
LY329146 reversed the resistance to doxorubicin in HL60/ADR cells by 13.3-fold at 5 uM, 2.7-fold at 1.0 uM,
and 1.7-fold at 0.5 pM. LY329146 had no significant effect on the drug-sensitive parent HL60/S cells, which
do not express either MRP1 or Pgp. L'Y329146 did, however, have marked reversal activity on the HL60/Vinc
cell line (Pgp highly expressed, MRP1 not expressed), reversing the resistance to doxorubicin 69-fold (complete
reversal) at 5 WM. The Pgp reversal activity was greatly diminished, however, at 1.0 and 0.5 uM. To confirm
the modulator activity against Pgp, we examined the effect of LY329146 in the CEM/VLB,,, cell line (Pgp
highly express‘ed)‘19 LY?329146 reversed Pgp-mediated resistance to paclitaxel in these cells by 380-fold at 5
UM. (CEM/VLB,, is about 6000-fold resistant to paclitaxel.) Furthermore, LY329146 displaced
[*H]vinblastine binding to Pgp in an equilibrium binding assay employing CEM/VLB,, plasma membranes"”
with an IC,; of 20 uM.

Table 1. Modulation of Cytetoxicity by 1.Y329146 and LY117018 in Drug Sensitive and Resistant HL60
Cell lines.’

HL60/S’ HL60/ADR’ HL60/Vinc®

IC, (ug/ml) RF IC, (ug/ml) RF IC, (ug/ml) RE
DOX 0.028 - 2.97 - 1.88 -
DOX + 5.0 uM LY329146 0.011 24 0.224 133 0.027 69
DOX + 1.0 uyM 1L.Y329146 0.018 1.5 1.107 2.7 0.444 4.2
DOX + 0.5 uM LY329146 0.023 1.2 1.715 1.7 1.44 1.3
DOX +5.0uMLY117018 1.002 3.0
DOX +1.0uMLY117018 3.20 1.0

*LY329146 showed no cytotoxicity when dosed alone in HL60 cells.

"HL60/S (parental line; MRP1-, Pgp-).

‘Reversal Factor (RF) = IC, (oncolytic) / IC,, (oncoytic + modulator). This nomenclature is thoroughly described in Ref. 8.
‘HL60/ADR (MRP1+, Pgp-) is 106-fold resistant to DOX.

‘HL60/Vinc (MRP1-, Pgp+) is 67-fold resistant to DOX.

Although compounds such as LY329146 effectively modulate resistance in HL60/ADR cells in a dose-
response manner, we have observed that none of our modulators to date are able to fully reverse resistance in
this cell line. Alternative unknown resistance mechanisms may contribute to the resistance observed in this
drug selected cell line, thus making it unlikely that 100% reversal would be observed with a selective MRP1
modulator. In an effort to determine if a potent MRP1 modulator, such as LY329146, could achieve full
reversal of resistance in cells in which MRP1 is the only mechanism of drug resistance, we evaluated this
compound in the MRP1 transfected cell line HeLa T5X These results are summarized in Table 2. HeLa T5 cells
are 2.9-fold resistant to doxorubicin, relative to HeLa C1 (vector control) and 3.6-fold resistant to vincristine.
When the HeLa T5 cells were treated with doxorubicin in the presence of 2.5 M LY329146, full reversal (RF =

2.9) was observed. Similarly, full reversal was observed at 2.5 uM (RF = 3.9) when vincristine was used as the
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oncolytic. The reversal activity was diminished at 1.0 pM, consistent with the HL60/ADR data. It should be
pointed out that LY329146 has a modest modulatory effect on the activity of doxorubicin and vincristine in
HeLa C1 cells. Although this was somewhat unexpected, it is consistent with the observations of others.”” One
explanation is that other ABC transporters (e.g. MRP2)” may be functioning in HeLa cells. If compounds such
as L.Y329146 are active against any of these other putative transporters, modulation would be expected in the
sensitive HeLa C1 cell line. Additional studies are needed to further address this hypothesis. However, this
does not diminish the fact that LY329146 fully sensitizes the HeLa TS5 cells to doxorubicin and vincristine at 2.5

HM, consistent with potent activity against MRP1.

Table 2. Modulation of Cytotoxicity in HeLa C1 and T35 Cells.

HeLa C1 HelLa T5

IC, (ug/ml) RF IC,, (ug/ml) RF
DOX 0.339 - 0.988 -
DOX +2.5 uM LY329146 0.213 1.6 0.241 29
DOX + 1.0 uM LY329146 0.315 1.1 1.063 1.0
VCR 0.014 - 0.051 -
VCR + 2.5 uM LY329146 0.005 2.8 0.013 39
VCR + 1.0 yM 1.Y329146 0.007 2.0 0.031 1.6

‘LY 329146 showed no cytotoxicity when dosed alone in HeLa C1 and HeLa T5.
*HeLa T5 is 2.9-fold resistant to DOX. Therefore a Reversal Factor (RF) of 2.9 represents full (100%) reversal.

Inhibition of LTC, transport by MRP1 into Membrane Vesicles

In addition to our studies on the reversal of resistance in MRP1-overexpressing cells, we have also found
that Y329146 inhibits 50 nM LTC, uptake into HL60/ADR membrane vesicles (IC,, = 0.80 uM). This activity
compares favorably to the IC,, of 0.50 uM for MK 571.° These data indicate that LY329146 acts directly on
the MRP1 transporter and are consistent with our observed reversal activity in the MRP1-overexpressing cell

lines.

Discussion

Although it is not apparent from the two dimensional representation that LY 117108 and estradiol are
conformationally similar, a three dimensional overlay (Figure 3)* clearly shows that the 6-hydroxy in
LY117108 occupies a similar region of space as the 3-hydroxy substituent in estradiol. Furthermore, the 17-3-
hydroxyl group in estradiol also overlaps nicely with the 4’-hydroxyl group in LY117018. This is consistent

11,13

with the estrogenic activity observed for this benzothiophene in many tissues. " Thus, because it is the added
functionality at the 17-position of estradiol (glucuronidation) which is required for estradiol to become an
MRPI substrate, it is not surprising that the added functionality of the bis(methylsulfonyl) group at the 4’

position has a profound effect on the MRP1 activity relative to LY 117018.



B. H. Norman et al. / Bioorg. Med. Chem. Lett. 9 (1999) 3381-3386 3385

Figure 3. Structural Overlay of LY117018 and Estradiol.**

Estradiol (Green)

The concept of utilizing substrate information has been useful in the early studies of MRP1 and has led
to the identification of several interesting MRP1 modulators. Most notable is the leukotriene antagonist MK
571, which shows potent inhibition of LTC, uptake by MRP1 into membrane vesicles. However, leukotriene
antagonists, such as MK 571, are usually negatively charged species which display diminished activity in whole
cell assays. Focusing on other MRPI1 substrates, such as the 17-B-glucuronide of estradiol represents another
approach to the identification of new leads which may have improved MRP1 modulatory activity in whole cell
assays.

The data presented here shows that LY329146 is a unique MRP1 modulator. In contrast to MK 571,
LY329146 shows significant reversal activity in MRP1-overexpressing cells (HL60/ADR and Hela T5) in
addition to its ability to inhibit MRP1-mediated uptake of LTC,. This represents a major advance in this field
due to the historical difficulty that is typically encountered when trying to convert potent leads with low cellular
permeability into useful therapeutic agents. Compounds such as LY329146 already contain this required
feature, making them particularly exciting leads for further study. Additionally, the foundation has been laid for
future SAR studies by showing that structural analysis of MRP1 substrates can provide useful information for

the design of new MRP1 modulators.
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