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We present a novel lead for inhibitors of multidrug resistance-associated proteins (MRPs). Compound 1
(4-[(5,6,7,8-tetrahydro-4-oxo-4H-[ 1]benzothieno[2,3-d][ 1,3]thiazin-2-yl)amino]benzoic acid) was about
six times more potent than the known inhibitor MK571 at MRP1, while at MRP2 its effect was similar to
that of MK571. Structural analogs were also evaluated. Among them, compound 2, sharing the 4-amino-
benzoic acid substructure with 1, also inhibited MRP1. Both derivatives were inactive against P-gp. It can
be concluded that their carboxyl group is needed for inhibition of MRPs and accounts for the selectivity of

© 2008 Published by Elsevier Ltd.

Multidrug resistance (MDR) represents a major problem in the
chemotherapeutic treatment of cancer.! A multidrug-resistant tu-
mor is mainly characterized by an increased cellular efflux of a
large number of structurally different endo- and xenobiotics and
a reduced intracellular drug accumulation. This can be related to
the overexpression of ATP-binding cassette (ABC) transporters,
conferring resistance to a broad spectrum of cytostatic drugs by ac-
tive transport mechanisms.? The best-studied ABC transporter so
far is the ABCB1 gene-encoded efflux pump referred to as multi-
drug resistance protein 1 (MDR1) or P-glycoprotein (P-gp).3 Its pre-
ferred substrates are hydrophobic and cationic compounds.*

Multidrug resistance-associated protein 1 (MRP1), the first dis-
covered member of the ABCC subfamily, was identified in 1992.%
This 190-kDa membrane-spanning protein shares only 15% amino
acid homology with P-gp.® Both MRP1 and P-gp are capable of
transporting a wide range of anticancer agents, including anthracy-
clines, Vinca alkaloids, and the folic acid analog methotrexate.” In
contrast to P-gp, MRP1 preferentially transports negatively
charged compounds, including glutathione conjugates, sulfates,
or glucuronides.®

Multidrug resistance-associated protein 2 (MRP2) represents
the transporter most closely related to MRP1. It was discovered
4 years after MRP1 and has a somewhat different substrate spec-
trum. However, like MRP1, MRP2 is able to extrude endogenous
compounds such as LTC,, billirubin, and glutathione conjugates
indicating a similar role in detoxification.”'° In contrast to MRP1,
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MRP2 is capable of transporting cisplatin,!!!?

a candidate for causing cisplatin
chemotherapy.'?

There are only few specific inhibitors of ABC transporters
known so far, and thus the challenge for medicinal chemists has
been to develop potent and specific inhibitors, particularly for
MRPs. In this study, we present a new inhibitor of MRPs with a
remarkable selectivity for MRP1.

A focussed screening approach was applied to identify candi-
dates from our in-house library. With respect to the substrate spec-
ificity of MRP1, carboxylic acid derivatives were selected. More
than 75 structurally diverse carboxylic acids were screened for
MRP1 inhibitory activity. Compound 1 (4-[(5,6,7,8-tetrahydro-4-
0x0-4H-[1]benzothieno[2,3-d][1,3]thiazin-2-yl)amino]benzoic acid)
was identified as a potent inhibitor of MRP1. To specify structural
requirements for inhibitory activity against MRP1, three related
compounds (2-4)'* as well as standard inhibitors'> were included
in the investigations at the ABC transporters MRP1, MRP2, and P-
gp. The chemical structures of compounds 1-4 are given in Figure 1.

A calcein AM fluorescence assay was performed to determine
the influence of the test compounds on the transporter proteins.'®
Calcein AM is a known substrate of both MRPs and P-gp.!” The hu-
man ovarian cancer cell line A2780 stably expressing P-gp as well
as the human ovarian cancer cell line 2008 and the Madin-Darby
canine kidney cell line MDCKII stably expressing MRP1 and
MRP2, respectively, were used.'® When performing the MRP as-
says, XR9957,'° a selective blocker for P-gp and BCRP that has no
effect on MRP1 and MRP2,2° was added to inhibit P-gp which is
present to a minor degree in both MRP-expressing cell lines. The
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Figure 1. Chemical structures of the investigated compounds.
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assay medium contained cobalt ions to quench the extracellular
calcein fluorescence so that only the fluorescence of the intracellu-
lar calcein is measured.

In Figure 2, exemplary fluorescence-time curves in the presence
of varying concentrations of compound 1 are shown. The calcein
AM fluorescence within the cells increased in response to the
inhibitor concentration in MRP1-, as well as MRP2-transfected
cells. By plotting the slopes of the fluorescence-time curves versus
the logarithmic concentrations of the inhibitors, dose-response
curves were obtained and are shown for test compound 1 in Figure
3 to illustrate the effects on MRP1- and MRP2-transfected cells,
respectively.

In Table 1, ICsy values for compounds 1-4 are given together
with those of some standard inhibitors of MRP1, MRP2, and P-gp.
Compound 1 was the most potent inhibitor of MRP1 with an ICsq
value of 1.2 uM. It was four times more effective than cyclosporin
A, the best inhibitor of MRP1 among the reference compounds. In
case of MRP2, cyclosporin A exhibited the strongest inhibitory
activity, followed by the equipotent inhibitors 1 and MK571. Indo-
methacin, verapamil, and inhibitor 2 had weak, compounds 3 and 4
no detectable effects on MRP2 function. In this series, none of the
tested substances was more active at MRP2 than at MRP1, indicat-
ing a reduced susceptibility of MRP2 to inhibition.

The two known P-gp inhibitors cyclosporin A and verapamil
showed similar activity against P-gp. Their IC59 values were in
the same range as determined at MRP1. Cyclosporin A was the only
tested compound of this series which inhibited the three ABC
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Figure 2. Fluorescence-time curves for different concentrations of compound 1
determined with the calcein accumulation assay in 2008 MRP1 cells. Data are mean
values from a typical experiment with two replicates belonging to a series of at least
three independent experiments.
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Figure 3. Concentration—-effect curves of compound 1 in MRP1- (top) and MRP2
(bottom)-transfected cell lines (circles) in comparison to the wild-type cell lines
(squares). Curves represent an average of at least three independent experiments
and are normalized in the range from 0% to 100%.

Table 1
Tested compounds with their ICsq values
Compounds 1Cs0° (uM)
MRP1 MRP2 P-gp
1 1.21+0.29 215+59 na
2 20.4+3.6 >200 na
3 na na na
4 na na >200
Verapamil 9.66 +2.79 >200 5.42+1.33
Indomethacin 12.0£3.5 23573 na
MK571 7.57 £1.10 20.7+£7.3 na
Cyclosporin A 4,78 +0.61 13.6+1.9 492 +0.20

@ Values are means * SD of at least three independent experiments carried out on
different occasions. na, not active.

transporters, all of them with low micromolar ICsq values. On the
other hand, compounds with a carboxylic acid moiety (i.e., indo-
methacin, MK571, 1 and 2) were inactive in the P-gp assay.

The LTD4 receptor antagonist MK571, a chloroquinolinyl sty-
rene derivative with dithioacetal structure bearing a carbo-
xamidoalkyl and a carboxyalkyl substituent, is an effective and
specific inhibitor of MRPs.>?! The newly identified inhibitor 1
showed a similar activity pattern, having no effect on P-gp but
potency against MRPs in the low micromolar range. When com-
paring the data for 1 and MK571, compound 1 (ICso: 1.2 uM)
was six times more potent, while the effects on MRP2 were al-
most identical.
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Noteworthy, compound 2 with an opened thiazinone ring was a
much less potent inhibitor in both MRP assays than compound 1.
Compared to the more flexible structure of the bicyclic thiophene
derivative 2, the rigid tricyclic thienothiazinone structure of 1
might account for the better activity. Further data are needed to
confirm this hypothesis. The related compounds 3 and 4 both share
the same ring system as 1, but were nonetheless inactive as inhib-
itors of MRP1 and MRP2. In compound 3, the carboxyl group was
deleted and a carbonyl inserted between the substituent’s nitrogen
atom and phenyl ring. In compound 4, the carboxyphenyl moiety
was removed. This led us to conclude that both the tetra-
hydrobenzothieno[2,3-d][1,3]thiazin-4-one system and the pres-
ence of the carboxylic acid moiety were necessary for activity.
The latter conclusion agrees with the known preference of MRPs
to transport negatively charged compounds.??

In conclusion, we present a novel and potent inhibitor of MRP1.
The heterocyclic skeleton of compound 1 may now serve as a lead
structure for further selective inhibitors of the ABCC subfamily of
ABC transporters.

Acknowledgments

Special thanks to Piet Borst (Netherlands Cancer Institute,
Amsterdam, The Netherlands), who kindly provided the cell lines
2008 WT and 2008 MRP1 as well as MDCKII and MDCKII
MRP2.22%3

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.07.127.

References and notes

1. Gottesman, M. M.; Fojo, T.; Bates, S. E. Nat. Rev. Cancer 2002, 2, 48.
2. Fojo, A. T.; Ueda, K.; Slamon, D. J.; Poplack, D. G.; Gottesman, M. M.; Pastan, L.
Proc. Natl. Acad. Sci. US.A. 1987, 84, 265.

3. Minemura, M.; Tanimura, H.; Tabor, E. Int. J. Oncol. 1999, 15, 559.

4. Choudhuri, S.; Klaassen, C. D. Int. J. Toxicol. 2006, 25, 231.

5. Cole, S. P.; Bhardwaj, G.; Gerlach, J. H.; Mackie, ]. E.; Grant, C. E.; Almquist,
K. C.; Stewart, A. J.; Kurz, E. U.; Duncan, A. M.; Deeley, R. G. Science 1992,
258, 1650.

6. Lockhart, A. C.; Tirona, R. G.; Kim, R. B. Mol. Cancer Ther. 2003, 2, 685.

7. Zaman, G. ]J.; Flens, M. ].; van Leusden, M. R.; de Haas, M.; Mulder, H. S.;

Lankelma, J.; Pinedo, H. M.; Scheper, R. J.; Baas, F.; Broxterman, H. J. Proc. Natl.
Acad. Sci. US.A. 1994, 91, 8822.

8. Jedlitschky, G.; Leier, I.; Buchholz, U.; Hummel-Eisenbeiss, ].; Burchell, B.;
Keppler, D. Biochem. J. 1997, 327, 305.

9. Gekeler, V.; Ise, W.; Sanders, K. H.; Ulrich, W. R.; Beck, ]. Biochem. Biophys. Res.
Commun. 1995, 208, 345.

10. Slot, A. J.; Wise, D. D.; Deeley, R. G.; Monks, T. J.; Cole, S. P. Drug Metab. Dispos.
2008, 36, 552.

11. Deeley, R. G.; Westlake, C.; Cole, S. P. Physiol. Rev. 2006, 86, 849.

12. Taniguchi, K.; Wada, M.; Kohno, K.; Nakamura, T.; Kawabe, T.; Kawakami, M.;
Kagotani, K.; Okumura, K.; Akiyama, S.; Kuwano, M. Cancer Res. 1996, 56, 4124.

13. Surowiak, P.; Materna, V.; Kaplenko, I.; Spaczynski, M.; Dolinska-Krajewska, B.;
Gebarowska, E.; Dietel, M.; Zabel, M.; Lage, H. Clin. Cancer Res. 2006, 12, 7149.

14. Compounds 1-4 were prepared following the reported procedures: (a)
Leistner, S.; Glitschow, M.; Wagner, G. Synthesis 1987, 466; (b) Pazdera, P.;
Preissova, 1. Chem. Papers 1992, 46, 396.

15. Standard compounds: MK571 was purchased from Merck, Darmstadt,
Germany, and all other chemicals from Sigma-Aldrich, Steinheim, Germany.

16. For estimation of MRP1 and MRP2 activity, the cell lines 2008 MRP1 and
MDCKII MRP2, respectively, and the corresponding wild-type cell lines were
used. Cells were harvested by trypsination and centrifuged. After resuspension
in medium the cells were counted with a Casy®1 cell counter Model TT
(Schaerfe System, Reutlingen, Germany). The cell density was adjusted to
300,000 per ml. Seventy microliters of the cell suspension containing 21,000
cells were transferred into a 96-well microplate. One column of wells was
without cells, only containing buffer, the next two following columns
contained the cell suspension, either wild-type or transfected cells. Into each
well, 10 uL of solutions of the test compounds in KHP at different
concentrations, 10 uL of a 10 uM cobalt sulfate solution in KHP, and 10 pL of
a 100-pM solution of XR9957 in KHP were added. After a 30-min
preincubation, each well was supplied with 33 pL of a calcein AM solution in
KHP to obtain a final concentration of 0.5 uM. Indomethacin was used as
positive control, for both MRP1 and MRP2 assays. For measuring P-gp activity,
the calcein accumulation assay was performed as described above, except that
XR9957 and cobalt ions were omitted. Instead, XR9957 served as a positive
control. A detailed description of the P-gp assay is given in: Mueller, H.;
Kassack, M. U.; Wiese, M. J. Biomol. Screen. 2004, 9, 506.

17. Olson, D. P.; Taylor, B. ].; vy, S. P. Cytometry 2001, 46, 105.

18. Cell lines: The human ovarian cancer cell line 2008 and the multidrug-resistant
cell line 2008 MRP1 were cultured in RPMI 1640 medium, supplemented with
10% fetal calf serum (FCS) and 1% antibiotics (100,000 units/L penicillin and
100 mg/L streptomycin). The Madin-Darby canine kidney cell line MDCKII and
the cell line MDCKII MRP2 transfected with the human MRP2 gene were
cultured in D-MEM with 10% FCS and 1% antibiotics. The human ovarian cancer
cell line A2780 and its P-gp overexpressing counterpart A2780 ADR were
cultured as specified for the 2008 cell lines. Expression of MRP1, MRP2 and P-
gp was confirmed by Western blot analysis (data not shown). All cells were
maintained at 37 °C in a humidified atmosphere containing 5% CO-.

19. The P-gp inhibitor XR9957 was synthesized according to the published
procedure: Roe, M.; Folkes, A.; Ashworth, P.; Brumwell, J.; Chima, L.; Hunjan,
S.; Pretswell, I.; Dangerfield, W.; Ryder, H.; Charlton, P. Bioorg. Med. Chem. Lett.
1999, 9, 595.

20. Jekerle, V.; Klinkhammer, W.; Reilly, R. M.; Piquette-Miller, M.; Wiese, M.
Cancer Chemother. Pharmacol. 2007, 59, 61.

21. Leier, L.; Jedlitschky, G.; Buchholz, U.; Cole, S. P.; Deeley, R. G.; Keppler, D. J. Biol.
Chem. 1994, 269, 27807.

22. Evers, R.; Kool, M.; van Deemter, L.; Janssen, H.; Calafat, J.; Oomen, L. C,;
Paulusma, C. C.; Oude Elferink, R. P.; Baas, F.; Schinkel, A. H.; Borst, P. J. Clin.
Invest. 1998, 101, 1310.

23. Hooijberg, J. H.; Broxterman, H. J.; Kool, M.; Assaraf, Y. G.; Peters, G. J.;
Noordhuis, P.; Scheper, R. J.; Borst, P.; Pinedo, H. M.; Jansen, G. Cancer Res. 1999,
59, 2532.


http://dx.doi.org/10.1016/j.bmcl.2008.07.127

	A 4-aminobenzoic acid derivative as novel lead for selective inhibitors of multidrug resistance associated resistance-associated proteins
	Acknowledgments
	Supplementary data
	References and notes


