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From our modulator library an interesting inhibitor of breast cancer resistance protein (BCRP) was iden-
tified. Due to its high inhibitory potency, this compound may serve as a promising novel lead for the
design of new and potent modulators. This adds a new structural class to the few known highly active

© 2009 Elsevier Ltd. All rights reserved.

The failure in cancer treatment is often associated with the
development of Multidrug Resistance (MDR). One important
MDR mechanism is the overexpression of certain ATP-binding cas-
sette (ABC) transporters, especially P-glycoprotein (P-gp), Multi-
drug resistance-associated protein 1 (MRP1) and the Breast
Cancer Resistance Protein (BCRP).! These transporters use the en-
ergy of ATP hydrolysis to decrease the intracellular accumulation
of structurally unrelated substances, thus conferring resistance to
a broad spectrum of cytostatic compounds.

BCRP, the most recently discovered ABC-transporter, belongs to
the ABCG subfamily.? It is composed of one single N-terminal intra-
cellular nucleotide binding domain followed by six transmem-
brane helices. BCRP is considered to be a half-transporter
achieving its functionality by either homo- or heterodimerization.?
Due to the expression of BCRP in excreting organs and physiologi-
cal barriers it is supposed to play a physiological role in the protec-
tion against xenobiotic compounds.*®

BCRP is capable of transporting large molecules with amphi-
philic character which can be positively or negatively charged.
Transported substrates are, for example, sulfated hormone metab-
olites, glucuronidated methotrexate® the anticancer drugs
mitoxantrone, topotecan, etoposid and flavopiridol.>’ One impor-
tant strategy to overcome BCRP-mediated resistance is the devel-
opment of potent inhibitors.

According to a classification scheme proposed by Belkacem
et al.® BCRP inhibitors can be divided into different classes. (i)
Compounds that present specific inhibitors, for instance fumitre-
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morgin C° as well as its nontoxic, synthetic analogue Ko143'°
and novobiocin;!! (ii) so called broad-spectrum modulators
which are able to interact with P-gp, BCRP and MRP1 showing
different inhibitory potencies. Recently it has been shown that
the powerful 3rd generation P-gp modulator XR9576 (tariqui-
dar) is also capable to inhibit BCRP function.'” Another impor-
tant subgroup of the broad-spectrum blockers contains
naturally occurring flavonoids and derivatives like 6-prenylchry-
sin or tectochrysin which were identified as potent BCRP mod-
ulators.”® Among the broad-spectrum blockers, tyrosine-kinase
inhibitors like imatinib and gefitinib'* form a second interesting
subgroup.

Very recently, potent and selective inhibitors of BCRP derived
from the P-gp modulator XR9576 have been reported by Kiihnle
et al.'> Minor structural modifications led to a change from P-gp
to BCRP inhibition. The increase in activity against BCRP was found
to be associated with a shift of the hetarylcarboxamido group from
the ortho to the meta position and the introduction of an ester
group on the central aromatic core.

Actually, there are only few highly active inhibitors of BCRP
known to date, therefore medicinal chemists have to be encour-
aged to focus on the development of new and potent BCRP modu-
lators. In this study we present a new promising lead for the design
of BCRP modulators with high biological activity.

From our modulator library new compounds which are struc-
turally related to XR9576'®!7 were identified inhibiting BCRP at
low micro molar concentrations. These modulators contain a tetra-
hydroisoquinoline-ethylphenyl substructure which is connected
via an amide or urea linker to a hydrophobic part. In our present
study, the influence of different linker types was investigated.
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Regarding their basic structures the compounds can be divided
into five subgroups (Fig. 1). Representatives from subgroups 1 and
2 contain only one urea or amide substructure resulting in a molec-
ular weight of only about 400 Da. Subgroups 3, 4 and 5 include
compounds with two linkers; either identical or different plus an
additional aromatic ring system leading to higher molecular
weight (Fig. 1).

The Hoechst 33342 assay'®!° served as an appropriate test sys-
tem to determine the inhibitory activity against BCRP in MCF-7 MX
cells.?%2! The substances were additionally analyzed with the BCRP
specific substrate pheophorbide A by flow cytometry detection
using stably transfected MDCK BCRP cells.?2724 Table 1 includes
the structural features of the studied compounds together with
the inhibitory potencies obtained in the Hoechst 33342 and in
the pheophorbide A assays which are highly correlated
(r> =0.97). Further, Table 1 contains the ICso-values of standard
compounds like the nontoxic fumitremorgin C analogue Ko143,
the aminocoumarin antibiotic novobiocin and the broad spectrum
inhibitors XR9576 (tariquidar), GF120918 (elacridar), gefitinib and
imatinib. While the ICsq values in both cell lines are generally in
good agreement, Ko143 proved to be threefold more potent in
MDCK BCRP cells than in MCF-7 MX cells. To verify, whether this
is due to the different substrates or to the cell lines, Ko143 was
measured in MDCK BCRP cells with Hoechst 33342 as substrate,
and an ICsg value of 98 nM was determined. Therefore the discrep-
ancy seems to be more cell-line dependent.

The inhibitors were also investigated against P-gp using the cal-
cein AM?® and Hoechst 33342 assays.?! The XR analogues inhibited
P-gp function (for more detailed information see Refs.!7:19-26),
Additionally, our compounds were analyzed for their potential
interaction with MRP1 applying the calcein AM assay.?> Most of
the compounds led to no inhibition of MRP1 up to 10 uM. Only
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substances 4a, 4b and 5 behaved as very weak MRP1 modulators
with extrapolated ICsp-values >20 pM. In agreement with tariqui-
dar, the compounds of the present study should be classified as
broad spectrum or dual inhibitors.

With regard to substances based on scaffold 1, derivatives with
an ortho-nitro substituent (compounds 1a and 1b) are clearly more
potent than their corresponding amino-analogues (compounds 1d
and 1e). The activity increases when the nitro group is shifted to
the para-position (compound 1c). The reduction of the nitro to
an amino group leads to an approximately 20-fold decrease of
the inhibitory potency (compound 1f).

Concerning the representatives of subgroup 2 only minor differ-
ences between the biological activities of derivatives carrying an
ortho-nitro or ortho-amino substituent were observed. In accor-
dance with the urea derivatives (scaffold 1) the localization of
the nitro-group is essentially directing an interaction with BCRP.
Substances 2a and 2b are about 10-fold less active than compound
2c. Again, reduction of the nitro to an amino group in para-position
leads to a strong decrease of activity (compound 2f). In Figure 2A
the favored conformations of compounds 1b and 2b are depicted
which were optimized using the MMFF94s force field.?’

In case of the urea derivative (green) the planar conformation is
highly stabilized by a hydrogen bond between the nitro group and
the urea nitrogen atom, while for the corresponding amide deriva-
tive two conformations, one forming a seven-membered ring
hydrogen bond, as shown in Figure 2A, and another with a nitro
group pointing ‘down’ are of nearly equal energy. In both confor-
mations the terminal phenyl ring is tilted by 45° out of the plane.
Also, the position of the nitro groups in the conformations shown
in Figure 2A differs by 3 A between 1a/b and 2a/b, which also
may influence their inhibitory potencies. For the corresponding
ortho-amino derivatives the picture is reversed. The ortho-amino
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Figure 1. Basic structures of the investigated compounds.
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Table 1

Structural features and ICsg-values of the investigated compounds

A. Pick et al./Bioorg. Med. Chem. Lett. 20 (2010) 180-183

Compds R! R? ICso (+SD) pM?* MCF-7 MX Hoechst assay ICso (+SD) pM?* MDCK BCRP pheoA assay
Scaffold 1

1a H 2-Nitrophenyl 6.76 (+£0.44) 8.71 (¥2.37)
1b OCH3 2-Nitrophenyl 10.2 (£5.9) 9.08 (+3.29)
1c OCH3; 4-Nitrophenyl 3.89 (+2.26) 2.61 (+1.41)
1d H 2-Aminophenyl 102 (x18) 74.1 (£13.9)
1e OCH; 2-Aminophenyl 66.1 (£9.4) 58.4 (+13.6)
1f OCH3; 4-Aminophenyl 74.1 (£12.1) 46.4 (+12.9)
Scaffold 2

2a H 2-Nitrophenyl 51.3 (£5.1) 457 (£21.9)
2b OCH3; 2-Nitrophenyl 77.6 (£8.7) 40.0 (x11.1)
2c OCH3 4-Nitrophenyl 6.92 (£1.62) 4.38 (+1.70)
2d H 2-Aminophenyl 17.8 (+1.45) 209 (£10.4)
2e OCH3 2-Aminophenyl 324 (1.3) 20.7 (£11.1)
2f OCH3 4-Aminophenyl 219 (#45) 98.2 (¥11.2)
Scaffold 3

3 OCH3; 3,4-Dimethoxyphenyl 10.2 (¥6.1) 6.98 (£3.11)
Scaffold 4

4a OCH3 3,4-Dimethoxyphenyl 0.93 (+0.28) 0.86 (+0.13)
4b H 4-nitrophenyl 0.69 (+0.34) 0.63 (+0.29)
Scaffold 5

5 OCH3 4-Nitrophenyl 0.54 (+0.02) 0.50 (+0.08)
Ko143 0.23 (+0.06) 0.074 (+0.016)
Novobiocin 85.1 (£15.8) 104 (212)
XR9576 0.68 (+0.05) 0.85 (+0.07)
GF120918 0.40 (£0.03) 0.43 (£0.03)
Gefitinib 1.10 (+0.44) 1.26 (+0.23)
Imatinib 4.07 (¥1.34) 3.38 (¥1.90)

2 Values are means of three independent experiments, standard deviations are given in parentheses. Hoechst = Hoechst 33342; pheoA = pheophorbide A assay.

Figure 2. (A) Superposition of the favored conformations of the compounds 1a
(green), 2a (magenta) and 2d (blue) pointing out that substance 1a adopts a more
planar conformation with regard to R? than its corresponding analogue 2a or the
amino-derivative 2d. (B) Superposition of representatives with scaffolds 3-5. The
urea linker of compound 3 (green) induces an orientation of R? which is clearly
deviating from that of compounds 4b (magenta) and 5 (blue).

amide derivative 2d can adopt a more planar conformation stabi-
lized by a hydrogen bond, although a conformation with opposite
orientation of the substituent has the same energy. This observa-

tion supports our assumption, that a more planar arrangement of
the two phenyl rings is favorable for BCRP inhibition.

The presence of methoxy groups in position 6 and 7 of the tet-
rahydroisoquinoline substructure seems to possess only a minor
influence on activity.

Compound 3 contains an additional aromatic substituent,
whose introduction intensifies the interaction with BCRP moder-
ately, in comparison with the amino-analogue based on scaffold
1 (compound 1e).

However, when the urea linker of compound 3 is replaced by an
amide group as in compound 4a the ICso-value decreases remark-
ably. Altering the 3,4-dimethoxy- into an electron withdrawing
para-nitro substituent the activity remains unchanged (compound
4b).

Among the investigated substances compound 5 was identified
as the most potent modulator with an ICsy value of about 500 nM
in both assays. In comparison with the derivatives based on scaf-
fold 3 the linkers are mutually exchanged.

In Figure 2B the energetically optimized structures of represen-
tatives with scaffolds 3-5 are given. The presence of the urea sub-
structure as in compound 3 (green) leads to two preferred
conformations within this part. The lowest energy is obtained for
a hydrogen bond between urea NH and the carbonyl oxygen of
the adjacent amide group, while the opposite hydrogen bonding
from carbonyl oxygen of the urea to the amide NH is disfavored
by 2 kcal/mol. In both conformations R? shows an orientation
which strongly deviates from those of the substances 4b (magenta)
and 5 (blue), apparently having a negative influence on activity.

In Figure 3 a typical concentration-response curve of substance
5 is illustrated together with the most potent BCRP inhibitor
Ko143, the less active, specific modulator novobiocin and the broad
spectrum modulator XR9576 (tariquidar). Due to the high biologi-
cal activity of compound 5 this modulator can be regarded as
promising lead for the design of new and highly active BCRP inhib-
itors in future.
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Figure 3. Comparison of the inhibitory potencies of Ko143, XR9576 (tariquidar),
novobiocin and compound 5 carried out with the Hoechst 33342 assay in MCF-7
MX cells. pICso (Kol143)=6.65+0.03 (open circles), pICsp (compound
5)=6.26+0.02 (closed circles), pICso (XR9576)=6.17 £0.02 (closed squares),
plCsp (novobiocin)=4.21+0.04 (closed triangles). Data shown represents one
typical experiment out of a series of three independent experiments.
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MCF-7 MX cells were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 50 pl/ml streptomycin and 50 U/ml penicillin G (1% in cell
culture medium). Cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO,. When achieving a confluence of 80-90% cells were treated
with trypsin-EDTA before subculturing. Every 5th passage mitoxantrone
(0.1 pM final concentration) was added to the cell culture medium to maintain
ABCG2 overexpression. Before performing an experiment, mitoxantrone was
removed from the cell suspension and cells were cultivated at least one passage
in the absence of the cytostatic drug.

Determination of the inhibitory potencies: For the investigation of MCF-7 MX
cells the Hoechst 33342 assay was used. After a confluence of 80-90% was
reached cells were harvested by gentle trypsination and centrifuged. (1200 rpm,
4 °C, 4 min). Subsequently, the cell pellet was resuspended in fresh culture
medium and the cell density was determined using a Casy  Model TT cell counter
device (Schaerfe System GmbH, Reutlingen, Germany). Followed by another
centrifugation cells were washed three times with Krebs-Hepes buffer and
seeded into black 96 well plates (Greiner, Frickenhausen, Germany) at a density
of approximately 20,000 cells per well in a volume of 90 pl. Into each well, 10 pl
of various test compounds in different concentrations were added to a total
volume of 100 pl. The prepared 96 well plate was kept under 5% CO, and 37 °C for
30 min. After this preincubation period, 20 pl of a 30 M Hoechst 33342 solution
(protected from light) was added to each well. Fluorescence was measured
immediately in constant intervals (120s) up to 4500s at an excitation
wavelength of 355 nm and an emission wavelength of 460 nm applying a
37 °C tempered BMG POLARstar microplate reader. The upper plateau value
(Ymax-value) of each fluorescence-time curve was determined based on one-
phase exponential curve fitting. The obtained Ynax-values were defined as
responses. From these data, concentration-response curves were generated by
nonlinear regression using the 4-parameter logistic equation with variable Hill
slope (GraPHPAD PRISM 5.0 software, San Diego, CA).

Merino, G.; Jonker, J. W.; Wagenaar, E.; van Herwaarden, A. E.; Schinkel, A. H.
Mol. Pharmacol. 2005, 67, 1758.

For the functional investigation of MDCK BCRP cells the pheophorbide A assay
was applied. Cells were harvested as described above. After adding different
concentrations of the modulators, the fluorescence was measured after a
120 min incubation period with pheophorbide A (final concentration 0.5 uM)
applying flow cytometry detection (FACS Calibur, Becton Dickinson,
Heidelberg, Germany). Pheophorbide A was excited at a wavelength of
488 nm, and emission was detected in the FL; channel (633 nm). Cell debris
or dead cells were eliminated by gating on forward versus side scatter. The
measured fluorescence was defined as response to generate concentration-
response curves corresponding to the procedure described above.

We confirmed the overexpression of BCRP in MCF-7 MX and MDCK BCRP cells
applying the BCRP specific antibody 5D3 which recognizes an external epitope
of BCRP. Following the manufactures preparation procedure equal quantities of
MCF-7 MX, MCF-7, MDCK and MDCK BCRP cells were analyzed by flow
cytometry detection. The results, presented as geometric means of
fluorescence, prove that BCRP is highly overexpressed in MCF-7 MX (215 * 3)
and MDCK BCRP cells (215 * 3). The labeling of MCF-7 (9.7 £ 0.4) and MDCK
cells (9.8 +£0.3) was negligible illustrating that BCRP is not present in these
cells.

The cells were prepared as described above and seeded into colorless 96-well
plates (Greiner, Frickenhausen, Germany) at a density of approximately 30,000
cells per well (one well including 90 pul cell suspension and 10l test
compound solution). After the preincubation period with the test
compounds, 33 pl of a 1.25 uM calcein AM solution which was protected
from light was added to each well. The fluorescence was detected immediately
at constant time intervals (120 s) up to 46 min at an excitation wavelength of
485 nm and an emission wavelength of 520 nm applying a 37 °C tempered
BMG POLARstar microplate reader. The fluorescence-data points were
measured up to 46 min and the slopes were calculated by linear regression
and used as dependent parameters. From these data concentration-response
curves were generated by nonlinear regression using the 4-parameter logistic
equation with variable Hill slope (crapHPAD PrRISM 5.0 software, San Diego, CA).
Miiller, H.; Pajeva, I. K.; Globisch, C.; Wiese, M. Bioorg. Med. Chem. 2008, 16,
2456.

As no X-ray data of the compounds were available, the energy minimized
conformers were generated using stochastic search. In the stochastic search
the MMFF94s force field was applied with the default sysyL settings. To ensure a
better sampling of conformational space the following parameters were
defined: energy cut off 10 kcal/mol, failure limit 200 (continuous number of
attempts to generate a new conformation), RMS tolerance 0.5, iteration limit
20,000, and minimization iteration limit 2000.



	Novel lead for potent inhibitors of breast cancer resistance protein (BCRP)
	Acknowledgements
	References and notes


