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ABSTRACT: Recently reported compounds such as UR-COP78 (6) are among the most
potent and selective ABCG2 modulators known so far but are prone to rapid enzymatic
cleavage at the central benzanilide moiety. In search for more stable analogues, according to a
bioisosteric approach, a series of N-(biphenyl-3-yl)quinoline carboxamides was prepared by
solid phase and solution phase synthesis. The biphenyl moiety was constructed by Suzuki
coupling. Inhibition of ABCB1 and ABCG2 was determined in a calcein-AM and a Hoechst
33342 microplate assay, respectively. Most synthesized compounds selectively inhibited the
ABCG2 transporter at submicromolar concentrations with a maximal inhibitory effect (Imax)
over 90% (e.g., UR-COP228 (22a), IC50 591 nM, Imax 109%; UR-COP258 (31), IC50 544
nM, Imax 112%), though with lower potency and selectivity than 6. The biphenyl analogues
are considerably more stable and demonstrate that the benzanilide core is not a crucial structural feature of quinoline
carboxamide-type ABCG2 modulators.
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Expression of ATP-binding cassette (ABC) transporters
such as ABCB1 (p-glycoprotein, p-gp), ABCC1 (MRP1),

or ABCG2 (breast cancer resistance protein, BCRP) is
associated with multidrug resistance (MDR).1,2 Additionally,
as numerous cytostatics are substrates, the chemotherapy of
malignant brain tumors compromises efflux pumps at the
blood−brain barrier, especially ABCB1 and ABCG2. By
analogy with an approach described for ABCB1,3,4 coadminis-
tration of ABCG2 inhibitors and appropriate cytostatics might
be useful to overcome MDR and to improve the chemotherapy
of malignancies in the CNS.5

Compared to ABCB1 modulators, the number of reported
ABCG2 inhibitors is still limited. An analogue of the natural
compound fumitremorgin C (1),6 Ko143 (2),7 is known as one
of the most potent and selective ABCG2 inhibitors (Chart 1),
whereas elacridar (3, GF120918)8 and tariquidar (4,
XR9576)9,10 are dual ABCB1 and ABCG2 modulators.
Recently, we described the synthesis of a new class of potent
and selective ABCG2 modulators derived from 4 (Chart 1).11,12

Compound 5, in which the quinoline-carboxamido residue was
shifted to the meta-position at the benzamide core and the two
methoxy groups were replaced by a methyl carboxylate, is
highly selective for ABCG2 with an IC50 value in the low
nanomolar range (65 nM) and a maximal inhibitory effect of
63% (Hoechst 33342 assay) relative to fumitremorgin C
(100%).13 The maximal response increased to about 90% when
one of the methoxy groups on the tetrahydroisoquinoline
moiety was replaced by a triethylenglycol chain (6),12

indicating that water solubility was limiting the efficacy in this
class of compounds. When characterized in more detail with
respect to studies on human tumor xenograft models in nude
mice, surprisingly, compounds 5 and 6 proved to be unstable in
mouse plasma, due to rapid enzymatic cleavage at the
benzanilide group, whereas the ester group remained
unchanged under these conditions.13

As part of a project aiming at more stable ABCG2 inhibitors,
the replacement of the labile benzanilide core in 5 and 6 was
considered to be a promising bioisosteric approach. Here, we
report on N-biphenylyl quinoline carboxamides, which were
synthesized by analogy with a previously developed solid phase
synthesis protocol.12

As shown in Scheme 1, 4-bromo-2-nitrobenzoic acid 7 was
attached to Wang resin using EDC·HCl. Reduction of the nitro
group and acylation with quinoline-2- or quinoline-6-carbonyl
chloride 10a,b (freshly prepared) led to the resin bound amides
11a,b. In the next step, the biphenyl system was constructed via
Suzuki coupling between 11a,b and commercially available 4-
(hydroxymethyl)phenylboronic acid. Biphenyl derivatives 12a,b
were mesylated at the hydroxy group and substituted by the
tetrahydroisoquinolines 14−18.12 Finally, cleavage of the resin
with TFA/DCM (1:1) and treatment of the obtained
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carboxylic acids with trimethylsilyldiazomethane (TMSCHN2)
led to the desired methyl esters 19a,b−21a,b, 22a, and 23a.
The synthesized compounds were obtained in acceptable to

low overall yields, mainly due to incomplete coupling between
11a,b and the boronic acid as confirmed by NMR analysis of
byproducts. All analogues bearing a tetrahydroisoquinoline with
a triethylenglycol chain showed increased water solubility.
In addition, several homologues were synthesized retaining

the methyl ester and the quinoline-2-carboxamido substituents

as characteristic features of compounds 5 and 6.11,12

Compounds 28−31, in which the length of the linker between
the tetrahydroisoquinoline moiety and the biphenyl motif was
extended by one methylene group, were synthesized in solution
starting from methyl 2-amino-4-bromobenzoate 24 and 4-[2-
(tert-butyldimethylsilyloxy)ethyl]phenylboronic acid14

(Scheme 2).
ABCB1 and ABCG2 inhibitory activity of compounds

19a,b−21a,b, 22a, 23a, and 28−31 as well as of reference
compounds were investigated in a calcein-AM (ABCB1)15 and
a Hoechst 33342 (ABCG2) microplate assay13 using ABCB1-
overexpressing Kb-V1 and ABCG2-overexpressing MCF-7/
Topo cells. The data are summarized in Table 1.
Elacridar strongly inhibited both transporters without

preference for one of the two targets, whereas tariquidar was
almost equipotent with elacridar at ABCB1, but about four
times less potent at ABCG2. The potent ABCG2 inhibitor
Ko143 (2)7 was inactive at the ABCB1 transporter and showed
an IC50 of 117 nM with a maximal inhibitory effect comparable
to that of fumitremorgin C (1). Compounds 5 (UR-ME22-1)
and 6 (UR-COP78) were comparable to Ko143 regarding
potency and selectivity but produced a lower maximal response,
especially in the case of the poorly soluble dimethoxytetrahy-
droisoquinoline 5.
All newly synthesized compounds showed a marked

preference for ABCG2 inhibition. Compounds 19a, 20a, 21a,
and 23a were even inactive at the ABCB1 transporter. Whereas
the IC50 values (∼600 nM,) of compounds 19b and 22a were
comparable to that of tariquidar, the maximal inhibitory effects
were significantly higher, achieving 94% and 109% relative to
fumitremorgin C (1). Except for 21b, all modulators showed a
maximal ABCG2 inhibition of about 90% or higher. Compound
22a, the most potent modulator in this series, only showed a
marginal maximum inhibition of 20% at the ABCB1 trans-
porter.

Chart 1. Structures of ABCG2 Modulators

Scheme 1. Solid Phase Synthesis of N-(Biphenyl-3-yl)-Substituted Quinoline Carboxamides 19a,b−21a,b, 22a, and 23aa

aReagents and conditions: (i) 4-bromo-2-nitrobenzoic acid 7, EDC·HCl, DMAP, DMF/DCM 1/1, rt, overnight; (ii) SnCl2·2H2O, DMF, 80 °C,
overnight; (iii) quinoline carbonyl chlorides 10a,b, DIPEA, DCM, rt, 12 h (twice); (iv) 4-(hydroxymethyl)phenylboronic acid, Pd(PPh3)4, K3PO4,
DME, 80 °C, 21 h; (v) MsCl, DIPEA, DCM, rt, 6 h; (vi) tetrahydroisoquinolines 14−18, THF, 80 °C, 21 h; (vii) TFA/DCM (1:1), rt, 30 min
(twice); (viii) TMSCHN2, PhH/MeOH (1:1), rt, 1 h.
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The potency of compounds 28−31 was not increased
compared to that of the lower homologue 22a. The results in
the Hoechst 33342 assay were comparable to those for
compounds 19a,b−21a,b, 22a, and 23a, suggesting that the
distance between the tetrahydroisoquinoline core and the biaryl
moiety may be varied within this class of ABCG2 modulators.

Compounds 22a, 30, and 31 showed higher IC50 values
compared to all the reference compounds, but with respect to
the maximal inhibitory effects, they were superior to tariquidar,
elaquidar, and compounds 5 and 6, and comparable to Ko143
(2) (Figure 1). In general, the addition of one or two

triethylene glycol chains at the tetrahydroisoquinoline core
increased the inhibitory activity compared to tariquidar,
elacridar, and compound 5 due to higher water solubility.
Investigations on the stability under physiological conditions

(mouse plasma) revealed that compounds 513 and 6 were
enzymatically completely degraded at the benzanilide within 30
min. To increase the stability, the benzanilide was replaced by
the biphenyl system. In this new series of modulators, the ester
group is prone to enzymatic cleavage resulting in the inactive
carboxylic acid. However, hydrolysis of the ester occurs much
slower than cleavage of the benzanilide: regarding stability in
mouse plasma (cf. Supporting Information), all biphenyl-type
modulators had a half-life of about 24 h compared to 10 min in
the cases of compounds 5 and 6. Additionally, the quinoline
carboxamide group was cleaved, though to a very small extent.

Scheme 2. Solution Phase Synthesis of the N-(Biphenyl-3-yl)quinoline Carboxamides 28−31a

aReagents and conditions: (i) methyl 2-amino-4-bromobenzoate 24, 4-[2-(tert-butyldimethylsilyloxy)ethyl]phenylboronic acid, Pd(PPh3)4, K3PO4,
THF, 80 °C, 15 h; (ii) quinoline-2-carbonyl chloride 10a, TEA, DCM, 40 °C, overnight; (iii) TBAF, THF, rt, 3 h; (iv) MsCl, TEA, DCM, rt, 5 h;
(v) tetrahydroisoquinolines 14, 15, 17, and 18, CH3CN, 80 °C, overnight.

Table 1. Inhibition of ABC Transporters by Reference
Compounds 1-6 and Quinoline Carboxamides 19a,b−21a,b,
22a, 23a, and 28−31

ABCB1a ABCG2b

compd IC50 (nM)c IC50 (nM)c Imax
d (%)

1, fumitremorgin C n.d. 731 ± 92 100
2, Ko143e inactivef 117 ± 53 103 ± 7
3, elacridare 193 ± 18 127 ± 41 63 ± 7
4, tariquidare 223 ± 8 526 ± 85 69 ± 5
5, UR-ME22-1e >29000g 65 ± 8 63 ± 2
6, UR-COP78h >50000 130 ± 29 88 ± 3
19a inactivef 1461 ± 169 85 ± 7
19b 4490 ± 160 641 ± 175 94 ± 2
20a inactivef 943 ± 79 87 ± 5
20b 10900 ± 170 1540 ± 110 92 ± 6
21a inactivef 1031 ± 170 114 ± 20
21b 18000 ± 1560 237 ± 65 67 ± 1
22a, UR-COP228 1230 ± 30i 591 ± 87 109 ± 8
23a inactivef 839 ± 105 103 ± 3
28 inactivef 1100 ± 156 90 ± 2
29 inactivef 3214 ± 1050 126 ± 15
30 5420 ± 230j 760 ± 67 98 ± 6
31, UR-COP258 5990 ± 520j 544 ± 53 112 ± 19

aCalcein-AM microplate assay (unless otherwise indicated) using
ABCB1-overexpressing Kb-V1 cells. bHoechst 33342 microplate assay
using ABCG2-overexpressing MCF-7/Topo cells. cMean values ±
SEM calculated from two to three independent experiments
performed in triplicate, unless otherwise indicated; n.d.: not
determined. dMaximal inhibitory effects are expressed as percental
inhibition caused by the highest concentration of the compound tested
(70 or 100 μM, respectively) relative to fumitremorgin C (1) at a
concentration of 10 μM (100% inhibition). eRef 13. fNo effect up to a
concentration of 100 μM. gData from flow cytometric calcein-AM
assay.13 hRef 12. iMaximum inhibition corresponds to 20% of the
maximal response to tariquidar (1 μM). jA 50% maximal inhibitory
effect relative to tariquidar (1 μM).

Figure 1. Concentration dependent inhibition of the ABCG2
transporter in MCF-7/Topo cells (Hoechst 33342 assay) by Ko143
(2), tariquidar (4), UR-ME22-1 (5), UR-COP228 (22a), and UR-
COP258 (31). The inhibition is expressed as % relative to the maximal
inhibition of ABCG2 by 10 μM of fumitremorgin C (1).
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In conclusion, the presented solid and solution phase
syntheses are straightforward methods to give convenient
access to N-biphenylyl-substituted quinoline carboxamides.
Among the prepared compounds, 22a and 31 were the most
potent and selective ABCG2 inhibitors. A prominent feature of
these ABCG2 modulators is their higher maximal inhibitory
effect, by far surpassing that of tariquidar-related compounds
and even surmounting that of the reference substance
fumitremorgin C. This again supports the hypothesis that
water solubility is the limiting factor with respect to efficacy of
previously reported ABCG2 modulators. Additionally, taking
into consideration the improved stability, the results demon-
strate that the benzanilide core structure is not essential but can
be replaced by a biphenyl moiety. This suggests that
optimization of the drug-like properties is possible according
to bioisosteric concepts to obtain potent and selective ABCG2
modulators for coadministration with cytostatics in orthotopic
brain tumor xenograft models in nude mice.
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