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Benzoyl indoles as ABCG2 reversal compounds hagatgr synthetic tractability and

metabolic stability than the potent ABCGZ2 inhibjtin143.
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Abstract

Ko143, a potent ABCG2 inhibitor that reverses nalultg resistance, cannot be used
clinically due to its unsuitable metabolic stalyil¥Ve identified benzoyl indoles as
reversal agents that reversed ABCG2-mediated nuglicesistance (MDR), with
synthetic tractability and enhanced metabolic $tglmompared to Ko143. Bisbenzoyl
indole2 and monobenzoyl indosignificantly increased the accumulation of
mitoxantrone (MX) in ABCG2-overexpressing NCI-H4BD{20 cells, and sensitized
NCI-H460/MX20 cells to mitoxantrone. Mechanistiadies were conducted b3H]-MX
accumulation assay, Western blot analysis, immuoofiscence analysis and ABCG2
ATPase assay. The results revealed that the réeffisacies of compound®and8 were

not due to an alteration in the expression levéboalization of ABCG2 in



ABCG2-overexpressing cell lines. Instead, compouhalisd8 significantly stimulated
the ATP hydrolysis of ABCG2 transporter, suggesthng these compounds could be
competitive substrates of ABCG2 transporter. Ovettad results of our study indicated
that compound& and8 significantly reversed ABCG2-mediated MDR by blickthe

efflux of anticancer drugs.

Keywords
ABCG?2 transporter; Multidrug resistance; Benzoylales; Metabolic stability; Reversal

agents

Introduction

Multidrug resistance (MDR) is characterized by tésistance of cancer cells to drugs
that are structurally and mechanistically distifi¢tThere are several different factors
that contribute to MDR, including enhanced drudueffdecreased cellular uptake, drug
detoxification, altered drug target, enhanced DMpair, apoptosis inhibition, and altered
cell cycle check point$:® ATP-binding cassette transporters (ABC transpoyies a
superfamily of proteins that transport various s$t#tes by utilizing the energy of ATP
hydrolysis.” ABCG2, as a G-subfamily member of ABC transpoiiteg
‘half-transporter’, with one nucleotide binding daims (NBD) and one transmembrane
domain (TMD) fused to a single polypeptide chéifihe functional form of the ABCG2
transporter is a homodimérThe ABCG2 transporter is localized in the bloodibr

barrier (BBB), blood-testis barrier (BTB), bloodapkntal barriers (BPB), blood-retinal
2



barriers (BRB), and the luminal surface of livenakculi and renal proximal convoluted
tubules°*The ABCG2 transporter, due to its localization e surfaces of excretory
organs can alter the absorption, distribution, imatam, and elimination (ADME) of
certain drugs' **The substrates of the ABCG2 transporter are piiynaydrophobic
and are either negatively or positively chargedeuooles, e.g., mitoxantrone (MX),
methotrexate, topotecan, flavopiridol and SN-S& has been shown that the
overexpression of ABCG2 transporter in certain eansignificantly decreases or
abrogates the efficacy of various chemotherapelutigs.** *°

Ko0143 Figure 1) was found to be the most potent inhibitor of ABCG2
transporter ® A major problem associated with Ko143 was the fotal yield (5%) as its
synthesis required a multi-step synthesis metHotPFurthermore, Ko143 was rapidly
metabolized to a compound that lacked efficacyraislaibitor of the ABCG2 transporter.
¥ Thus, in order to develop efficacious ABCG2 intobs, it is essential to find
compounds that can be easily synthesized thatdnaudable pharmacokinetic profile.

Jackson et al. determined the cryo-EM structu®BE G2 protein (PDB: 6ETI)
bound to a Ko143 analoly|Z29, and two Fabs.The result indicated that the —NH group
of the indole ring in the Ko143 analog formed adogen bond with Asn436 and the
methoxy group formed a hydrogen bond with Thr43%ug[ the indole and methoxy

group may be important in the interaction of thel¥® analogs and ABCG2. In this

study, we simplified the structure of Ko143 to athhexy benzoyl indoleKigure 1),



which has a molecular size similar to Ko143 butwhitgher conformational flexibility. In
addition, a benzoyl naphthalene compouridire 1) was synthesized to elucidate the

importance of the indole group in reversing ABCGe&diated drug resistance.
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Figure 1. Simplifying Ko143 to benzoyl indole

Since Ko143 is rapidly metabolized to an inactompound in the plasma, the
metabolic stability of the indole derivatives woldd a major concern. Previously, it has
been shown that the benzoyl indole, BPROLOi§re 2), has a half-life of 2.8 h in
plasma following the oral administration of 20 mmjik rats ?° Therefore, we
hypothesized that benzoyl indoles could be devel@sea new series of ABCG2 reversal

compounds with an improved pharmacokinetic profile.

BPROL075

Figure 2. The structure of BPROLO75



Results and discussion

Chemistry. The general method used to synthesize the indoieadiees in this
study is shown ilscheme 1The synthesis involves a straightforward reactequence.
Initially, the acylation reaction was performediwihe use of methoxy indoles and
methoxy benzoyl chloride in the presence of PG@H AICk. Secondly, the
hydroxy-substituted compounds were afforded bydéggrotection of the methoxy groups.
The synthesis of 3-acylindoles has recently gaswtsiderable attention as 3-substituted
indoles are not only significant therapeutic commgibut are also used as synthetic
intermediates for alkaloid synthesi$.?? Several methods for the synthesis of
3-acylindoles have been reported, including FrieGedfts or Vilsmeier—Haack
acylations, the acylation of indole Grignard reagem 3-indolylzinc chloride, and the
use of iminium ions, dialkoxycarbenium, or N-(2-Getyl)-pyridinium salts?®>=*

The synthetic route of the indole derivatives isvgh inScheme 1The indoles
reacted with acyl chloride in the presence of Al&id PO to obtain compounds-12
(Scheme 1 Interestingly, when we synthesized benzoyl iedgwe obtained 4-OMe
bisbenzoyl indol& in the same reaction. Similar results occurretthénsynthesis d3,
where 2,4-OMe bisbenzoyl indoflevas obtained. The corresponding hydroxy
compoundd 3-23were synthesized by demethylation of compoulrd® with boron
tribromide. In addition, the benzoyl naphthalenenpound24 (Table 1) was synthesized

as a control to elucidate the importance of theledroup in reversing



ABCG2-mediated multidrug resistance. Compo@ddavas synthesized by the acylation
of methoxy naphthalene in the presence of ARIld POG. The structures of all the
synthesized compounds were confirmed by HRMS (hegblution mass spectrometry),
IR (infrared radiation)*H, **C NMR and HMBGheteronuclear multiple bond

correlation) data.
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Scheme 1. Synthesis of indole derivatives

The determination of the ABCG2 reversal activity ofthe indole derivatives at
selected (non-toxic) concentrations

The structure of indole derivatives and the seleation-toxic concentration is
shown inTable 1andTable 2. The selective concentration is the concentratian dird
not decrease the viability of the parental NCI-H4®@ drug-resistant NCI-H460/MX20
cell lines by more than 20%. NCI-H460/MX20 celldinoverexpressing ABCG2 was
selected by MX3? The reversal efficacies of the indole derivativese determined

(Figure 3) at the selected concentrations by determininig #iect on the intracellular
6



levels of mitoxantrone (2.8M), a substrate of the ABCG2 transportehs shown in
Figure 3, 2.5uM of MX alone produced a 243% inhibition of the proliferation of
NCI-H460/MX20 cells and the efficacy of MX increasehen combined with the
different indole derivatives. For example, MX (2.8) inhibited the proliferation of
NCI-H460/MX20 cells by more than 87% when combimeth the monobenzoyl indoles
7, 8,13, 15and17, or the bisbenzoyl indolésand4 at the selected concentrations.
However, the benzoyl naphthale2# (25 pM) did not significantly increase the effigac
of 2.5uM of MX. The reversal efficacy of 2,4-OMe benzowphthalen@4 was lower
than that of 2,4-OMe benzoyl indol8s9 and12. Most of the methoxy indoles have
greater reversal efficacies than the corresponiyagoxy indoles except methoxy
indolesl, 3 and6. Interestingly, 5-OMe indole compoun8g4-OMe phenyl)9
(2,4-OMe phenyl), andO (3,4,5-OMe phenyl) showed greater reversal effesathan
those corresponding 4-OMe indole compouhd3and5, respectively. However, the
4-OH indole compounds3 and15 showed better reversal efficacies than those 5-OH
indole compound49 and20, respectively. Among the 5-OMe indole compou6d$l,
compound¥ and8 with 3-OMe and 4-OMe benzoyl group, respectivabd better
reversal efficacies than the other indoles. Thevalesults indicated that the reversal
efficacies of the indole compounds are influencedhle position and hydrophilicity of
the substituents at the indole ring and the bengmup. However, the benzoyl

naphthalen24 (25 uM) did not significantly increase the effigadf 2.5uM of MX. The



reversal efficacy of 2,4-OMe benzoyl naphthal@dsevas lower than that of 2,4-OMe

benzoyl indoles, 9 and12, suggesting that the indole group was criticaltf@r reversal

of ABCG2-mediated multidrug resistance.

Table 1. The structure and the selected concentration of monobenzoyl indoles and benzoyl

naphthalene

="
R
N
” MeO

Scaffold A

MeO

*Selected *Selected
Compd. R R? concentration  Compd. R R? concentration

(1M) (1M)

1 4-OMe 4-OMe 10 13 4-OH 4-OH 25
3 4-OMe 2,4-OMe 25 15 4-OH 2,4-OH 25
5 4-OMe 3,4,5-OMe 1 16 4-OH 3,4,5-OH 25
6 5-OMe 2-OMe 1 17 5-OH 2-OH 25
7 5-OMe 3-OMe 10 18 5-OH 3-OH 25
8 5-OMe 4-OMe 10 19 5-OH 4-OH 25
9 5-OMe 2,4-OMe 25 20 5-OH 2,4-OH 25
10 5-OMe 3,4,5-OMe 1 21 5-OH 3,4,5-OH 25
11 5-OMe 2, 6-OMe 1 22 5-OH 2,6-OH 10
12 7-OMe 2, 4-OMe 10 23 7-OH 2,4-OH 10
24 / / 10

*The concentrations that did not decrease the viability of NCI-H460 and NCI-H460/MX20 cells by

more than 20%.



Table 2. The structure and the selected concentration of bisbenzoyl indoles

0 3 0 — _R?
R 3%
R1/\I\ N\ /
= \
N
H
Scaffold B
*Selected
Compd. R R? R® _
concentration (UM)
2 4-OMe 4-OMe OMe 25
4 2, 4-OMe 2, 4-OMe OMe 25
14 4-OH 4-OH OH 25

*The concentrations that did not decrease the viability of NCI-H460 and NCI-H460/MX20 cells by

more than 20%.

-
[=}
o
L
t
i
—
:
3

N
T

HHRK ek

a
o
1

N
T

Inhibition of proliferation /%

0
MX1 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24
[ |

MX+reversal compounds

Figure 3. The reversal efficacy of the indole derivatives in combination with 2.5 yM of MX in
NCI-H460/MX20 cells. The inhibition of proliferation indicates the inhibition of the proliferation of
NCI-H460/MX20 cells after incubation with MX in the absence or presence of the indole
derivatives, compared to the proliferation of cells in the control group. The results were obtained
from three independent experiments performed in triplicate. *, P < 0.05, **, P < 0.01, **** P <

0.0001 versus no indole derivatives group, two-way ANOVA.
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The determination of the ABCG2 reversal efficacy othe indole derivatives 24, 7, 8,
13 15and17

The reversal efficacies of bisbenzoyl inddkesnd4, and monobenzol indolés 8, 13,
15and17 at different concentrations on the proliferatidrN&1-H460/MX20 cells, in
combination with 2.uM of MX, were determined to ascertain which compibbiad the
greatest efficacyHigure 4). The results suggested that reversal efficacyased as the
concentration of the indole derivatives increasduch indicated that the reversal
efficacies of these indole compounds are dose-dkgpenMonobenzoyl indol® had the
greatest anti-proliferativefficacy among the seven compounds at the sameotyation,
while bisbenzoyP has greater efficacy than bisbenzéyFigure 4). Thus, compound3
and8 exhibited the highest reversal efficacy amongaisbenzoyl and monobenzoyl
indoles, respectively. Subsequently, we furtheestigated the reversal efficacies and
inhibition mechanism of compoun@sand8 as reversal compounds for

ABCG2-mediated drug-resistance.
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Figure 4. The reversal efficacy of the indole derivatives in combination with 2.5 yM of MX. The
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proliferation of NCI-H460/MX20 cells was inhibited by 25 + 4 % with 2.5 yM of MX alone. The
inhibition of proliferation indicates the inhibition of the proliferation of NCI-H460/MX20 cells after
incubation with MX in the absence or presence of the indole derivatives, compared to the
proliferation of cells in the control group. The results were obtained from three independent
experiments performed in triplicate.

The cytotoxic curves of compour@2and8 on H460, H460/MX20, S1, S1-M1-80,
HEK-293/pcDNAS3.1, wild-type HEK-293/ABCG2-482-R2 utant
HEK-293/ABCG2-482-G2 and HEK-293/ABCG2-482-T7 deiks are shown ifigure
5, indicating that compoundsand8 at the concentration of 25 pM and 5 pM exhibited
lower than 20% inhibition on all the cell lines w&estigatedS1-M1-80 is an
ABCG2-mediated multi-drug resistant cell line s&eichy MX.** The previous studies
revealed that mutations at amino-acid 482 in th€&R gene influence the substrate
specificity of the ABCG2 transportéf. It was also reported that the efficacy of
Novobiocin, a ABCG2 inhibitor, would be altered doethe mutations at amino-acid 482.
Novobiocin exhibited potent inhibition on wild-typBCG2, however, almost no
inhibition on mutant ABCGZ®® Thus, we used the transfected wild-type
HEK293/ABCG2-482-R2, mutant HEK293/ABCG2-482-G2 and
HEK293/ABCG2-482-T7 cells to investigate whethes thversal effects of the benzoyl
indoles would be different in these transfected RE&cell lines. As shown iRigure
6A, compound® and8 significantly increased the cytotoxicity of MX in

ABCG2-overexpressing NCI-H460/MX20 cell line. Conypols2 and8 did not

11



significantly sensitize NCI-H460/MX20 cells to clapn, which is not a substrate of the
ABCG2 transporterKigure 6B). These results suggested that the sensitiziegtsfbf
compound® and8 is limited to ABCG2 substrates for ABCG2-mediatedltidrug
resistance cancer cell lines. Furthermore, thersalefficacy of compoundsand8

were also determined in parental S1 and S1-M1-86, eehere ABCG2 overexpression
was also induced using mitoxantroffeHuman embryonic kidney (HEK293) cells were
transfected with the pcDNA3.1 vector containingilength ABCG2, with either
coding arginine (R), glycine (G), or threonine @)amino acid position 482, to generate
wild-type HEK293/ABCG2-482-R2, mutant (HEK293/ABC&82-G2 and
HEK293/ABCG2-482-T7), respectively. Compouritiand8 significantly increased the
cytotoxicity of 1) MX and doxorubicin in S1-M1-80 cell§igure 6C, 6D) and2) MX in
HEK293/ABCG2-482-R2, HEK293/ABCG2-482-G2 and HEK2®BCG2-482-T7 cells
expressing theABCG?2 transport&igure 6E). *” Thus, it can be concluded that
compound® and8 might sensitize ABCG2-mediated multidrug resiseacell lines to
anticancer drugs by interacting with ABCG2. Eveoutjh the potencies of compourils
and8 are not as strong as Ko143, the two compoundalsoeeffective to reverse
ABCG2-mediated multi-drug resistance. The repregamt cytotoxic curves of
mitoxantrone, cisplatin and doxorubicin in combioatwith compound®, 8 and Ko143
on different cell lines were also shownRigure 7 to indicate the effects of compourls

8 and Ko143 on the cytotoxicity of the anti-cancergs.

12
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Figure 5. Cytotoxic curves of compounds 2 and 8 on H460, H460/MX20, S1, S1-M1-80,
HEK-293/pcDNA3.1, HEK-293/ABCG2-482-R2, HEK-293/ABCG2-482-G2 and

HEK-293/ABCG2-482-T7 cell lines.
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Figure 6. The effect of compounds 2 and 8 on the ICs, values of (A) mitoxantrone and (B) cisplatin
in parental NCI-H460 and the drug-resistant cell line, NCI-H460/MX20. The effect of compounds 2

and 8 on the 1Cs, values of (C) mitoxantrone and (D) doxorubicin in parental S1 and drug-resistant
14



cell line, S1-M1-80. (E) The effect of compounds 2 and 8 on the ICs, values of mitoxantrone in
parental HEK293/pcDNA3 and transfected ABCG2-overexpressing HEK293/ABCG2-482-R2,
HEK293/ABCG2-482-G2 and HEK293/ABCG2-482-T7 cells. The error bars represent the SD
value. Ko143 (5 uM) was used as a positive control. **** P < 0.0001 versus no indole derivatives

group, two-way ANOVA.
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Figure 7. Cytotoxic curves of mitoxantrone, cisplatin and doxorubicin in combination with

compounds 2, 8 and Ko143 on H460, H460/MX20, S1, S1-M1-80, HEK-293/pcDNA3.1,
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HEK-293/ABCG2-482-R2, HEK-293/ABCG2-482-G2 and HEK-293/ABCG2-482-T7 cell lines.

The effect of the indole derivatives on the intrad&ular accumulation of MX in
ABCG2-overexpressing cells

The reversal efficacies of compourzland8 were tested at low concentrations which
were not toxic to both parental NCI-H460 and dragistant NCI-H460/MX20 cells.
Thus, the significant increase in the cytotoxi@fyMX in combination of compounds

or 8 cannot be considered as additivity of the cytatibyi The effect of the compounds
on intracellular {H]-MX accumulation was determined by comparingaleumulation

of [*H]-MX in parental and ABCG2-mediated MDR cells withwithout the reversal
compounds. The intracellular level 8H]-MX in NCI-H460/MX20 cells in the absence
of the reversal compounds was approximately 3.d4lver than NCI-H460 cells (which
do not overexpress ABCGZyigure 8). The incubation of NCI-H460/MX20 cells with
compound® (25 pM) and8 (5.0 uM) significantly increased the accumulatidén o
[*H]-MX by 3.0-fold and 2.7-fold, respectivel§igure 8). Ko143, at 5.0 uM, produced a
3-fold increase in the accumulation 3f[-MX and there was no statistical difference in
the accumulation ofH]-MX between Ko143 (5.0 pM) and compourI&LO or 25 pM)
or compound (5.0 uM). The results revealed that compouhdad8 effectively

blocked the efflux of MX by NCI-H460/MX20 cells.
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Figure 8. The effects of 2 and 8 on the intracellular accumulation of [3H]-MX in NCI-H460 and
NCI-H460/MX20 cells. The error bars represent the SD value. Ko143 (5.0 yuM) was used as
positive control for ABCG2-overexpressing cells. **** P < 0.0001 versus no indole derivatives
group, two-way ANOVA.
The expression level and the intracellular localizion of ABCG2 in cells
overexpressing ABCG2
The factors inhibiting the efflux function of ABCGgansporter could include the
down-regulation of expression or the localizatitteration of ABCG2 in cells. To
determine whether compoun2sind8 can cause the down-regulation of ABCG2 protein,
the ABCG2 expression levels were determined fds ¢etubated witt2 (25uM) or 8
(5.0uM) for 0, 24, 48, and 72 h. The results showedigoificant alteration in the
expression level of ABCGZ2 in the drug-resistant N2l60/MX20 cells following
incubation with compoundaor 8 (Figure 9A, Figure 9B).

Alterations in the localization of the ABCG2nsporter in the membrane has been
shown to reverse ABCG2-mediated MDRTherefore, we used an immunofluorescence

assay to determine if the localization of ABCGasgporter in NCI-H460/MX20 cells
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was altered following incubation with the indoleigatives. As shown ifrigure 9C,
compound® and8 did not induce the internalization of cell surf&&&CG2 transporter.
These results suggest that the reversal mecharfiantion for compound2 and8 was

not induced by the alteration the expression aallpation of ABCG2 transporter.

A NCI-H460 NCI-H460/MX20 B NCI-H460  NCI-H460/MX20
2 (25 uM) 8(5uM)
Oh 24h  48h 72h Oh 24h 48h  72h
ABCG2~72 kDa R sem G GBS
ABCG2~72 kDa T a— G U G—

B-Actin~42 kDa — e —— B-Actin~42 kDa T aeme amm s =

2.0
0.8
’ I 0.4
0.0 0.0

N NCI-H460  Oh

Grayscale Ratio
[N
o
Grayscale Ratio

AN)
x\“%
$

NCI-H460 NCI-H460/MX20 (2, 25 uM) NCI-H460/MX20 (8, 5.0 uM)
24 h 48 h 72h 24h 48 h

Figure 9. (A) The effect of compound 2, at 25 uM, on the expression levels of ABCG2 protein in

dva 004V

pasio

NCI-H460/MX20 cells after 24, 48, and 72 h of incubation. Equal amounts of total cell lysate were
used for each sample. (B) The effect of compound 8, at 5 uM, on the expression level of ABCG2 in
NCI-H460/MX20 cells after 24, 48, and 72 h of incubation. (C)The effect of 2 (25 uM) and 8 (5 uM)

on the subcellular localization of ABCG2 in ABCG2-overexpressing NCI-H460/MX20 cells.
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The effect of the indole compounds on ABCG2 ATPasetivity

Since there is no alteration of expression or iaaéibn of ABCG2, the inhibition of
the efflux function of ABCG2 transporter could heedo the inhibition of the activity of
ABCG?2 transporter. To determine whether compouhasd8 inhibit or stimulate the
activity of ABCG2 ATPase, we performed an ATPassagsising membranes of High
Five insect cells overexpressing ABCGZ2, in the gnege of different concentrations of
compound® or 8. Both compoundg or 8 significantly stimulated the ATPase activity of
ABCG?2 in a concentration-dependent manner, withagimal stimulation of 3.01-fold
and 2.03-fold greater, than the basal activiigre 10), respectively. The concentration
of 2 or 8 required to obtain 50% of maximal stimulation V@21 and 0.7nM,
respectively. These results suggested 2aatd8 were the substrates of ABCG2
transporter. Therefore, compourzland8 could acts as a potential competitive substrate,
thus blocking the efflux function of ABCG2 and irasing the accumulation of
anticancer drugs.

Besides the mechanisms we discussed above, ihilatithe phosphorylation of
ABCG2 could be another mechanism for reversing AB@&diated multi-drug
resistance. As depicted in the previous study, BBREG2 can be phosphorylated by
Pim-1L and thus the drug resistance would increda#e suppose that inhibiting the
phosphorylation of ABCG2 could decrease the effunction of ABCG2, thus increase

the accumulation of the anti-cancer drugs in degjstant cancer cells. Additional
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experiments are needed to determine whether thigition of phosphorylation of

ABCG2 was induced by the benzoyl indoles in ouarfatstudy.
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Figure 10. The effect of compounds 2 and 8 (0—40 uM) on orthovanadate (Vi)-sensitive ABCG2

ATPase activity. The concentrations of compounds 2 and 8 were plotted at linear in panel (A) and
(B), respectively.

Docking analysis of indole derivatives with ABCG2

The best-scored docked position of the indole d¢ifres within the large drug-binding
cavity of human ABCG2 is shown Figure 11 The indole group a2 forms ahydrogen
bond with Thr435 in the B chain of the ABCG2 pratéiNHeeeO=C- Thr435). In
addition, the phenyl ring of the indole group foransx interaction with Phe439 in the B
chain of ABCG2, while the other phenyl ringdforms an-r interaction with Phe439 in
the A chain of ABCG2. Compourtlwas stabilized into a hydrophilic pocket formed by
residues Val401, Leu405, Phe432, Val546, Phe5417548e0f ABCG2. The amine group
in compound forms ahydrogen bonding with Asn436 (-NHee«O=C- Asn436)oidover,

the indole group 08 was stabilized into a hydrophilic pocket formedr®arby residues
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Phe431, Phe432, Val546, Met549 and Leu555 of th€ BB protein. Ko143 formed a
hydrogen bond with Asn436 in the B chain of the ABCtransporter. Based on the
results of the induced-fit docking, compour®l8 andKo143had astrong interaction
with the human ABCG2 transporter protein, with dagkscores of -11.591 and -10.052
and 10.236 kcal/mol, respectively. Interestingbynpound? had ahigher docking score
than8, but8 had greater reversal efficacy tham the cytotoxicity and intramolecular
accumulation assays. Compouhthay have a lower reversal efficacy due to its large
size, which could impede intry into the binding site of the human ABCG2 pint*°
As depicted irFigure 11G, even though compoun@s8 and Ko143 bind with the same
domain of ABCG2 protein, the binding modes of thieeé compounds are not
superimposable, which could contribute to the défifee in the reversal efficacies of

compound®, 8 andKo143.
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Figure 11. Predicted binding positions of compounds 2 and 8 with the human ABCG2 transporter
protein. (A) Docked position of compound 2 within the binding site of the human ABCG2
transporter protein. Compound 2 is shown as a ball and stick model, with the atoms colored as
follows: carbon = cyan, hydrogen = white, nitrogen = blue and oxygen = red. The important

residues are depicted as sticks with the same color scheme as above except that carbons are
22



indicated by the grey color. Ring centroids were represented as dark-green dots. Dotted yellow
lines indicate hydrogen bonds. (B) A two-dimensional ligand-receptor interaction diagram shows
the important interactions of compound 2 with the binding site residues of human ABCG2. The
amino acids are shown as colored bubbles, cyan indicates polar residues and green indicates
hydrophobic residues. Hydrogen bonds are indicated by the purple dotted arrow, and mr-1r stacking
aromatic interactions are indicated by the green lines. (C) Docked position of compound 8 within
the binding site of the human ABCG2 transporter protein. (D) A two-dimensional ligand-receptor
interaction diagram shows the important interactions of compound 8 with the binding site residues
of the human ABCG2 transporter protein. (E) Docked position of Ko143 within the binding site of
the human ABCG2 protein. (F) A two-dimensional diagram shows the important contacts of Ko143
with the binding site residues of the human ABCG2 transporter protein. (G) The comparison of the
binding mode of 2, 8 and Ko143 with ABCG2 protein. Compounds are shown as a ball and stick
model, with the atoms colored as follows: hydrogen = white, nitrogen = blue, oxygen = red. The

carbon atoms are labeled in different colors: 2 (grey), 8 (cyan), Ko143 (orange).
Metabolic Stability of the indole derivatives

Approximately 60 % of the drugs are metabolized™P 450 in the human livet:
Human liver microsomes, derived from human liventain a wide variety of membrane
bound drug metabolizing enzymes. Thus, in vitroabelic stability testing with human
liver microsomes is useful to predict the in viveplatic CYP-mediated metabolism of the
compounds in the human body. The in vitro metabsilbility testing with human liver
microsome has been commonly applied for investigatie metabolism of the drugs
prior to in vivo study****The metabolic stabilities of compour@land8 were
investigated with human liver microsome, and tteailts indicated that compoungsnd

8 are more metabolically stable than Kol48kle 3). The amount of compoun@sand8
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remaining after incubation with human liver microsofor 1 h was 56 and 78%,
respectively, compared to 23% for Ko143. Sincelolemetabolic stability of Ko143 is
the major problem for clinical application, we wdlike to discover metabolically stable
reversal agents for ABCG2-mediated multidrug resiseé. Inspiringly, the results
revealed that compoun@sand8 are more metabolically stable than Ko143. Thudolie
compound® and8 as reversal agent®uld be valuable and suitable for clinical
application in the future.

Table 3. In vitro metabolic stability of compounds 2, 8 and Ko143

compound Metabolic stabilit}/%
2 56+4.6
8 78+1.2
Ko143 23+1.4

# Metabolic stability was calculated as the % compound remaining after 1 h of incubation with

human liver microsomes.

Conclusions

In this study, we synthesized 23 benzoyl indoles determined their efficacy and
mechanism of action for reversing ABCG2-mediatedRIBased on the
structure-activity relationship data, The reveeftitacies of 2,4-OMe benzoyl indol8s
9 and12 were greater than that of 2,4-OMe benzoyl naphties2d, revealingthe indole
group was more important in enhancing the revafalacy compared to naphthalene

group. Docking studies showed that the indole iyaéicompound® and8 formed
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hydrogen bonds with the ABCG2 transporter protidicating the importance of the
indole group. Furthermore, in most cases, compotirtshad methoxy substituents had
greater reversal efficacy than those with the hygdigroups. The increase in reversal
efficacy may be due to the stronger interactionveen the methoxy group and the
hydrophobic pocket residues in the human ABCGZ2sparter protein. The methoxy
benzoyl indole compoundsand8, had the greatest reversal efficacy among bishgnzo
and monobenzoyl indole compounds, respectivelypifimgly, compound® and8 have
better metabolic stability than the potent ABCGRilnitor, Ko143, which revealing the
value of clinical application of these benzoyl itel The reversal efficacy of compound
8 was significantly greater than that of compo@ndhe lower reversal efficacy of
compound may result from its larger molecule size, thusdeiing compoun@ from
entering the drug-binding site of the ABCG2 tramsgoprotein. Compoundsand8

could act as competitive substrates of ABCG2 trarispto block the efflux of
anticancer drugs, thus sensitizing ABCG2-mediataltidiug resistant cancer cells to
the anticancer drugs. Overall, the benzoyl ind@lead8 had significant efficacy as
ABCG2-mediated drug resistance reversal agenth, syiithetic tractability and
enhanced metabolic stability. These results giggyht into the rational design of

reversal agents targeting ABCG2 transporter.

Experimental Section
General Chemistry. Chemicals were obtained from Materials and Insamtation.
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Chemicals were purchased from Aldrich Chemical @blwaukee, WI), TCI America
(Portland, OR) and Alfa Aesar (Ward Hill, MA), anded without further purification
unless otherwise indicated. Purifications by coluwrhromatography were carried out
over silica gel (308400 mesh) and monitored by thin layer chromatography)
performed on GF/UV 254 plates and were visualizgdgiUV light at 254 and 365 nm.
Melting points were determined using a SGW X-4tdignelting point apparatus, and
the temperatures were not corrected. IR spectra determined on an EQUINOX 55
Fourier transformation infrared spectrometeirand™*C NMR spectra were recorded on
Varian INOVA 500, Bruker AVANCE AV400, or Mercuryhl’s 300 NMR spectrometer in
CDClz, DMSO-dg, or Acetoneds and TMS as an internal standard. Chemical shiéiew
expressed as values (ppm) relative to tetrametagksias an internal standard, and
coupling constants)(values) were given in hertz (Hz). Abbreviations ased as follows:
s = singlet, d = doublet, t = triplet, g = quartat= multiplet, dd = doublet of doublet,
doublet of doublet of doublets (ddd), br = broaggh+esolution (HR) mass spectra were

measured on Thermo MAT95XP mass spectrometer.

General procedure for the synthesis of compounds 12.

A mixture of methoxy indole (2 mmol) and methoxybeylchloride (2 mmol) was
stirred in the presence of PQ@ ml) and AICE (0.5 g) in dichloroethane (10 ml) at 60
for 2.5 h. The reaction was quenched by 30 ml @dste and then extracted with

dichloromethane (3 x 30 ml). The combined orgaayet was washed by saturated

26



sodium carbonate until PH=7, washed with saturatpgeous sodium chloride, dried over
with anhydrous Ng&0O,, and evaporated to give the crude product. Thaiodd residue
was purified by column chromatography on silicaughg petroleum ether-acetone as
the eluent to produce compourid42

(4-Methoxy-1H-indol -3-y1) (4-methoxyphenyl )methanone (1). Yield: 36 %, white solid,
m.p. 250-251°C; IR (KBr): 3182, 3003, 1620, 1420, 1093 ¢mH NMR (400 MHz,
DMSO): 5 (ppm) 11.81 (br, 1H), 7.74 (d,= 8.8 Hz, 2H), 7.64 (d] = 2.8 Hz, 1H), 7.15
(dd,J =8.0, 7.6 Hz, 1H), 7.11 (dd,= 8.0, 0.8 Hz, 1H), 7.02 (d,= 8.8 Hz, 2H), 6.61 (dd,
J=7.6,0.8 Hz, 1H), 3.85 (s, 3H), 3.59 (s, 3HE NMR (101 MHz, DMSO)s (ppm)
189.28, 162.57, 153.89, 138.48, 133.27, 131.82,963024.00, 116.72, 116.20, 113.61,
105.64, 102.16, 55.86, 55.38; HRMS for; €15 N O3 ([M-H] ") calculated: 280.0968,
found: 280.0986.

(4-methoxy-1H-indole-3,5-diyl)bis((4-methoxyphenyl)methanone) (2). Yield: 19 %,
yellow solid, m.p. 194-196C; IR (KBr): 3380, 2935, 1600, 1361, 1075 &mMH NMR
(400 MHz, DMSO):d (ppm) 12.00 (br, 1H), 7.77 (dd= 8.8, 2.4 Hz, 4H), 7.60-7.56 (m,
2H), 7.13 (dd,) = 8.8, 2.0 Hz, 2H), 7.05 (dd,= 8.8, 2.0 Hz, 2H), 6.78 (d,= 8.8 Hz,
1H), 3.89 (s, 3H), 3.86 (s, 3HY'C NMR (101 MHz, DMSO)5 (ppm) 193.86, 189.17,
162.86, 162.59, 158.10, 137.09, 132.84, 131.95863131.58, 131.17, 116.92, 116.89,
115.10, 114.21, 113.82, 101.80, 55.96, 55.94, 5HEMS for Gs Hp1 N Os ([M-H] )

calculated: 414.1336, found: 414.1393.
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(4-Methoxy-1H-indol -3-y1)(2,4-dimethoxyphenyl)methanone (3). Yield: 40 %, white
solid, m.p. 224-226C; IR (KBr): 3213, 2937, 1622, 1420, 1088 ¢mH NMR (400
MHz, DMSO):5 (ppm) 11.75 (s, 1H), 7.53 (d= 3.2 Hz, 1H), 7.25 (d] = 8.4 Hz, 1H),
7.10 (t,J = 8.0 Hz, 1H), 7.04 (dd = 8.4, 0.8 Hz, 1H), 6.61 (d,= 2.4 Hz, 1H), 6.58 (dd,
J=17.6,0.8 Hz, 1H), 6.54 (dd,= 8.8, 2.0 Hz, 1H), 3.82 (s, 3H), 3.59 (s, 3H}83(s,
3H); °C NMR (101 MHz, DMSO)s (ppm) 188.29, 162.37, 159.32, 154.21, 138.94,
133.35, 131.32, 125.42, 123.90, 119.73, 115.52,660304.78, 102.51, 98.88, 55.89,
55.83, 55.53; HRMS for g Hi7 N O, ([M-H]") calculated: 310.1074, found: 310.1089.

(4-methoxy-1H-indole-3,5-diyl)bis((2,4-dimethoxyphenyl)methanone) (4). Yield: 8 %,
white solid, m.p. 181-184C; IR (KBr): 3321, 2937, 1620, 1416, 1072 ¢mH NMR
(400 MHz, Acetone)d (ppm) 11.56 (s, 1H), 7.68 — 7.73 (m, 1H), 7.47)(d,8.4 Hz, 1H),
7.43(d,J=8.4 Hz, 1H), 7.31 (dl = 8.4 Hz, 1H), 6.72 (d] = 2.4 Hz, 1H), 6.70 — 6.65
(m, 2H), 6.64 (dJ = 2.0 Hz, 1H), 6.61 (dd} = 8.4, 2.4 Hz, 1H), 3.92 (s, 3H), 3.90 (s,
3H), 3.77 (s, 3H), 3.71 (s, 3H), 3.63 (s, 3HE NMR (101 MHz, Acetone)s (ppm)
194.97, 187.95, 162.96, 162.52, 159.83, 158.90,415837.39, 132.00, 131.58, 131.50,
130.13, 125.17, 122.52, 120.82, 115.85, 115.73,8404.04.36, 101.27, 98.55, 98.14,
55.07, 54.98, 54.94; HRMS for£Hzs N O7 ([M-H]") calculated: 474.1547, found:
474.1560.

(4-Methoxy-1H-indol -3-y1)(3,4,5-trimethoxyphenyl)methanone (5). Yield: 58 %, white

solid, m.p. 239-243C; IR (KBr): 3114, 2964, 1578, 1422, 1125 tmH NMR (400
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MHz, DMSO):5 (ppm) 11.87 (br, 1H), 7.76 (d,= 2.8 Hz, 1H), 7.17 (dd} = 7.6, 8.0 Hz,
1H), 7.13 — 7.08 (m, 3H), 6.65 (@~ 7.2 Hz, 1H), 3.78 (s, 6H), 3.76 (s, 3H), 3.673(d);
%C NMR (101 MHz, DMSO)s (ppm) 188.68, 154.02, 152.72, 141.13, 138.71,7485.
132.15, 124.22, 116.38, 116.19, 107.38, 105.66,38050.60, 56.34, 55.47; HRMS for
C19 HigN Os([M-H]") calculated: 340.1179, found: 340.1193.

(5-Methoxy-1H-indol -3-yl) (2-methoxyphenyl )methanone (6). Yield: 53 %, white solid,
m.p. 175-177°C; IR (KBr): 3154, 2957, 1607, 1417, 1067 tmH NMR (400 MHz,
Acetone):o (ppm) 10.86 (br, 1H), 7.87 (d7 2.4 Hz, 1H),7.55 (d] = 3.2 Hz, 1H), 7.45
(ddd,J = 8.4, 7.6, 1.6 Hz, 1H), 7.41 (@= 8.8 Hz, 1H), 7.34 (dd} = 7.2, 1.6 Hz, 1H),
7.13 (d,J = 8.4 Hz, 1H), 7.04 (ddd,=7.6, 7.2, 0.8 Hz, 1H), 6.89 (ddi= 8.8, 2.8 Hz,
1H), 3.85 (s, 3H), 3.76 (s, 3H))C NMR (101 MHz, Acetone)s (ppm) 190.18, 157.13,
156.76, 136.17, 132.42, 132.35, 130.91, 128.86,4827120.65, 118.32, 113.75, 113.16,
112.14, 103.84, 55.52, 55.42; HRMS foryEl;s N Oz ([M-H]") calculated: 280.0968,
found: 280.0995.

(5-Methoxy-1H-indol-3-y1)(3-methoxyphenyl)methanone (7). Yield: 21 %, white solid,
m.p. 197-198°C; IR (KBr): 3133, 2919, 1597, 1431, 1025 ¢mMH NMR (400 MHz,
Acetone): (ppm) 10.99 (br, 1H), 7.95 (d,= 2.4 Hz, 1H), 7.93 — 7.89 (m, 1H), 7.45 (d,
J=8.8, Hz, 1H), 7.43 (d] =8.0, Hz, 1H), 7.40 (m, 1H) 7.35 (d#i= 2.4, 1.2 Hz, 1H),
7.14 (dddJ = 8.0, 2.8, 1.6 Hz, 1H), 6.92 (ddl= 8.8, 2.4 Hz, 1H), 3.88 (s, 3H), 3.87 (s,

3H); °C NMR (126 MHz, DMS0)s (ppm) 190.05, 159.59, 156.05, 142.55, 136.44,
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132.04, 129.98, 127.54, 121.09, 117.23, 115.27,/81313.48, 103.68, 55.75, 55.70;
HRMS for G His N O3 ([M-H]") calculated: 280.0968, found: 280.0994.

(5-Methoxy-1H-indol -3-y1) (4-methoxyphenyl)methanone (8). Yield: 40 %, white solid,
m.p. 197-200°C; IR (KBr): 3151, 2956, 1602, 1427, 1026 ¢mH NMR (400 MHz,
DMSO0): 6 (ppm) 11.90 (br, 1H), 7.89 (d,= 3.2 Hz, 1H), 7.80 (d] = 8.8 Hz 2H), 7.76
(d,J = 2.4 Hz, 1H), 7.40 (d] = 8.8 Hz, 1H), 7.07 (d] = 8.8 Hz 2H), 6.88 (dd] = 8.8,
2.4 Hz, 1H), 3.85 (s, 3H), 3.80 (s, 3K NMR (101 MHz, DMSO)5 (ppm) 189.16,
162.08, 155.85, 135.50, 133.53, 131.94, 130.94,6827115.33, 114.11, 113.35, 113.32,
103.66, 55.84, 55.74; HRMS for,{H:5s N O; ([M-H]") calculated: 280.0968, found:
280.0992.

(5-Methoxy-1H-indol -3-y1)(2,4-dimethoxyphenyl)methanone (9). Yield: 20 %, white
solid, m.p. 'C; IR (KBr): 3189, 2989, 1604, 1422, 1069 &¢mH NMR (500 MHz,
DMSO): 6 (ppm) 11.79 (br, 1H), 7.69 (d,= 2.5 Hz, 1H), 7.57 (d] = 2.8 Hz, 1H), 7.38
(d,J = 7.2 Hz, 1H), 7.26 (d] = 6.8 Hz, 1H), 6.87 (dd} = 6.8, 2.5 Hz, 1H), 6.68 (d,=
1.6 Hz, 1H), 6.61 (dd] = 6.8, 2.5 Hz, 1H), 3.85 (s, 3H), 3.80 (s, 3HY;33(s, 3H);**C
NMR (101 MHz, DMSO)% (ppm) 189.38, 161.88, 158.21, 155.91, 136.47,Q(82.
130.13, 126.94, 124.43, 117.38, 113.40, 113.18,0803.03.38, 99.31, 55.92, 55.83,
55.69; HRMS for Gg Hi7 N O4 ([M-H]") calculated: 310.1074, found: 310.1091.

(5-Methoxy-1H-indol -3-y1)(3,4,5-trimethoxyphenyl )methanone (10). Yield: 47 %,

white solid, m.p. 206-208C; IR (KBr): 3296, 2973, 1613, 1420, 1122 ¢mH NMR
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(400 MHz, DMSO):s (ppm) 11.93 (br, 1H), 8.04 (d,= 3.2 Hz, 1H), 7.78 (d] = 2.4 Hz,
1H), 7.41 (d,) = 8.8 Hz, 1H), 7.08 (s, 2H), 6.89 (dbi= 8.8, 2.4 Hz, 1H), 3.87 (s, 6H),
3.80 (s, 3H), 3.76 (s, 3H)*C NMR (101 MHz, DMSOY: 189.34, 155.95, 153.07,
140.39, 136.38, 136.21, 132.03, 127.70, 115.12351306.41, 103.75, 60.55, 56.43,
55.74; HRMS for Gg HigN Os([M-H] ") calculated: 340.1179, found: 340.1200.

(5-methoxy-1H-indol-3-y1)(2,6-dimethoxyphenyl) methanone (11). Yield: 47 %, white
solid, m.p. 205-207C; IR (KBr): cm-1;*H NMR (400 MHz, DMSO) 11.74 (s, 1H),
7.57 (s, 1H), 7.45 (dl = 3.1 Hz, 1H), 7.38 (dd] = 8.6, 7.3 Hz, 2H), 6.86 (dd,= 8.8, 2.5
Hz, 1H), 6.77 (dJ = 8.4 Hz, 2H), 3.79 (s, 3H), 3.67 (s, 6HYC NMR (126 MHz,
DMSO0) ¢ 188.06, 157.26, 155.90, 135.90, 132.11, 130.58.482 120.23, 118.23,
113.52, 113.26, 104.81, 103.02, 56.10, 55.67; HROME,5 H1; N Oy ([M-H]")
calculated: 310.1074, found:310.1088.

(7-Methoxy-1H-indol -3-y1)(2,4-dimethoxyphenyl)methanone (12). Yield: 62 %, white
solid, m.p. 208-210C; IR (KBr): 3174, 2994, 1603, 1434, 1117 tniH NMR (400
MHz, Acetone)s (ppm) 11.01 (br, 1H), 7.91 (d,= 8.0 Hz, 1H), 7.62 — 7.55 (m, 1H),
7.34 (d,J = 8.0 Hz, 1H), 7.16 (ddl = 7.6, 8.0 Hz, 1H), 6.82 (d,=8.0 Hz, 1H), 6.68 (c]
= 2.0 Hz, 1H), 6.63 (dd] = 8.4, 2.4 Hz, 1H), 3.98 (s, 3H), 3.91 (s, 3HY,&(s, 3H):*°C
NMR (126 MHz, DMSO)3 (ppm) 189.46, 162.00, 158.26, 146.69, 135.16,2E30.
127.68, 127.10, 124.33, 123.06, 118.19, 114.26,1803.04.05, 99.31, 55.93, 55.84,

55.79; HRMS for Gg Hi7 N O4 ([M-H]") calculated: 310.1074, found: 310.1089.
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General procedure for the synthesis of compounds 123.
The solution of compoundss12in dry CHCl, was added into excess BREH,Cl, (1.0
M) at 0 ‘C under the atmosphere 0f.N'he mixture was warmed to room temperature
slowly and stirred for 24 h. The reaction was qineacby 20 ml cold water. The mixture
was filtered to obtain the crude product. The otgdicrude product was purified by
column chromatography on silica gel using chlorofacetone as eluent to obtain
compoundd 3-23
(4-Hydroxy-1H-indol-3-y1)(4-hydroxyphenyl)methanone (13). Yield: 71 %, white

solid, m.p. 293-296C; IR (KBr): 3284, 3199, 2924, 1611, 1477, 1164 A NMR
(400 MHz, Acetone)s (ppm) 11.58 (s, 1H), 11.27 (br, 1H), 9.12 (br, 181D1 (s, 1H),
7.85 (d,J =8.8 Hz, 2H), 7.16 (dd] = 7.6, 8.0 Hz, 1H), 7.02 (d,=8.8, 2H), 6.99 (dd] =
8.0, 0.8 Hz, 1H), 6.60 (dd,= 8.0, 0.8 Hz, 1H)**C NMR (101 MHz, Acetone)s (ppm)
192.03, 161.10, 152.66, 139.18, 136.52, 131.35,008125.79, 116.76, 115.64, 115.07,
107.07, 102.75; HRMS foriHi1 N Os ([M-H]") calculated: 252.0655, found: 252.0668.

(4-hydroxy-1H-indol e-3,5-diyl) bi s((4-hydroxyphenyl)methanone) (14) Yield: 80 %,
yellow solid, m.p. >280°C;; IR (KBr): 3313, 3138, 2919, 1595, 1394, 1127'cid
NMR (400 MHz, DMSO)3 (ppm) 12.69 (s, 1H), 12.43 (br, 1H), 10.34 (br)2H89 (s,
1H), 7.81 (dd,) =6.8, 2.0Hz, 2H), 7.67 (dd,=6.8, 2.0Hz, 2H), 7.57 (d,= 8.0 Hz, 1H),
6.97 (dd,J =6.8, 2.0Hz, 2H), 6.93 (dd,=6.8, 2.0Hz, 2H), 6.66 (d,= 8.4 Hz, 1H)}*C

NMR (126 MHz, DMSO)» (ppm) 193.30, 192.40, 162.11, 161.48, 157.15,538.
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138.39, 132.50, 132.21, 131.99, 129.92, 129.68521616.34, 115.81, 115.55, 113.82,
107.31; HRMS for @ His N Os ([M-H]") calculated: 372.0866, found: 372.0932.
(4-Hydroxy-1H-indol-3-y1)(2,4-dihydroxyphenyl)methanone (15). Yield: 22 %, yellow
solid, m.p. 248-252C: IR (KBr): 3299, 3016, 2921, 1627, 1402, 1134%cit NMR
(400 MHz, Acetone)s (ppm) 11.45 (s, 2H), 10.55 (s, 1H), 9.43 (s, 184)5 (s, 1H),
7.94 (d,J = 8.8 Hz, 1H), 7.21 (] = 8.0 Hz, 1H), 7.05 (dd} = 8.0, 0.8 Hz, 1H), 6.65 (dd,
J=8.0, 0.8, 1H), 6.54 (dd,= 8.8, 2.4 Hz, 1H), 6.48 (d,= 2.4 Hz, 1H)*C NMR (101
MHz, Acetone)s (ppm) 193.12, 163.93, 152.13, 139.03, 136.61,4134.25.78, 115.73,
115.49, 114.05, 107.85, 107.73, 103.23; HRMS fgriz; N O, ([M-H]") calculated:
268.0604, found: 268.0619.
(4-Hydroxy-1H-indol-3-y1)(3,4,5-tri hydroxyphenyl )methanone (16). Yield: 85 %,
yellow solid, m.p. 300-305C; IR (KBr): 3494, 3265, 2775, 1615, 1414, 1042%cAH
NMR (400 MHz, Acetone)s (ppm) 11.57 (s, 1H), 11.27 (br, 1H), 8.34 (br, 181p4 (s,
1H), 7.15 (dd,) = 7.6, 8.0 Hz, 1H), 7.03 (s, 2H), 6.98 (dd: 8.0, 0.8 Hz, 1H), 6.59 (dd,
J=7.6,0.8 Hz, 1H)**C NMR (101 MHz, Acetone)s (ppm) 192.17, 152.62, 145.18,
139.15, 137.03, 136.55, 130.43, 125.73, 116.69,661308.88, 107.04, 102.77; HRMS
for Cis Hia N Os ([M-H] ") calculated: 284.0553, found: 284.0566.
(5-Hydroxy-1H-indol-3-yl)(2-hydroxyphenyl )methanone (17). Yield: 43 %, yellow
solid, m.p. 214-217C; IR (KBr): 3339, 3122, 2797, 1596, 1424, 1131'cAtd NMR

(400 MHz, Acetone)s (ppm) 12.11 (s, 1H), 11.12 (br, 1H), 8.10-8.06 2id), 8.00 (dd,
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J=8.0, 1.6 Hz, 1H), 7.79 (d,= 2.4 Hz, 1H), 7.50 (ddd,= 8.4, 7.2, 1.6 Hz, 1H), 7.41 (d,
J=8.8 Hz, 1H), 7.02 — 6.94 (m, 2H), 6.88 (dd; 8.4, 2.4 Hz, 1H)**C NMR (101 MHz,
Acetone): (ppm) 194.41, 162.61, 154.51, 135.97, 135.10,382.32.16, 128.92,
122.42, 119.54, 118.47, 115.55, 114.33, 113.49,300 HRMS for Gs Hyy N Os ([M-H])
calculated: 252.0655, found: 252.0669.
(5-Hydroxy-1H-indol-3-yl)(3-hydroxyphenyl)methanone (18). Yield: 40 %, white solid,
m.p. 313-316°C; IR (KBr): 3310, 3086, 2960, 1579, 1443, 1142'citd NMR (400
MHz, DMSO)4 11.79 (s, 1H), 9.68 (s, 1H), 9.04 (s, 1H), 7.78(d 3.2 Hz, 1H), 7.65 (d,
J=2.4Hz, 1H), 7.31 (dd = 12.3, 5.1 Hz, 2H), 7.19 — 7.13 (m, 1H), 7.13107(m, 1H),
6.96 (dddJ = 8.1, 2.5, 0.9 Hz, 1H), 6.74 (ddi= 8.7, 2.4 Hz, 1H)**C NMR (101 MHz,
DMSO): ¢ (ppm) 190.13, 157.68, 153.66, 142.61, 135.94,281129.81, 127.79, 119.55,
118.29, 115.37, 114.98, 113.44, 113.06, 106.31; SR Cis Hyy N Os ([M-H])
calculated: 252.0655, found: 252.0664.
(5-Hydroxy-1H-indol-3-yl)(4-hydroxyphenyl)methanone (19). Yield: 66 %, white solid,
m.p. 298-302°C; IR (KBr): 3343, 3103, 2977, 1717, 1435, 1137'citd NMR (400
MHz, DMSO):5 (ppm) 11.71 (br, 1H), 10.04 (s, 1H), 8.98 (s, ITHY9 (d,J = 3.2 Hz,
1H), 7.68 (d,) = 8.8 Hz, 2H), 7.62 (d] = 2.4 Hz, 1H), 7.28 (d] = 8.8 Hz, 1H), 6.87 (d,
J=8.8 Hz, 2H), 6.72 (dd} = 8.8, 2.4 Hz, 1H)**C NMR (126 MHz, DMS0)3 (ppm)
189.15, 160.70, 153.41, 135.03, 132.20, 131.22,183128.03, 115.38, 115.04, 113.29,

112.91, 106.28; HRMS forigHi; N Os ([M-H] ") calculated: 252.0655, found: 252.0667.
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(5-Hydroxy- 1H-indol-3-y1)(2,4-di hydroxyphenyl)methanone (20). Yield: 23 %,
yellow solid, m.p. 217-220C; IR (KBr): 3596, 3192, 2957, 1629, 1442, 1160%crH
NMR (500 MHz, Acetone)s (ppm) 13.00 (s, 1H), 11.02 (br, 1H), 9.28 (s, 1803 (s,
2H), 7.93 (dJ = 8.8 Hz, 1H), 7.73 (d] = 1.6 Hz, 1H), 7.40 (d] = 6.8 Hz, 1H), 6.87 (dd,
J=6.8, 2.0 Hz, 1H), 6.47 (dd,= 6.8, 2.0 Hz, 1H), 6.45 (m, 1H}C NMR (101 MHz,
Acetone):d (ppm) 192.82, 165.12, 163.32, 153.24, 133.70,5;33.31.20, 128.03,
114.53, 114.18, 113.23, 112.43, 107.19, 106.289B0RRMS for Gs Hi1 N O4 ([M-H]")
calculated: 268.0604, found: 268.0618.

(5-Hydroxy-1H-indol-3-y1)(3,4,5-tri hydroxyphenyl )methanone (21). Yield: 87 %,

white solid, m.p. 272-274C:; IR (KBr): 3456, 3124, 2768, 1629, 1431, 1155
NMR (400 MHz, DMSO): (ppm) 11.68 (br, 1H), 9.16 (s, 2H), 8.97 (s, 18159 (s, 1H),
7.77 (d,J = 2.8 Hz, 1H), 7.60 (dl = 2.4 Hz, 1H), 7.28 (d] = 8.8 Hz, 1H), 6.79 (s, 2H),
6.71 (dd,J = 8.8, 2.4 Hz, 1H)**C NMR (126 MHz, DMSO)s(ppm) 189.35, 153.19,
145.89, 137.10, 134.74, 131.37, 131.18, 128.03021313.24, 112.91, 108.64, 106.27,
HRMS for Gis Hi1 N Os ([M-H] ") calculated: 284.0553, found: 284.0565.

(5-hydroxy-1H-indol-3-y1)(2,6-dihydroxyphenyl )methanone (22). Yield: 53 %, white
solid, m.p. 237-240C: IR (KBr): cm-1;"H NMR (400 MHz, Acetone) 10.87 (s, 1H),
9.11 (s, 2H), 7.99 (s, 1H), 7.88 (dbk 37.2, 2.7 Hz, 3H), 7.35 (d,= 8.7 Hz, 1H), 7.17
(t, J= 8.2 Hz, 1H), 6.83 (dd} = 8.7, 2.4 Hz, 1H), 6.49 (d,= 8.2 Hz, 3H)*C NMR

(126 MHz, Acetonep 190.30, 157.33, 153.54, 136.49, 131.90, 131.22.,607 117.39,
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114.95, 112.68, 112.40, 107.68, 106.52; HRMS fgrHGo N O4 ([M-H]") calculated:
268.0604, found268.0617.

(7-Hydroxy-1H-indol-3-y1)(2,4-dihydroxyphenyl)methanone (23) Yield: 49 %, yellow
solid, m.p. 247-250C; IR (KBr): 3352, 3126, 2926, 1627, 1440, 1143%ci NMR
(400 MHz, Acetone)s (ppm) 13.01 (s, 1H), 11.17 (br, 1H), 9.28 (br, 18189 (br, 1H),
8.02 (d,J = 2.8 Hz, 1H), 7.96 (d] = 8.8 Hz, 1H), 7.73 (d] = 8.0 Hz, 1H), 7.07 (ddl =
7.6, 8.0 Hz, 1H), 6.76 (d,= 7.6 Hz, 1H), 6.49 (dd} = 8.8, 2.4 Hz, 1H), 6.44 (d= 2.4
Hz, 1H);**C NMR (126 MHz, Acetone)s (ppm) 193.11, 165.26, 163.48, 143.65, 133.92,
132.48, 128.91, 126.75, 122.54, 115.56, 114.21361307.61, 107.26, 102.99; HRMS
for Ci5 Hip N O4 ([M-H]") calculated: 268.0604, found: 268.0613.
(2,6-dimethoxy-1-naphthalenyl)(2,4-dimethoxyphenyhethanone (24) A mixture of
2,6-dimethoxynaphthalene (2 mmol) and methoxy bglehtoride (2 mmol) was stirred
in the presence of POLb ml) and AIC% (0.5 g) in dichloroethane (10 ml) at 60 for
2.5 h. The reaction was quenched by 30 ml crusteednd then extracted with
dichloromethane (3 x 30 ml). The combined orgaayet was washed by saturated
sodium carbonate until PH=7, washed with saturatpgeous sodium chloride, dried over
with anhydrous Ng&0O,, and evaporated to give the crude product. Thaidd residue
was purified by column chromatography on silica y&ld: 63 %, yellow solid, m.p.
99-102C; IR(KBr): 2937, 1598, 1465, 1024 ¢m'H NMR (400 MHz, Acetone)s (ppm)

11.01 (br, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.62557/(m, 1H), 7.34 (d, J = 8.0 Hz, 1H),
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7.16 (dd, J = 7.6, 8.0 Hz, 1H), 6.82 (d, J =8.0 H), 6.68 (d, J = 2.0 Hz, 1H), 6.63 (dd,
J=8.4,2.4 Hz, 1H), 3.98 (s, 3H), 3.91 (s, 3HJ63(s, 3H):°C NMR (126 MHz,

DMSO): & (ppm) 189.46, 162.00, 158.26, 146.69, 135.16,2530127.68, 127.10, 124.33,
123.06, 118.19, 114.26, 105.13, 104.05, 99.31,%%55.84, 55.79; HRMS for £Hz00s

(IM+H] ™) calculated: 353.1384, found: 353.1385.

Cell lines and cell culture

The human lung cancer cell line NCI-H460, and iis-belected derivative
ABCG2-overexpressing cell line, NCI-H460/MX20, werged in this study? The
human colon cancer cell line S1, and its MX-selécterivative ABCG2-overexpressing
cell line, S1-M1-80, were also used in this stidHEK293/pcDNA3.1, wild-type
HEK293/ABCG2-482-R2, mutant HEK293/ABCG2-482-G2 and
HEK293/ABCG2-482-T7 cells were established by tfacting HEK293 cell with either
the empty pcDNAS3.1 vector or pcDNAS.1 vector coniag a full-length ABCG2, with
coding arginine (R), threonine (T), or glycine (&)amino acid position 482, following
selection with G418 and maintenance in medium @ithg/ml of G418%* All the cell
lines were maintained in Dulbecco's Modified Edgkedium (Corning Inc.) containing
10% fetal bovine serum (Gibco Inc.) and 1% peniggkreptomycin (Gibco Inc.) at 37°C

with 5% CQ.

Cytotoxicity and MDR reversal assay

Cytotoxicity tests and reversal experiments werop@ed using the MTT colorimetric
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assay. Cells were harvested and re-suspendedrial @bncentration of 5 x f@ells/well
for NCI-H460, NCI-H460/MX20, S1, S1-M1-80, HEK298/PNA3.1,
HEK293/ABCG2-482-R2, HEK293/ABCG2-482-G2 and HEK2®BCG2-482-T7

cells. Cells were seeded evenly into 96-well plaiesdetermine the cytotoxicity of the
indole derivatives, incremental concentrationsaufredrug were added into the well after
24 h of incubation. To determine the MDR reversita&cy of the indole derivatives, the
chemotherapeutic drugs (mitoxantrone, doxorubioih @splatin) were added into the
designated wells after 2 h pre-incubation withitidole derivatives or Ko143 at
non-toxic concentrations. After 44 h of drug inctibwa, the MTT reagent (4 mg/mL) was
added into the wells, and then the plates werebai®ad for an additional 4 h.
Subsequently, the supernatant was discarded angl160DMSO was added to dissolve
the formazan crystals. Cell viability was deterntity measuring the absorbance at a
wavelength of 570 nm. All the experiments were atpdthree independent experiments

in triplicate, and the mean and standard devig&) values were calculated.

[*H]-MX accumulation assay

To determine the effect of compourland8 on the intracellular accumulation of
[*H]-MX on NCI-H460 and NCI-H460/MX20 cells, the celf10 cells / well) were
seeded in the 24-well plates and incubated at 3WtiC5 % CQ. After 12 h of

incubation, compounds (10 or 25uM), 8 (2.5 or 5.uM), or Ko143 (5.0uM) were
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added and the plate was incubated at 37°C foiCzlts were then incubated with 0.01
uM of the PH]-MX - containing medium for an additional 2 h3#°C, with or withou2
(10 or 25uM), 8 (2.5 or 5.uM), and Ko143 (5.QuM). The cells were washed twice with
ice-cold PBS, trypsinized and lysed at the endhofibation. The radioactivity was

measured using the Packard TRI-CARB1 190°A liquidtdlation analyzer.

Western blot analysis

Cell lysates were prepared as previous regarEual amounts of total cell lysates (15
ug protein) were resolved by sodium dodecyl sulfatiyacrylamide gel electrophoresis
(SDS-PAGE) and electrophoretically transferred gudtyvinylidene fluoride (PVDF)
membranes. After incubation in a blocking solut{b% milk) for 2 h at room
temperature, the membranes were incubated ovemithprimary monoclonal
antibodies against actin at 1:1000 dilution of ABCBXP 21) (Gene Tex Inc.) at 4°C,
and were further incubated with horseradish pe®xitRP)-conjugated secondary
antibody (Thermo Fisher Scientific Inc.) at 1:1@0ition for 2 h at room temperature.
The protein—antibody complex was detected usingrdmanced chemiluminescence
detection system. The Grayscale ratio was analgydthageJ and normalized by the

grayscale of the ABCG2 protein divided by that Bfactin.

Immunofluorescence analysis
For immunofluorescence analysis, NCI-H460 and N@66IMX20 cells were seeded in

24-well plates at 10000 cells/well and incubated?® h. The cells were incubated with
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or without2 (25uM) or 8 (5.0uM) for 24 h, 48 h, and 72 h. Thereafter, cells were
washed with PBS and fixed with 4% paraformaldehigdel5 min at room temperature
and then rinsed with PBS twice, followed by permikzdiion with 1% triton X-100 for
10 min at 4°C. The cells were again washed twidh ®BS, and then blocked with 6%
BSAfor 1 h at 37 °C. Fixed cells were incubatethwnonoclonal antibody against the
ABCG?2 protein (BXP 21) (Gene Tex Inc.) (1:50) ovght at 4°C, followed by two
washes with PBS. The cells were then further inttwith Alexa flour 488 goat
anti-mouse IgG (1:50) (Abcam plc.) for 1 h at 37A@er the cells were washed twice
with PBS, 4’,6-diamidino-2-phenylindole (DAPI) (&)/mL) was used for nuclear
counterstaining. The immunofluorescence images generated using a Nikon

TE-2000S fluorescence microscope (Nikon InstrumérndsMelville, NY)

ABCG2 ATPase assay
The Vi-sensitive ATPase activity of ABCG2 in the mmierane vesicles of High Five insect

cells was determined as previously described, usiaPREDEASY ATPase assay Kit

Molecular modeling

Molecular modeling was performed in Maestro vlInladMac Pro 6-core Intel Xenon
X5 processor with a Macintosh Operating System X33 Capitan), using the Maestro
v11.1 (Schrédinger, LLC, New York, NY, 2017) softeas described previous\{

The protein preparation of the wild-type human ABO@DB ID: 6ETI)°was performed

and the grid was generated by selecting residuégisubstrate-binding pocket in the
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TMD. The structure of ligands was built and prepaféhe ligands with the best-scored
conformation were obtained through Glide XP doclkang were used to generate the
receptor grid for induced-fit docking (IFD) at thending site. The IFD protocol with
default parameters was performed and the dockioges¢kcal/mol) were obtained. The
conformation with the highest docking score forreeempound was used for graphical

analysis.

In vitro metabolic stability testing

The mixture contained microsomal proteins (0.5 mg/MIADPH (3 mmol), MgCl (3
mmol), and the test compound (40®) in 74 mmol potassium phosphate buffer (pH
7.4). The final incubation volume was 2p0. The incubation was carried out aerobically
at 37 °C. The mixture was pre-incubated without N#Dfor 10 min at 37 °C and
NADPH was added to start the reaction. At 0, 10n@®and 1 h after the start of
reaction, an aliquot (50L) of the incubation mixture was taken from eacatuipation
and mixed with 50QL of ice-cold acetonitrile to terminate the reanti®Subsequently,
the sample was precipitated by centrifugation (T2G@ns) at room temperature. The
resulting supernatant was analyzed using HPLC Adilent 1260 Infinity; column,
Eclipse Plus C18; column temperature, 25 °C; maltilese, solvent A, acetonitrile,
solvent B, water, gradient elution, 25-99% solventiow rate, 1 mL/min; UV signals

were recorded at 254 nm) for each compound to mhérterthe metabolic rat8.
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Statistical analysis
All experiments were repeated at least three tilkslata are expressed as the mean +
SD and the data were analyzed by using a two-wa@¥A Differences were

considered significant when P < 0.05.
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Highlights
We synthesized benzoy! indoles with synthetic tractability as reversal agents that
reversed ABCG2-mediated MDR.
Benzoyl indoles could interact with the substrate-binding site of ABCG2.
Benzoyl indoles have enhanced metabolic stability compared to Ko143.
The combination of benzoyl indoles with anticancer drug could be a novel

treatment strategy to evade ABCG2-mediated MDR in cancer.



