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Abbreviations

ABC: ATP binding cassette, MDR: Multidrug resistance, MRP1 and MRP2: Multidrug
resistance protein 1 and 2, P-gp: P-Glycoprotein, BCRP: Breast cancer resistance protein,
BHK-21: Baby Hamster Kidney 21, GSH: reduced glutathione, GSSG: oxidized glutathione,
SR-verapamil: racemic verapamil, MTT: 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium
bromide, NAC: N-AcetylCysteine, IC,: concentration required to obtain 50% of the maximal
effect, SR: Selective ratio, G418: Geneticin, PBS: Phosphate buffer salt, ACOEt: Ethyl
acetate, cHex: Cyclohexane, 3D-QSAR: Three dimensiona quantitative structure activity

relationship, CoOMSIA: Comparative molecular similarity indices, SD: standard deviation.
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Abstract

The multidrug resistance protein 1 (MRPL) isinvolved in multidrug resistance of cancer cells
by mediating drug efflux out of cells, often in co-transport with glutathione (GSH). GSH
efflux mediated by MRP1 can be stimulated by verapamil. In cells overexpressing MRP1, we
have previously shown that verapamil induced a huge intracellular GSH depletion which
triggered apoptosis of the cells. That phenomenon takes place in the more global anticancer
strategy caled “collateral sensitivity” and could be exploited to eradicate some
chemoresistant cancer cells. Seeking alternative compounds to verapamil, we screened a
library of natura flavonoids and synthetic derivatives. A large number of these compounds
stimulate MRP1-mediated GSH efflux and the most active ones have been evaluated for their
cytotoxic effect on MRP1-overexpressing cells versus parental cells. Interestingly, some are
highly and sdlectively cytotoxic for MRP1-cells, leading them to apoptosis. However, some
others do not exhibit any cytotoxicity while promoting a strong GSH efflux, indicating that
GSH efflux is necessary but not sufficient for MRP1-cells apoptosis. In support to this
hypothesis, structure activity relationships show that the absence of a hydroxyl group at
position 3 of the flavonoid C ring is an absolute requirement for induction of MRP1-cells
death, but is not for GSH efflux stimulation. Chrysin (compound 8) and its derivatives,
compounds 11 and 22, exhibit a high selectivity toward MRP1-cells with a I1Cs value of 4.1
MM for compound 11 and 4.9 uM for chrysin and compound 22, making them among the best

described selective killer compounds of multidrug ABC transporter-overexpressing cells.
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Multidrug resistance; Multidrug Resistance Protein 1; glutathione; flavonoids; collateral

sensitivity.
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Chemical compounds studied in this article: Chrysin (PubChem CID: 5281607); Gaangin

(PubChem CID: 5281616), Kaempferol (PubChem CID: 5280863)

1. Introduction

Resistance of tumours to multiple structurally-unrelated anticancer drugs is a common clinical
problem that limits the curative potential of chemotherapy in clinical oncology. Eradication of
resistant cells in tumours would then have a considerable impact for curing cancer by
chemotherapy. The multidrug resistance (MDR) phenotype is in part due to the
overexpression within plasma membranes of drug transporters able to bind and extrude awide
variety of compounds. Three human transporters belonging to the ATP-binding cassette
(ABC) proteins superfamily have been described, which can actively extrude anticancer drugs
from the cell at the expense of ATP hydrolysis. P-glycoprotein (P-gp or ABCB1), multidrug
resistance protein 1 (MRP1 or ABCC1) and breast cancer resistance protein (BCRP, or
ABCG2)[1]. MRP1 preferentially transports negatively-charged substrates, i.e. organic
anions, generally present as either glutathione-, glucuronate- or sulfate- conjugates. Its main
endogenous substrate is leukotriene C,4, but it aso transports reduced glutathione (GSH) and
its oxidized form (GSSG). In addition, some hydrophobic drugs, such as vinblastine and
vincristine, are also transported by MRP1 by symport with GSH[2]. MRP1 modulation would
be relevant since its expression is correlated with cancer incidence or prognostic impact[3].
Considering that MRP1 co-transports chemotherapeutic drugs with GSH, GSH depletion
could become an experimental approach to sensitize tumor cells to therapy[4].

Previously, we discovered that verapamil stimulates MRP1-mediated glutathione transport out
of the cell after binding to the transporter[5]. The fast and huge glutathione extrusion triggers

a selective apoptosis of cells overexpressing MRP1[6]. Hence, it is conceivable to propose the
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set-up of anovel and origina strategy, i.e. a new therapeutic approach using ligands of MRP1
that act as stimulators of its GSH transport activity and that trigger apoptosis of cancer cells
overexpressing MRP1 without affecting normal cells. This strategy takes place in a specific
new therapeutic approach based on collateral sensitivity of cancer cells overexpressing
multidrug ABC transporters, where the physio-pathological changes associated with their
overexpression can be considered as an Achilles hedl[7], (Szakacs et al., Chem. Rev., 2014;
in press). In this research field, experiments have been first carried out on MDR cells
overexpressing P-glycoprotein and a number of compounds have been shown to induce
selective cytotoxicity towards MDR cells, such as NSC73306[8-12]. Recently, the orphan
drug tiopronin demonstrated collateral sensitivity toward various MDR cell lines
overexpressing P-glycoprotein or MRP1[13]. Successful targeting of multidrug-resistant cells
would reduce the tumor burden, and indirect problems observed with the classical use of
multidrug ABC transportersinhibitors.

When using verapamil as a sensitizer, we have showed that the S-isomer, but not the R-
isomer, of verapamil is the causative agent of MRP1-mediated GSH efflux [5], indicating a
sharp structure activity relationship. The major known drawback of verapamil is its
cardiotoxicity, which excludes any clinical development in cancer treatment. In order to find
new MRPL1 ligands, less toxic and more potent than Sverapamil, we investigated flavonoids
analogs with a specia focus on derivatives that have been shown to bind to ABC transporters.
On a series of flavonoids derivatives, we evaluated both the stimulation of GSH efflux and the
induction of cell death. We found very active compounds on both activities either in
transfected cells and selected cells and cell death was identified as apoptosis. Some other
flavonoids are only active on GSH efflux stimulation, which demonstrates that GSH efflux is
necessary but not sufficient to trigger cell death of MRP1-cells. Only those which do not have

an hydroxy| group at position 3 of the C ring are active for the induction of MRP1-cells death.
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The best one, 3-methoxy-chrysin (compound 11) (1Csp of 4.1 uM on MRP1-cells), exhibits a

high selective ratio upper than 24.5.

2. Materialsand Methods

2.1. Chemical compounds

Compounds 1-8, 10 and 20-21 shown in table 1 were purchased from Sigma-Aldrich
company (Saint Quentin Fallavier, France). Compounds 9, 11-19 were prepared according to
a previous report[14]. Flavones 22-38 were prepared by condensation of 4',6'-dimethoxy-2’ -
hydroxyacetophenone (Sigma-Aldrich, Saint Quentin Fallavier, France) with substituted
benzaldehyde (Sigma-Aldrich, Saint Quentin Fallavier, France) ( in the presence of KOH in a
mixture of EtOH:H,O which affords chalcones intermediates. The chalcones intermediates
were treated in oxidative cyclization conditions with iodine in DMSO to afford 5,7-
dimethoxyflavones (24, 26 and 28-32[15]. During the oxidation step and only in one case, we
observed the incorporation of iodine into the A-aromatic ring at the C-6 carbon (compound
30). 5-Hydroxyflavones and 5,7-dihydroxyflavones (22, 23, 25 and 27) were obtained by
treating their methoxylated derivatives with boron tribromide (Sigma-Aldrich, Saint Quentin
Falavier, France) in CH,Cl, to afford either totally demethylated or a mixture of mono and
demethylated derivatives.

4’ -Aminoflavone 32 was prepared by reduction of 4’-nitroflavone 31 with SnCl, (Sigma-
Aldrich, Saint Quentin Fallavier, France) in HCI according to conventiona procedures[16].
4’ -benzamide flavones (33, 38) were obtained by treatment of 32 with substituted benzoyl
chlorides.

NMR spectra were recorded on a Briker AC-400 instrument (400 MHz). Electrospray
ionization ESI mass spectra were acquired by the Analytical Department of Grenoble

University on an Esquire 300 PlusBrukerDaltonis instrument with a nanospray inlet.
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2.2. Antioxidant and radical scavenger activities measurements
All chemicals were purchased from Sigma-Aldrich company, Saint Quentin Fallavier, France.
2.2.1. Oxygen radical absorbance capacity (ORAC) assay.

Antioxidant activities of the tested compounds were determined by their ability to preserve
from oxygen radical species the fluorescence of fluorescein exposed to peroxyl radicals
generated by 2,2'-azobis(2-methylpropionamidine) dihydrochloride (AAPH)[17]. Black
polypropylene 96-well plates were filled with 60 nM fluorescein (in glycine buffer pH 8.3),
together with test samples or vehicle (in 2% DM SO), and pre-incubated at 40°C for 15 min.
The oxidative reaction was obtained by adding 5 mM AAPH (in glycine buffer pH 8.3) to
wells containing samples, positive control (here quercetin, which does not induce GSH efflux)
and oxidized fluorescein control. Non-oxidized fluorescein controls were added with the same
volume of assay buffer. The plate was incubated at 40°C for 90 min with continuous shaking
at 150 rpm, and cooled down at room temperature (5 min) prior to fluorescence reading at
485/528 nm. Pure compounds were first tested at 10 pM according to pre-established
screening criterig[18]. For each compound with a percentage of fluorescein protection higher
than 50%, the ECs, (concentration required to obtain 50% of the maximal effect) value was
determined by a dose-response curve of at least 6 concentrations.

2.2.2. DPPH radical scavenging assay.

Capacities of samples to scavenge the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
were determined spectrophotometrically by measuring the loss of absorbance of DPPH at 515
nm [19]. 96-well microplates were filled with test sample solution (in ethanol containing up to
2% DMSO) or vehicle for the DPPH control. The reaction was initiated by the addition of 80

uM DPPH (in ethanol). The decrease in absorbance at 515 nm was monitored at room

temperature after 10 min in order to determine the percentage of scavenged radical. Samples
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were tested at 40 UM for screening purposes to provide a concentration ratio of compound
over radical of 0.5 (R=0.5), as previously defined [18].For each compound with a percentage
of scavenged DPPH higher than 20%, the ERs (ratio between ECsy and radical concentration)
values were determined by on dose-response curves of at least 6 concentrations by calculating

as ratios between compound concentration and radical concentration.

2.3. Molecular Modeling

Compounds were analysed by the Sybyl X 1.3 molecular modelling suite software[20], and
minimized by the MMFF94 force field[21] with adielectric constant of 80 and an electrostatic
cut-off of 16A. Minimized molecules were aligned on the central common core and put in a
database; lateral chains of molecules were manually checked and aligned on a common
position, and the modified conformation was minimized. The differences in interna energy
between the two conformations must be lower than 20 kcal.mol™ in order to validate the
aligned conformations. Using the aligned molecules, a 3BDQSAR study was initiated with the
CoMFA[22] program. Grids of electrostatic and steric potentia fields were computed using
the C3 atom with a charge of +2 as a probe. Grids were filtered with 4 kcal.mol™ as the
minimal variation to select probes, and the validation by leave one out (LOO) method was

chosen.[23]

2.4. Cdl lines

All cell lines were grown at 37°C in 5 % CO,. BHK-21 (Baby Hamster Kidney-21) cells stably
transfected with wild-type mrpl or K1333L mrpl mutant have been previously described[24,
25]. They were grown in DMEM/F-12, GlutaMAX Supplement culture medium (Gibco-Life
Technologies, Saint Aubin, France) supplemented with 15 mM HEPES, 1 %

penicillin/streptomycin (PAA, GE Healthcare Life sciences, Velizy-Villacoublay, France) and 5
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% of heat-inactivated fetal bovine serum (PAA, GE Hedthcare Life sciences, Velizy-
Villacoublay, France), in the presence of 200 uM methotrexate for transfected cells. The
small cell lung cancer cell lines NCI-H69 and HE9AR (from ATCC number HTB-119 and
CRL-1135, respectively), which are human lung epithelial carcinoma, have been previousy
described[26]. The HG9AR lineis derived from the NCI-H69 line after 14 months selection
with increased doxorubicin concentrations. They were grown in RPMI 1640 medium with
HEPES and L-glutamine (PAA, GE Hedlthcare Life sciences, Veizy-Villacoublay, France)
supplemented with 1 % penicillin/streptomycin, 10 % of heat-inactivated fetal bovine serum and
1mM sodium pyruvate (PAA, GE Hedthcare Life sciences, Velizy-Villacoublay, France).
H69AR were monthly selected with doxorubicine at 0.8 uM (Sigma-Aldrich, Saint Quentin
Fallavier, France). The other cell lines were grown in DMEM High Glucose culture medium
with L-Glutamine (PAA, GE Hedthcare Life sciences, Velizy-Villacoublay, France).
supplemented with 1 % penicillin/streptomycin and 10 % of heat-inactivated fetal bovine
serum. The NIH3T3/P-gp (ATCC)[27] grown medium was also supplemented with 60 ng/mL
of colchicine (Sigma-Aldrich company, Saint Quentin Fallavier, France). Human MDR1-
G185 P-glycoprotein-transfected (Pgp-expressing) HEK 293 cells, a gift from Dr S. Bates[ 28],
and ABCG2-transfected HEK293 cells, obtained by transfection of cells with pcDNA3.1-
ABCG2 using lipofectamine (Invitrogen, Life technologies, Saint Aubin, France), were
respectively grown with 2 and 1 mg/mL of G418 (Invitrogen, Life technologies, France).
MDCKII (Madin-Darby Canine kidney) transfected with mrp2 (MCDKII-MOAT17)[29] and
the MDCKII parenta cell line were a gift from Dr E. Georges (McGill University, Montreal,

Canada). MDCKII-MOAT17 was maintained with 800 pg/mL of G418.
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2.5. Céll praliferation analysis.

The MTT colorimetric assay was used to assess the sensitivity of parental cells and MRP1-
cells to the different compounds (by determination of 1Csp: concentration of compound where
50 % of the growth inhibition are observed)[30]. Briefly, growth inhibition assays were
performed by plating cells in 96-well plates at density 2.0 x 10" cells/well for NCI-H69 and
HB9AR, at 3.2 x10° cells/well for BHK-21-wt and 4 x 10° cellsiwell for BHK-21-MRP1 cell
lines. Cells were cultured for 17 h before addition of compounds diluted in complete culture
medium, with a fixed final DM SO concentration of 0.5 %. The cells were then incubated for
24 or 72 h in a humidified tissue-culture chamber (37 °C, 5 % CO,). Surviving cells were
detected by the bromo-3(4,5-dimethyl-2-thiazoyl) 2,5-diphenyltetrazolium (MTT) assay. The
MTT solution was added to a final concentration of 0.5 mg/ml and cells were then incubated
for 4 h at 37 °C. For NCI-H69 and HE9AR cell lines, the 96-well plates were thereafter
centrifuged at 700 g for 10 min to pull down floating cells, the MTT dye was carefully
aspirated and 200 pL of 50 % ethanol/50 % DM SO mixing solution was added to each well to
solubilize the reduced formazan dye under shaking. The absorbance of formazan was
determined by spectrophotometry at 570 nm. The effect of drugs on cell growth was
determined from differences in absorbance between drug-treated cells versus untreated cells
or solvent control. 1Csy values were calculated from dose response curves obtained from
triplicate independent experiments. For cell rescue experiments, BHK-21-wt and BHK-21-
MRPL1 cells were incubating with flavonoids at 20 uM with increasing concentrations of N-
acetylcysteine (NAC) (purchased from Sigma-Aldrich) for 72h and with increasing
concentrations of Z-VAD-FMK, a generic pan-caspase inhibitor (purchased from

Calbiochem, Merck Chemicals, UK) for 24h.
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2.6. Total cdllular glutathione deter mination.
All chemicals were purchased from Sigma-Aldrich, Saint Quentin Fallavier, France

Total cellular glutathione contents (GSH + GSSG) were measured using the enzymatic
method described by Tiezte[31] and modified by Anderson[32] to the microtiter plate. Cells
were seeded into 96-well plates at a density of 1.0 x 10° cells’well and cultured for 17 h
before addition of compounds at 20 uM. DM SO concentration was fixed at 0.5 %. After a 3h-
incubation, cells were washed twice with 100 pL cold PBS, and then lysed by 100 uL PBS
supplemented with 0.1 % Triton X-100. After homogenization, lysis was performed by
incubation 1 h at 4° C under strong shaking prior to freezing. Then 25 pL of lysate were
transferred to a new plate for GSH titration, and 10 pL to another plate for protein
guantitation. GSH determination was performed by adding 100 pL of reaction buffer
containing 266.6 UM NADPH, 555 uM 5,5'-dithiobis-(2-nitrobenzoic acid), 10 U/mL GSH
reductase and PBS-Triton 0.1 %. The plate was then placed in a microplate reader and the
absorbance was read at 412 nm every 30 sfor 2 min. The content of total cellular glutathione
was quantified by comparison with known glutathione standards. The slope was determined
for each sample and led to the determination of the GSH contents. Protein titration was
performed on the remaining 10 uL by the Bicinchoninic Acid method assay. The measured
total glutathione was expressed in nmol per mg protein, and the results were obtained from

triplicates.

3. Reaults

3.1. Flavonoids and derivatives asinducersof a strong intracellular GSH depletion
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Flavonoids are natural compounds extensively studied for their anti- and pro-oxidant
properties. They have a broad range of biological activities by interacting with various
proteins and their use in cancer chemoprevention and chemotherapy is of great interest[33,
34]. In order to circumvent the MDR phenotype of cancer cells due to multidrug ABC
transporters, flavonoids and derivatives were shown to inhibit drug transport mediated by P-
glycoprotein[35-38], MRP1[39, 40] and BCRP[41, 42]. A new type of activity has been
observed for some flavonoids that are effective in depleting the glutathione content of tumor
cells overexpressing MRPL, thanks to MRP1-mediated GSH efflux|[33, 43-45].

In 2004, we reported for the first time collateral sensitivity of MRP1-cells. Indeed, we showed
that verapamil triggered selective apoptosis of MRP1-overexpressing cells after a strong
cellular GSH depletion[6], resulting from the stimulation of GSH efflux. This efflux
stimulated by verapamil was demonstrated to be mediated by MRP1[46]. Afterwards, our
results were confirmed by Laberge et al. who studied both verapamil and the flavonoid
apigenin[47], this last one being only active on H69AR cells but not on transfected Hela*“!
cells.

Here, we further prospect for compounds with the same desirable properties by searching the
requested structural requirements. This could lead to the elaboration of novel anticancer
agents that would act as collateral sensitivity agents. Natural and synthetic flavonoids (Table
1) were submitted to a first screen to assess their ability to modify the intracellular levels of
GSH in two cdl lines. Baby Hamster Kidney-21 wild-type parental cells (BHK-21-wt)
(control cells) and BHK-21 cells transfected by the MRP1 gene (BHK-21-MRP1), which only
express MRP1[24], previously used to study collateral sensitivity to verapamil[6].

The total cellular glutathione levels were measured in both control cells and MRP1-
transfected cells treated or not with each compound at 20 uM and expressed in percentage

(untreated cells glutathione levels considered as 100 %). The 20 uM concentration was
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selected from previous works describing the effects of flavonoids on cellular GSH depletion
[44, 45). Percentages of depletion caused by tested compounds were calculated for each cell
line and the effect on the MRP1-transfected cells was then corrected from effects on control
cells to get the “net GSH depletion”. This "net depletion" can be assumed as a "net GSH
efflux" since it is specificaly induced by stimulated MRP1, as aready described on
membrane vesicles for verapamil and for bioflavonoidg[45, 46]. In addition, an increase of
extracellular GSH was measured in a concomitant way with the decrease of intracellular GSH
in BHK-21-MRP1 cells treated with verapamil (unpublished results).

The values of resulting net efflux of cellular GSH are shown in Table 1. Our hit compound
previously identified was the unsubstituted flavone (compound 1) which induced a 42 % net
efflux of GSH. From our previous investigations dealing with flavonoids interactions with
ABC proteing35-42, 48], we learned that the hydroxylation pattern of the A-ring was
decisive. In the present study, the hydroxylation at C-5 or C-7 (compounds 2 and 6) induces a
significant increase in GSH efflux, whereas the hydroxylation at C-6 (compound 4) is harmful
for the GSH depletion.

The OH-methylation of 7-hydroxyflavone (compound 7) leads to a decreased activity, which
highlights the influence of the hydrogen bond and/or hydrophobic properties. The
concomitant presence of hydroxyl groups at both C-5 and C-7 positions (compound 8,
compared to 2 and 6) does not lead to a significant increase in GSH depletion. Interestingly,
the replacement of the 5-OH or 6-OH (compounds 2 and 4) by an amino group (compounds 3
and 5) has no major impact on the activity. The presence of an additional hydroxyl group on
the B-ring (apigenin, compound 20) provides a less active derivative. Insertion of a hydroxyl
group a the 3-position of the C-ring favors the activity, leading to one of the most active
derivatives (galangin, compound 10). The positive role of the 3-OH group is confirmed by

comparing the activity of derivatives 20 and 21.
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The role of hydroxylation on the A-ring is confirmed by the screening of a series of
derivatives with methoxy groups at the 5 and 7 positions and having different substituents at
the 4’ -position. As shown in table 1 (compounds 24, 26, 28-32), all derivatives are less active,
indicating once again the crucial role of the hydroxyl groups at 5 and 7 positions.

Finally, we set up 5 compounds (33-38) that have a flavonoidic skeleton and bear substituents
at 4 -position that make them verapamil-like structures. Unfortunately, we observed only very

low, if any, GSH efflux.

3.2. 3D-QSAR for GSH efflux mediated by MRP1

The 38 compounds that were screened for GSH efflux were modelled and aligned and a 3D-
QSAR study with CoMSIA [20-23] was initiated. The PLS algorithm with an optimal number
of component set at 4, gave a good correlation coefficient, g = 0.723, with the LOO method
and r? = 0.952 in calibration (Figure 1).

The analysis of volumes contribution (Figure 2) reveals a negative steric contribution (yellow)
at both ends of the molecule, suggesting a narrow pocket for this type of compounds. The
volume size is well suited for flavonoid compounds with molecular backbone deprived of

heavy moieties

3.3. Induction of MRP1-cells death by selected flavonoids.

Compounds cytotoxicity at 20 uM was then investigated against BHK-21-wt cells and BHK -
21-MRP1. Figure 3 shows that the compounds that are the most cytotoxic against BHK-21-
MRPL1 cells and the less against parental cells are chrysin (compound 8) and its derivatives
(compounds 11 to 15) and the two compounds 5,7-dihydroxy-4'-fluoroflavone and 5,7-
dihydroxy-4'-bromoflavone (22 and 25 respectively). Some other compounds, 5-

hydroxyflavone, 8-(1,1-DMA)-3-methoxy-chrysin and apigenin (compounds 2, 17 and 20
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respectively) exhibit a good cytotoxicity against BHK-21-MRP1 cells but are also cytotoxic
against BHK-21-wt cells to alesser extent. Surprisingly, compounds 3, compounds 10, 16-18
(galangin and derivatives), compound 19, compound 21 (kaempferol), compounds 23, 24 and
32, while inducing a significant GSH depletion, do not trigger cell death of BHK-21-MRP1
cells. Given these observations, it can be suggested that there is no strict correlation between
both activities of GSH efflux and cell death. However, among compounds triggering selective
cytotoxicity, GSH efflux stimulation is the pre-requisite for cell death induction. Indeed, the
addition of N-acetyl-cysteine (Figure 4), a synthetic precursor of intracellular cysteine and
GSH, or GSH (data not shown) in culture medium prevents cell death induced by chrysin
(compound 8) and flavonoids 11 and 22, both strong GSH efflux inducers. This was
previously shown with verapamil[6], indicating that these flavonoids would act in a similar
way to verapamil regarding GSH depletion and cell death.

MRPL1 has been demonstrated to be the causative agent of the selective cell death induced by
verapamil[6]. Flavonoids (flavonoid 8, 11 and 22 for the most active ones), like verapamil,
are only effective on BHK-21 cells overexpressing wild-type MRP1 and not on those
overexpressing MRP1 mutated in its hydrolytic site (K1333L) (Figure 5) suggesting that the
functional transporter is required to induce selective cell death.

The addition of the pan-caspase inhibitor Z-VAD-FMK in culture medium prevents the death
of MRP1-cdlls triggered by the natural compound chrysin and the flavonoid derivatives 11
and 22 after 24h of co-incubation (Figure 6). Thisresult isin favor of an apoptotic cell death
pathway induced by these flavonoids.

In order to establish valuable structure-activity relationships, the 1Csq of the compounds were
determined. Only the 24 compounds that induced more than 38.5 % of net GSH depletion
were tested. We included verapamil for comparison purposes and compound 38 as a hegative

control that does not induce GSH depletion (as shown in Table 1). Collateral sensitivity
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(abbreviated as "SR" for selective ratio) was calculated for each compound as the ratio of 1Csg
for parental cells divided by 1Cso for MRP1-cells. A SR greater than 2 is indicative of
significant collateral sensitivity. In order to validate our proof of concept in a human
chemoresistant cell line, we chose to determine SR on both human drug-sensitive cells NCI-
H69 (carcinoma cells from small cell lung cancer) and drug-resistant MRP1-overexpressing
cells HB9AR (derived from NCI-H69 cells after 14 months of culture in the presence of
increasing adriamycin concentrations), cell lines that are of better relevance in anticipation of
in vivo studies. HE9AR cells overexpress MRP1, and P-gycoprotein and BCRP were not
detected by western-blot (data not shown). They are characterized by a lower basal GSH
content compared to NCI-H69 (11 + 5 nmol GSH/mg protein versus 39 + 11 nmol GSH/mg
protein), which results from the overexpression of MRP1, and they behave similarly to BHK-
21-MRP1 cells toward GSH efflux in the presence of verapamil, which results in a near
complete GSH depletion (1.5 + 0.5 nmol GSH/mg after a 3h-exposure).

As shown in Table 2, galangin (compound 10) and kaempferol (compound 21) provide only
wesak activities on HG9AR cells, as shown for BHK-21-MRP1, indicating that the absence of
a hydroxyl group at position 3 seems to be an absolute requirement to obtain an active
molecule. This is confirmed by results obtained with chrysin (compound 8) which differs
from galangin only by the absence of the 3-OH group and which exhibits one of the most
potent activities with a high selective ratio (SR) upper than 20.5, even higher than verapamil’s
(Table 2). The later structural requirement is also supported by comparison of compound 16
(8-(1,1-DMA)-galangin) with compound 17 (8-(1,1-DMA)-3-O-methylgalangin) where 3-OH
is substituted by 3-OMe. Compound 16 has no cytotoxic effect on MRP1-overexpressing cells
(SR = 1) while compound 17 exhibits a SR = 10. The presence of hydrophobic substituents
like prenyl and geranyl does not seem to induce any additional effect on cytotoxicity

(compound 8 versus compounds 12, 13, 14, 15). As observed for BHK-21-MRP1 cells,
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galangin and derivatives (compounds 10, 16, 18), kaempferol (compound 21) and compounds
3, 19, 23, 24 and 32 do not trigger cell death of HE9AR, while inducing a GSH depletion
(Table 1 and 2 and Figure 3). In overall, when comparing both transfected cells and selected
cells models, the effects of the different compounds are quite similar, even if BHK-21-wt
cells are slightly more sensitive than the NCI-HGE9 cells.

Flavonoids are known to possess, for many of them, antioxidant capacities[49]. The absence
of cytotoxicity observed for example with galangin (compound 10) and kaempferol
(compound 21) could be explained by such properties, despite the strong GSH efflux
triggered by these compounds. High reactivity of the hydroxyl groups of some flavonoids is
responsible for their free radical scavenger properties [50], so they could scavenge the
oxidative consequence of this GSH efflux. We checked this hypothesis by measuring the
antioxidant properties of some flavonoids, as described in the Materials and Methods section.
Among those exhibiting oxygen radical absorbance capacity, preventing fluorescein
oxidation, some of them (compounds 8, 11, 25 and 27) induce cell death and others
(compounds 10, 21 and 32) do not (Table 3). We aso determined, using the radical DPPHe,
their peroxyl radical scavenger capacity. Among compounds triggering GSH depletion but no
selective cell death (compounds 3, 10, 16, 18, 19, 21, 23, 24, 32) , only galangin (compound
10) and kaempferol (compound 21) exhibit this capacity with an ERs (ratio between ECsy
and radical concentration) of 2.44 + 0.05 and 0.36 + 0.02 respectively, compared to 0.28 +
0.01 determined for quercetin. Taking into account their strong scavenging capacities, we
cannot exclude that the absence of cytotoxicity of galangin and kaempferol (compounds 10
and 21) can be related to their antioxidant properties. However, some other flavonoids also
show antioxidant capacities (table 3) but induce cell death.

Finadly, the two flavonoid derivatives 11 and 22 and the natural compound chrysin

(compound 8) exhibit the highest SR (Table 2), despite antioxidant properties (Table 3).
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Compound 11 gives the best 1Csp for cytotoxicity against HG9AR (4.1 uM) (Table 2), even

though it does not induce the highest GSH efflux (66%) (Table 1).

3.4. 3D-QSAR for cell death

The 25 initial compounds screened for cell death were modelled and aligned and a 3D-QSAR
study with COMSIA [20-23] was initiated. The establishment of a standard QSAR proving to
be difficult, we chose an ICso of 70 UM as a cut off and compounds showing a higher 1Csg
were considered to be inactive (and coded with a 100 value) while compounds showing a
lower value | Cso were considered to be active (and coded with a0 value) (Table 4).

Analysis revealed that 3 molecules out of the 25 initial compounds were outliers. The PLS
algorithm, with an optimal number of 6 components, gave a good correlation coefficient: o =
0.803 with the LOO method and r? = 0.975 in calibration (Figure 7). All compounds were
well predicted, positive or negative, with LOO methods.

The “yes or no” response of the cell death QSAR shows the difficulty to predict cellular cell
death which is often multifactorial and involves different pathways. The 3D-QSAR of GSH
efflux and cell death (Figures 2 and 8) reveal strong differences between the two maps of
fields, particularly regarding electrostatic fields whose contributions are negative only for
QSAR of cell death. This suggests that the target of offending flavonoids might not be unique.
The lack of direct correlation between GSH efflux and selective cell death emphasizes this

hypothesis.

3.5. Specificity of "cytotoxic® flavonoids for MRP1 as compared to other ABC drug
transporters
We checked the specificity of the active flavonoid derivative 11 and chrysin (compound 8) for

MRP1. Thus, we tested their effect on resistant cell lines overexpressing either P-gp
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(NIH3T3-P-gp and HEK-293-MDR1), MRP2 (MDCKII-MRP2) and BCRP (HEK-293-
BCRP) in comparison with their respective parental cell lines (Table 5). None of these other
MDR cell lines are hypersensitive to the two compounds, indicating that they selectively act

on MRP1-cdlls.

4. Discussion

Cancer cells are usually treated with chemotherapeutic drugs, which unfortunately also induce
cytotoxicity for non cancer cells. Many strategies are currently in development to act
specifically against cellular targets only present in cancer cells. To overcome the MDR
phenotype of cancer cells related to multidrug ABC transporters (P-glycoprotein, MRP1 and
BCRP), different approaches are being studied. The classical one consists of using inhibitors
in order to chemosensitize resistant cancer cells to chemotherapeutic drugs. A more promising
trend is to exploit the phenomenon of collateral sensitivity of resistant cancer cells specifically
due to the overexpression of the MDR transporterg[51]. This overexpression can indeed be
considered as an Achilles' heel that can be selectively targeted through this new therapeutic
approach. This strategy, in addition to improving response to chemotherapy, would become a
novel and specific anticancer therapy since the compounds would target resistant cancer cells
that overexpress either P-glycoprotein, MRP1 or BCRP[12, 52] and (Szakacs et al., Chem.
Rev., 2014; in press).

We describe in this work new findings about flavonoids which can be used as a new class of
modulators able to selectively target chemoresistant cells overexpressing MRP1. We
demonstrate for some of them a "killer" potency instead of the more traditional effects in
cancer prevention. The flavonoids chrysin (compound 8), 3-methoxy-chrysin (compound 11)
and 5,7-dihydroxy-4'-fluoroflavone (compound 22) are more effective (SR > 20 to 24.5) than

verapamil and show 1Csp of about 4 uM, which is 3-fold lower compared to that of verapamil.
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Compounds 8 and 22 trigger apoptosis within MRP1-cells as shown by prevention of
BHK?21-MRP1 cdlls death using the pan-caspase inhibitor Z-VAD-FMK. These compounds
would be expected to be less toxic than verapamil since polyphenolic compounds are common
in the diet and have been suggested to have a number of beneficial health effects including
prevention of cancer, cardiovascular disease, diabetes, and others.

Some studies showed that both VP-16 cell line, which overexpresses MRP1, and KB-V 1 cell
line, which overexpresses P-glycoprotein, develop a relative sensitivity to the sensitizer
tiopronin of respectively 42.5-fold and 51-fold compared to the parental cell line. However, in
both cases, collateral sensitivity exhibited by these MDR cell lines was not linked to
interaction of tiopronin with MRP1 or P-gp, but seemed to require alterations associated with
the development of MDRJ[13]. In another work using indomethacin, the doxorubicin-resistant
MRP1-overexpressing human SCLC cell line GLC4-Adr was shown to be highly sensitive to
the compound when compared to the parental line GLC4. Although GSH level was decreased
by 31.5 % after 2 hours of incubation, the reduced cellular GSH level seemed not to be the
primary cause of indomethacin-induced apoptosis[53]. On the contrary, we previously
demonstrated that a strong GSH level diminution induced upon activation of MRP1 transport
activity by verapamil[46], triggered apoptosis of MRP1-overexpressing cell§6]. When using
cells overexpressing an inactive mutant of MRP1 defective for transport activity, neither GSH
efflux (data known shown) nor concomitant cell death (figure 5) are observed with
flavonoids, as already shown with verapamil[6], indicating an effective MRP1-dependent
mechanism. This GSH efflux inducing cell death is directly dependent of MRP1-
overexpression since MRP1-transfected cells (BHK21-MRP1 cells) show the same profile of
selective sensitivity than selected MRP1-overexpressing cells (H69AR), athough the two cell

lines are strongly different. Furthermore, incubation with GSH or N-acetyl-cystein prevents
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cell death (figure 4) showing a direct link between intracellular GSH level decrease and cell
death.

Cancer cells are in a permanent oxidative stress state and one mechanism they use for
hindering oxidative stress is to increase their intracellular GSH level and regulate the different
components of the GSH synthesis system. Furthermore, beyond antioxidant properties of
GSH, there is a strong relationship between apoptosis and GSH[54]. In this regard, severd
agents that target the GSH system have been developed in an attempt to improve cancer
chemotherapy[55]. Our work lies with this approach. However, whereas flavonoids were used
in addition to chemotherapeutic drugs to potentialize their effect[43], we describe for the first
time their direct effect on resistant MRP1-cells as inducers of apoptosis. Cells overexpressing
MRP1 (BHK21-MRP1 and H69AR) present a dramatically decreased intracellular GSH level
in comparison to parental cells (BHK-21-wt and NCI-H69)[6]. Indeed, in the presence of
verapamil, GSH content of HE9AR is further reduced to a very low level, as shown in this
work (results § 3.3) and as described[47], which probably induces a strong oxidative stress in
the cell or acts as a critical regulator of apoptosig[54]. Modulation via MRPL of cellular GSH
levels would be therefore a powerful approach for cancer therapy[56]. Although depletion of
intracellular GSH via stimulation of MRP1 transport activity by bioflavonoids was previously
reported [45], we report here the first study about the structural requirements among flavonoid
derivatives as selective cancer agents. Apigenin, aready shown to be effective on
H69AR[47], aso leads to strong GSH efflux and cell death of BHK21-MRP1 cells (Table 1
and Figure 3) . Chrysin is the best natural compound with a SR higher than 20.5 and an ICsp
of 49 + 3.9 uM. Chrysin has already been used for its strong stimulation of GSH efflux in
MRP1-overexpressing cells, in order to potentiate the doxorubicin effect in human lung
epithelial cancer[33]. From our results, this could be explained by the own cytotoxicity of

chrysin against MRP1-cells. Potentiation of prooxidants toxicities towards cancer cells using
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GSH depletion, induced for example by flavonoids, is already proposed as a strategy to
sensitize cancer cellg43, 56] and we propose here that chrysin and derivatives could be
directly used as selective anticancer agents against resistant cancer cells, their low range | Cso
being compatible with biologically achievable plasma level measured for a similar flavonoid,
quercetin [57].

On the other hand, a hydroxyl group at position 3 of the flavonoid skeleton is incompatible
with cytotoxicity against MRP1-overexpressing cells since galangin or kaempferol only
induce GSH efflux but do not trigger cytotoxicity. This structural element is greatly valuable
for further investigations of flavonoid derivatives. A strong GSH efflux, though necessary, is
not sufficient for cell death induction, as aso highlighted for indomethacin[53] and xanthones
we previously studied[58], questioning the mechanism through which GSH depletion triggers
the downstream events of apoptosis[59]. Free radical scavenger properties of galangin
(compound 10) and kaempferol (compound 21) and probably those of galangine derivatives
(compounds 16 and 18) are strong. However, this does not totally explain their lack of
selective cytotoxicity since other compounds exhibiting similar antioxidant capacities are able
to induce MRP1-cells death. Furthermore, flavonoids 3, 19, 21, 23, 24 and 32 also are not
cytotoxic for MRP1-cells whereas they induce GSH efflux. Therefore, it can be supposed that
there would be different targets, the first one being MRPL1 that leads to a huge cellular GSH
depletion, while other targets, probably involving additional pathways, would lead to cell
death solely when cells are enough depleted in their GSH content. The “yes or no” response
of the QSAR of cell death (Figure 7) emphasizes this hypothesis. The implication of other
cellular pathways in the induction of apoptosis is under investigation.

Among the flavonoid derivatives tested, compounds 11 and 22 are highly selective for cells
overexpressing MRPL1 as illustrated by their high SR (> 24.5 and > 20.5 respectively). The

exact value of these SR could not be determined since the tested concentrations were
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technically limited to 100 uM, concentration which is not toxic for control cells. They induce
a collateral sensitivity towards cells overexpressing MRP1 at low concentrations (1Csp of 4.1
and 4.9 uM respectively) and are much more powerful than tropionin (1Cso of 290 uM)[13] or
indomethacin (1Csp 30 uM)[53], and may be considered among the best compounds described

for their collatera sensitivity towards MDR cells that overexpress MRP1[13, 53, 58, 60].

In conclusion, our work brings a significant framework to consolidate the novel approach
called collateral sensitivity as an emerging strategy in cancer treatment. The structura
elements found here will allow to design new anticancer agents that target selectively MDR
tumors overexpressing MRP1 through the induction of a strong GSH efflux, probably leading
to oxidative stress. The in vivo efficacy of our best compounds is currently being assessed
using H69AR xenografts in mice. Whereas safety is expected, as often described using dietary
bioflavonoids, their cytotoxicity is being evaluated. Depending on the results, we could
modify flavonoid structure while maintaining structural requirements needed for cell death
induction described in this work. The relevance of this new strategy can be emphasized on the
basis that the recurrent tumors often acquire MDR phenotype and that this novel anticancer
therapy, which is selective for MDR tumors, can be applied upon failure of conventiona

chemotherapies, while being non toxic for non MRP1-overexpressing cells.
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Figure captions

Figure 1. 3D-QSAR study based on GSH efflux at compound concentration of 20 uM.

Figure 2. CoMSIA volumes contribution of the 38 molecules submitted to the study of 3D-
QSAR for GSH efflux mediated by MRP1. Volumes were plotted with 30 for negative
contribution (yellow for steric and red for electrostatic fields) and 70 for positive contribution

(green for steric and blue for electrostatic fields).

Figure 3. Cell survival of parenta cells (BHK-21-wt) and MRP1-overexpressing cells (BHK-
21-MRP1) in presence of 20 uM of flavonoid derivatives. Error bars represent standard

deviation from three different experiments done in triplicate.

Figure 4. Prevention of BHK-21-MRP1 cell death induced by compounds 8, 11 and 22 and
racemic verapamil (SR-verapamil) by extracellular addition of N-acetyl-cystein. Error bars

represent standard deviation from three different experiments done in triplicate.

Figure 5. Cell survival of parental cells (BHK-21-wt), MRP1-overexpressing cells (BHK-21-
MRP1) and mutated MRP1-overexpressing cells (BHK-21-MRP1m) in presence of racemic

verapamil (SR-verapamil) and compounds 8, 11 and 22.

Figure 6. Prevention of BHK-21-MRP1 cell death induced by compounds 8, 11 and 22 and
racemic verapamil (SR-verapamil) by extracellular addition of the pan-caspase inhibitor Z-
VAD-FMK. Error bars represent standard deviation from three different experiments done in

triplicate.
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Figure 7. 3D-QSAR of cell death with attributed coded values (0 active/100 inactive).

Figure 8. CoMSIA volumes contribution of the 22 molecules submitted to the study of 3D-
QSAR for cell death. Volumes were plotted with 30 for negative contribution (yellow for steric
and red for electrostatic fields) and 70 for positive contribution (green for steric and blue for

electrostatic fields).

Figure captionsfor Figures 2 and 8 in black and white

Figure 2. CoMSIA volumes contribution of the 38 molecules submitted to the study of 3D-
QSAR for GSH efflux mediated by MRP1. Volumes were plotted with 30 for negative
contribution (light grey for steric fields) and 70 for positive contribution (black for steric and dark

grey for electrostatic fields).

Figure 8. CoMSIA volumes contribution of the 22 molecules submitted to the study of 3D-
QSAR for cell death. Volumes were plotted with 30 for negative contribution (dark grey for

electrostatic fields) and 70 for positive contribution (light grey for steric and black for electrostatic

fields).
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Table 1. Structures of studied compounds and effect on cellular GSH efflux in BHK-21 cells.

geranyl

_ P,
Flavone flavone Flavone 4-N-bénzaide S hithd
(derivatives 33-38) prenyl
Compound Compound name CLogP Na?Z%iHMe(r&u)x

1 flavone 3.74 424
2 5-hydroxyflavone 3.47 63.8
3 5-aminoflavone 3.17 61.3
4 6-hydroxyflavone 3.23 16.7
5 6-aminoflavone 2.79 11.7
6 7-hydroxyflavone 3.23 76.3
7 7-methoxyflavone 3.77 422
8 chrysin (5,7-dihydroxyflavone) 2.94 76.5
9 5-hydroxy-7-ethoxyflavone 3.85 39.3
10 galangin (3,5, 7-trihydroxyflavone) 2.65 84.6
11 3-methoxy-chrysin 2.93 65.6
12 6-prenyl-chrysin 5.19 46.1
13 6-geranyl-chrysin 7.04 58.0
14 8-prenyl-chrysin 5.19 46.2
15 8-geranyl-chrysin 7.04 52.1
16 8-(1,1-DMA)-galangin 4.84 59.2
17 8-(1,1-DMA)-3-methoxy-chrysin 5.12 43.2
18 8-prenyl-galangin 4.9 39.9
19 8-prenyl-3-methoxy-chrysin 5.18 57.6
20 apigenin (5,7,4’ -trihydroxyflavone) 2.46 43
21 kaempferol (3,5,7,4' -tetrahydroxyflavone) 217 72.5
22 5,7-dihydroxy-4'-fluoroflavone 311 745
23 5-hydroxy-7-methoxy-4'-fluoroflavone 3.64 42.8
24 5,7-dimethoxy-4’ -fluoroflavone 3.92 43.8
25 5,7-dihydroxy-4’-bromoflavone 3.75 474
26 5,7-dimethoxy-4' -ethoxyflavone 3.65 26.7
27 5,7-dihydroxy-4’ -tertiobutylflavone 4.65 38.5
28 5,7-dimethoxy-4 -tertiobutylflavone 5.46 0
29 5,7-dimethoxy-4’ -isopropylflavone 5.27 124
30 5,7-dimethoxy-6-iodo-4' -isopropylflavone 6.28 15
31 5,7-dimethoxy-4’ -nitroflavone 371 0
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32 5,7-dimethoxy-4’ -aminoflavone 2.83 49.3

33 Ri=F,R.=H,R3=F 5.56 0,9
34 R1=0OMe, R;=H,R3=H 573 151
35 Ri=H,R;=Et,Rs=H 4.68 0

36 Ri=F,R;=F,Rs=H 4.29 19
37 Ri=H,R;=1,R3=H 4.9 151
38 R;=OMe, R, =OMe, R3=H 4.9 54

4ntracellular GSH level was measured in parental cells (BHK-21-wt) and mrp1-transfected
cells (BHK-21-MRP1), after a 3h-incubation in absence or presence of compounds at 20 pM.
The percentage of GSH efflux induced by the compounds was first determined in each cell
line and the specific effect of each compound on the mrpl-transfected cells (net GSH efflux)

was obtained after correction from the effect observed on parental cells.

Table 2. Cytotoxicity of flavonoid derivatives against MRP1-overexpressing cells (H69AR)
and parental cells (NCI-H69).

Compound  Co M) 1Cso(uM)’ -
H69AR NCI H69

1 299 + 12.7° > 100 >33
2 232 + 83 > 100 >43
3 > 100 > 100 1
6 17,9+ 89 >100 >5.6
7 16.8 + 9.7 > 100 >5.9
8 49+ 39 > 100 >204
10 > 100 > 100 1
11 41+27 > 100 >24.5
12 83+ 78 > 100 >12
13 14.1 + 8.1 > 100 >7.1
14 92+ 6.1 99.9 10.8
15 83+58 > 100 >121
16 > 100 > 100 1
17 57+4 59.2 +23 103
18 > 100 > 100 1
19 > 100 > 100 1
20 09+ 47 > 100 > 10
21 > 100 > 100 1
22 49+ 26 > 100 >20.5

Page 30 of 41



23 > 100 > 100 1

24 71+ 226 819 + 12 11
25 71+01 68.6 = 0.9 9.5
27 19.6 + 2.6 433+ 32 22
32 > 100 > 100 1
38 > 100 > 100 1
SR-verapamil 67+ 4 > 100 >14.8

4 Csp values (concentration required to obtain 50% of the maximal effect) were calculated
from dose-response curves. "Data are the mean + SD of at least three independent
experiments. °The hypersensitivity of MRP1-overexpressing cells was designed by the
selective ratio (SR) calculated as the ratio between 1Csp against parental cells and 1Csp against

MRP1-overexpressing cells for each compound.

Table 3. Anti-oxidant activities of flavonoids compared to SR.

Activity (%)2°

Compound SR ™) ECso (UM)©
Quercetin - 98.4+85 0.34+0.04
1 >33 3+3 -

6 >56 43+ 1 -

7 >59 0+5 -

8 > 204 75+ 26 3.03+0.21
10 1 97.3+8 143+£0.04
11 >245 91+4 3.49+0.38
21 1 98.1+£9.6 0.58 £ 0.06
25 9.5 86+1 355+0.25
27 2.2 69+6 4.89+0.12
32 1 88+t1 2.26+0.32
SR-ver apamil >14.8 16+5 -

%Percentage of non-oxidized fluorescein after expoxure to the free radical generator 2,2'-
azobis (2-amidinopropane chloride) (AAPH). PFor each compound with a percentage of
fluorescein protection activity higher than 50%, the ECsy value was determined by a dose-
response curve of at least 6 concentrations. “ECso value obtained from three independent

experiments in triplicate.
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Table 4. Cut-off attribution for 3D-QSAR analysisfor cell death

— :
Compound In':ttil\\//g ((f())O) Compound In':cﬁl\y; ((1030)
1 0 21 100
2 0 24 100
6 0 25 0
8 0 27 0
10 100 3 100
14 0 38 100
15 0 12 0
16 100 13 0
17 0 11 0
18 100 22 0
20 0 23 100

®An 1Cs of 70 uM was chosen as the cut off below which compounds were considered as

active and above which compounds were considered as inactive.

Table 5. Cytotoxicity of compound 11 and chrysin (compound 8) against P-gp-, BCRP- and

MRP2- overexpressing cell lines.

{ Compound 11 Chrysin
Céll lines
[Cso (UM) | Cso (M)
NIH3T3 60 70
NIH3T3-P-gp 60 70
HEK-293 100 > 100
HEK293-MDR1 100 >100
HEK-293 100 105
HEK293-BCRP 100 100
MDCKII > 100 > 100
MDCII-MRP2 > 100 > 100
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