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Abstract

Multidrug resistance due to reduced drug accumulation is a phenomenon predominantly caused by
the overexpression of members of the ATP-binding cassette transporters, including ABCB1 (P-
glycoprotein), ABCG2 and several ABCC family members (MRPs). We previously reported that a
thiosemicarbazone derivative, NSC73306, is cytotoxic to carcinoma cells that overexpress functional
P-glycoprotein and it re-sensitizes these cells to chemotherapeutics. In this study, we investigated
the effect of NSC73306 on cells overexpressing other ABC drug transporters, including ABCG2,
MRP1, MRP4 and MRP5. Our findings demonstrated that NSC73306 is not more toxic to cells that
overexpress these transporters compared to their respective parental cells, and these transporters do
not confer resistance to NSC73306 either. In spite of this, we observed that NSC73306 is a transport
substrate for ABCG2 that can effectively inhibit ABCG2-mediated drug transport and reverse
resistance to both mitoxantrone and topotecan in ABCG2-expressing cells. Interactions between
NSC73306 and the ABCG2 drug-binding site(s) were confirmed by its stimulatory effect on ATPase
activity (140-150 nM concentration required for 50% stimulation) and by inhibition of [12°1]-
lodoarylazidoprazosin photolabeling (50% inhibition at 250-400 nM) of the substrate-binding site
(s). Overall, NSC73306 appears to be a potent modulator of ABCG2 that does not interact with
MRP1, MRP4 or MRP5. Collectively, these data suggest that NSC73306 can potentially be used,
due to its dual mode of action, as an effective agent to overcome drug resistance by eliminating P-
glycoprotein-overexpressing cells, and by acting as a potent modulator that re-sensitizes ABCG2-
expressing cancer cells to chemotherapeutics.
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Introduction

Multidrug resistance (MDR) due to reduced drug accumulation is a phenomenon associated
with the overexpression of ATP-binding cassette (ABC) transporters such as P-glycoprotein
(Pgp, ABCB1), multidrug resistance associated proteins (MRPs) and ABCG2 or mitoxantrone
resistance-associated protein (MXR). These transporters have great clinical significance, given
that they can actively efflux a structurally diverse range of chemotherapeutic agents with

Requests for reprints: Suresh V. Ambudkar (Tel: 301-402-4178; E-mail: ambudkar@helix.nih.gov).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 2

overlapping specificity (1,2). ABCG2, also known as the placenta specific ABC transporter
(ABCP), and as the breast cancer resistance protein (BCRP) (3,4) is a “half transporter’ that
most likely functions as a homo-dimer or higher form oligomer (5,6) and can efflux a variety
of anticancer drugs, including mitoxantrone, doxorubicin, topotecan and SN-38 (7-9). ABCG2
overexpression has been reported in drug-selected carcinoma cell lines (10,11), and it is also
ubiquitously expressed in a variety of stem cells (12,13). While no clinical trials have yet
demonstrated a drug resistance role for ABCG2 in cancer patients (14), inhibitors of ABCG2
have been shown to enhance the efficacy of drugs in mouse preclinical and human clinical
trials (15,16).

Strategies employed to circumvent or resolve the reduced drug accumulation conferred by
these poly-specific efflux transporters has relied heavily on the development of clinical
inhibitors of Pgp for concurrent administration with chemotherapeutics (17). Although a
number of these agents have shown promise in vitro, they have not been successful in clinical
trials, probably due to interference with the function of endogenous Pgp and sub-optimal trial
design (18). As a result of this, alternative strategies are required to resolve this clinical issue.

Recently, the small molecule thiosemicarbazone NSC73306 was shown to possess a unique

property that exploits Pgp expression and function to induce toxicity (19,20), while not itself
being a substrate for Pgp (19,20). As such, NSC73306 represents a novel strategy to combat
MDR in cancer therapy by selectively killing Pgp-expressing drug resistant carcinoma cells,
and it is currently undergoing preclinical evaluation in mouse tumor xenografts alone, and in
combination with conventional chemotherapeutics such as doxorubicin.

Due to the fact that the molecular target of NSC73306 is normally associated with drug
resistance, it is imperative that its interactions with other drug efflux transporters be explored
as part of its pre-clinical evaluation. Given the overlapping substrate specificity between Pgp,
ABCG?2 and to some extent with ABCC1 (16), we have investigated the effect of NSC73306
ontransport mediated by a select group of ABCC subfamily members and on ABCG2-mediated
transport. Spontaneous mutations in drug-selected cells at amino acid position 482 (from
arginine in the wild-type to glycine or threonine in the mutant ABCG2) were shown to have a
vital role in both substrate and inhibitor specificity for ABCG2 (21-25). Therefore, both wild-
type and mutant ABCG2-overexpressing cells are used to study ABCG2-mediated transport
in this study. We observed that NSC73306 does not interact with ABCC1, ABCC4 or ABCC5.
However, we demonstrate that NSC73306 is transported by ABCG2 in short term assays, such
as [BH]NSC73306 accumulation assays, where the level of [SH]NSC73306 inside the cell is
significantly reduced by ABCG2 over a period of 30 min. This result is supported by the finding
that NSC73306 stimulates ABCG2 ATPase activity in the nanomolar range and by the
inhibitory effect of NSC73306 photolabeling of this transporter with [1251]-
lodoarylazidoprazosin (IAAP). Further, NSC73306 and/or modified forms of NSC73306
compete or interfere with ABCG2-mediated transport, and re-sensitize ABCG2-expressing
cancer cells to chemotherapeutics. Thus, the dual mode of action of this compound including
its ability to kill Pgp expressing cells and potent modulation of ABCG2 may be exploited to
increase the efficacy of chemotherapeutics in the clinic.

Materials and Methods

Drugs and chemicals

NSC73306 and NSC251820 were obtained from the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program (DTP), Division of Cancer Treatment and Diagnosis,
National Cancer Institute, NIH. ZD1694 was a generous gift from AstraZeneca
Pharmaceuticals (Macclesfield, Cheshire, UK). Calcein-AM was purchased from Molecular
Probes (Eugene, OR). Radiolabeled [12°1]IAAP (2200 Ci/mmol) was obtained from
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PerkinElmer Life Science (Wellesley, MA). [0-32P]-8-Azido-ATP (15-20 Ci/mmol) was
obtained from Affinity Labeling Technologies (Lexington, K). Radiolabeled [BH]NSC73306
(25 Ci/mmol) was purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO).
G418 was procured from RPI Corp. (Mt. Prospect, IL). Cell Counting Kit-8 was purchased
from Dojindo Molecular Technologies, Inc. (Gaithersburg, MD). The BXP-21 monoclonal
antibody was obtained from Kamiya Biomedical Co. (Seattle, WA). Mouse anti-GAPDH
monoclonal antibody was obtained from Zymed Laboratories (Invitrogen). Mitoxantrone and
all other chemicals were purchased from Sigma (St. Louis, MO).

The human large cell lung tumor line COR-L23P and its doxorubicin-selected MRP1-
overexpressing variant COR-L23R were cultured in RPMI 1640 medium (Gibco, Invitrogen),
supplemented with 10% fetal calf serum (FCS) and 100 units of penicillin/streptomycin/mL
(Invitrogen, Carlsbad, CA) at 37°C in 5%CO, humidified air. 0.2 ug/mL doxorubicin was
added to the COR-L23R cell culture medium (26). Parental HEK293 cells, MRP4-expressing
HEK293/4.63 cells and MRP5-expressing HEK293/51 (27,28) were maintained in DMEM
(Gibco, Invitrogen), supplemented with 10% FCS and 100 units of penicillin/streptomycin/mL
at 37°C in 5% CO, humidified air. G418 (80 pg/mL) was added to the MRP1-HEK?293 cell
culture medium (29). HEK293 cells stably transfected with either empty pcDNA3.1 vector
(pcDNA-HEK?293) or pcDNA3.1 containing ABCG2 coding arginine 482 (R482-HEK?293)
were cultured in Eagle’s MEM (Gibco, Invitrogen), supplemented with 10% FCS, 100 units
of penicillin/streptomycin/mL and 2 mg/mL G418 at 37°C in 5% CO, humidified air (25).
MCEF-7 cells and sublines were maintained in DMEM supplemented with 10% FCS and
penicillin/streptomycin. MCF-7 AdVP3000 (T482-ABCG2) cells were maintained in the
presence of 3 pg/mL doxorubicin and 5 ug/mL verapamil, and MCF-7 FLV1000 (R482-
ABCG?2) cells were cultured in the presence of 1 pg/mL flavopiridol (22,30). The human colon
carcinoma cell line S1 and its drug-resistant subline S1-M1-80 were maintained in RPMI
supplemented with 10% FCS and100 units of penicillin/streptomycin/mL. S1-M1-80 was
cultured in 80 pM of mitoxantrone as described previously (8).

Cytotoxicity assay

Cell Counting Kit-8 (CCK) assays were used to determine the sensitivities of cells to tested
chemicals as described previously (31). Briefly, cells were plated at a density of 2000-3000
cells/well in 100 uL of culture medium into 96-well plates at 37°C for 24 h before adding drugs
to make a final volume of 200 pL. Cells were incubated for an additional 72 h with various
concentrations of drugs. CCK reagent was then added into each well and incubated for 2—4 h
before reading at a wavelength of 450 nm. ICsq values were calculated from fitted dose-
response curves obtained from at least three independent experiments.

Fluorescent drug accumulation assay

Efflux assays were carried out using a FACSort flow cytometer equipped with Cell Quest
software (Becton-Dickinson, Franklin Lakes, NJ) as described previously (32,33). Fluorescent
substrates mitoxantrone and calcein were used to study ABCG2-mediated and MRP1-mediated
efflux, respectively. Briefly, cells were harvested after trypsinization by centrifugation at 500x
g and then resuspended in IMDM (Gibco, Invitrogen) supplemented with 5% FCS. 5 uM of
mitoxantrone or 0.25 pM of calcein-AM was added to 3 x 10 cells in 4 mL of IMDM in the
presence or absence of NSC73306 or Fumitremorgin C (FTC), the ABCG2-specific inhibitor,
or MK-571, an inhibitor of MRP1. In the MRP1 efflux study, the cells were incubated in a 37°
C water bath in the dark for 10 min, whereas for the ABCG2 efflux, cells were preloaded for
5 min and followed by 45 min incubation at 37°C in the dark prior to being pelleted by
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centrifugation at 500x g. The cell pellet was then suspended in 300 uL PBS containing 0.1%
FCS and analyzed immediately by flow cytometry.

[BH]NSC73306 accumulation assays

MCF-7 or MCF-7 FLV1000 cells were grown in monolayers (0.25 x 106 per well in 24-well
plates) at 37°C. The assay was initiated by incubating cells with 100 nmol/L [BH]NSC73306
(25 Ci/mmol). FTC or NSC73306 at 10 umol/L was added to [1251]IAAP or [3H]NSC73306-
treated wells and incubated at 32°C for 5 min under subdued light. After incubation, cells were
washed with PBS and lysed by 0.3 mL/well trypsin/EDTA at 37°C for 30 min. The cell lysates
were transferred to scintillation vials containing 15 mL Bio-Safe Il scintillation fluid, and the
radioactivity was measured in a scintillation counter. Cells washed with PBS immediately after
addition of the assay mix were used as the 0-min time point. The value for accumulated [3H]
NSC73306 at 0 min was subtracted from a given time point as nonspecific binding of these
compounds to the cells. The accumulation of labeled compounds was expressed as pmol/106
cells. These assays were performed at 32°C to slow the rate of efflux from the cells so that the
accumulation/efflux could be studied in a time-dependent manner.

Photoaffinity labeling of ABCG2 with [1251]IAAP

Crude membranes (50 pg/mL) made from the MCF-7 FLV1000 cells were incubated with
varying concentrations of NSC73306 for 10 min at room temperature in 50 mM Tris-HCI, pH
7.5, and then 3-6 nM [1251]IAAP (2200 Ci/mmole) was added. The samples were incubated
for an additional 5 min under subdued light. The samples were exposed to a UV lamp (365
nm) for 10 min at room temperature. The labeled ABCG2 was immunoprecipitated using the
BXP-21 antibody and processed as described previously (34).

Photoaffinity labeling of ABCG2 with [a-32P]8-azidoATP

Crude membranes from MCF-7 FLV1000 cells were incubated with 25 uM or 50 pM of
NSC73306 or 10 mM ATP for 10 min at 4°C in ATPase assay buffer. 10 uM [0-32P] 8-
azidoATP (10 uCi/nmole) was added under subdued light and incubated for an additional 5
min at 4°C. The samples were then illuminated with a UV lamp (365 nm) for 10 min and were
separated on a SDS-7% Tris-acetate polyacrylamide gel at constant voltage. The gel was dried
under vacuum and was exposed to an X-ray film for 1-3 days at —70°C and exposed to Bio-
Max MR film at —80°C for 12-24 h.

ATPase assays

ATPase activities of ABCG2 in High Five insect cell crude membranes were measured by
endpoint P;j assay as described previously (35,36). ABCG2-specific ATPase activity was
recorded as beryllium fluoride (BeFx)-sensitive ATPase activity. Briefly, the assay measured
the amount of P; released over 20 min at 37°C in the ATPase assay buffer (50 mM MES-Tris,
pH 6.8, 50 mM KCI, 5 mM NaN3, 1 mM EGTA, 1 mM ouabain, 2 mM dithiothreitol and 10
mM MgCly) in the absence and presence of 2.5 mM NaF and 0.2 mM beryllium sulfate. The
reaction was initiated by the addition of 5 mM ATP and terminated with SDS (2.5% final
concentration). The amount of P; released was quantified using a colorimetric method (35).

Western blot analysis

Crude membrane protein was prepared and subjected to electrophoresis on a 7.5% SDS-
polyacrylamide gel and transferred onto a nitrocellulose membrane as described previously
(30). Each blot was then incubated in blocking buffer [5% (w/v) milk powder in 0.1% TBS-
Tween (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween-20)] for an hour prior to the
addition of the ABCG2-specific primary antibody (BXP-21, 1: 500 dilution) or anti-GAPDH
primary antibody (1:2000 dilution). The secondary antibody used was the Horseradish
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peroxidase-conjugated goat anti-mouse 1gG (1:10,000 dilution). Signals were detected using
an enhanced chemiluminescence kit (GE Healthcare, Piscataway, NJ).

Statistical analysis

Data are mean values +/— standard deviation from at least three independent experiments.
Differences between any mean values were analyzed by two-sided Student’s t-test and results
were considered statistically significant at P < 0.05.

Results

MRP1-, MRP4-, MRP5- or ABCG2-overexpressing cells are equally sensitive to
thiosemicarbazone NSC73306

To investigate whether NSC73306 is specifically toxic to cells that overexpress ABC
transporters linked to MDR other than Pgp, the intrinsic cytotoxicity of NSC73306 in cells
overexpressing the ABC transporters such as Pgp, MRP1, MRP4, MRP5 and ABCG2 were
evaluated (Table 1). To eliminate the possible variability among cell lines, multiple MRP1-
and ABCG2-overexpressing cell lines were used in this study. ABCG2-expressing human
embryonic kidney (R482-HEK?293) cells, human breast carcinoma (MCF7-AdVP3000 and
MCF7-FLV1000) cells and human colon carcinoma (S1-M1-80) cells were used to study
ABCG2 function. MRP1-expressing HEK293 cells (MRP1-HEK293) and human large-cell
lung tumor (COR-L23/R) cells were used to evaluate MRP1 function. MRP4- and MRP5-
expressing HEK?293 cells (HEK293/4.63 and HEK293/51) were used to study MRP4- and
MRP5-mediated drug sensitivity, respectively. Pgp-expressing MCF-7 (MCF7-ADR) cells
were used to confirm the effect of NSC73306 on Pgp-overexpressing cells as described
previously (19). The expression levels of each ABC transporter in respective cell lines was
confirmed by Western blot analysis (data not shown) as detailed in the Materials and Methods
section.

The resistance factor (RF) was used to compare the relative toxicity of NSC73306 to cells
overexpressing selected ABC transporters (Table 1). The RF indicates the degree of sensitivity
due to the expressed ABC transporter, and is calculated by dividing the 1C5q against cells which
overexpress the ABC transporter by the 1Csq of the respective parental cells. An RF value >
1.0 indicates the ability of the particular ABC transporter to confer resistance to a compound
such as NSC73306; an RF = 1.0 means that NSC73306 is equally toxic to both cell lines; and
an RF value < 1.0 signifies that NSC73306 is more toxic to cells which overexpress a particular
ABC transporter than to the parental cells. For instance, the resistance factor of MCF7-ADR
cells to NSC73306 is calculated as 0.17, which indicates that NSC73306 is more toxic to the
Pgp-overexpressing cells, MCF7-ADR, than to the parental MCF-7 cells, confirming the
results which were previously reported (19). In contrast, cells overexpressing ABCG2, MRP1,
MRP4 or MRP5 did not show any selective sensitivity to NSC73306 compared to their
respective parental cell lines (RF values are all close to 1.0). Therefore, although it appears
that NSC73306 is selectively toxic to Pgp-overexpressing cancer cells, this is not the case
concerning cancer cells that overexpress ABCG2, MRP1, MRP4 or MRP5.

Effect of NSC73306 on the ABCG2- and MRP-mediated drug resistance

To determine if non-toxic concentrations (0.5 uM) of NSC73306 can re-sensitize drug resistant
cells to chemotherapeutics, drug resistance mediated by ABCG2, MRP1, MRP4 and MRP5
was evaluated. At this concentration, NSC73306 was able to restore sensitivity of ABCG2-
overexpressing cells to mitoxantrone and topotecan, which are both well-established ABCG2
substrates with relative resistance factors of 24 and 14, respectively (30,37). The relative
resistance factor was calculated by dividing the 1Cgq value of drug resistant cells by the ICsg
value of the respective parental cells in the presence of a particular drug. NSC73306
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significantly restored the sensitivity of ABCG2 expressing cells to mitoxantrone and topotecan
by approximately 6- and 3-fold, respectively (Table 2). As a positive control, a high dose (5
uM) of fumitremorgin C (FTC) was used to demonstrate complete reversal of ABCG2-
mediated drug resistance.

In contrast, NSC73306 was not able to restore drug sensitivity in cells overexpressing MRP1,
MRP4 or MRP5 (Table 2). For instance, the presence of NSC73306 was unable to restore
MRP1-mediated etoposide resistance, MRP4-mediated NSC251820 resistance or MRP5-
mediated ZD1694 resistance. Etoposide, NSC251820 and ZD1694 are established substrates
of MRP1, MRP4 and MRP5, with relative resistance factors of 140, 7 and 7, respectively
(27,38,39). MK-571 (25 uM) and/or quercetin (10 uM) were used as positive controls to reverse
drug resistance conferred by MRPs (39).

NSC73306 inhibits the efflux of mitoxantrone from both wild-type and mutant ABCG2-
expressing cells

Considering the significant effect of NSC73306 to re-sensitize ABCG2-overexpressing cells
to both mitoxantrone and topotecan, we evaluated the capability of NSC73306 to block
ABCG2-mediated mitoxantrone efflux. Using flow cytometry with wild type R482-HEK?293
cells (Fig. 1, top panel), ABCG2-expressing MCF-7 FLV1000 cells and ABCG2 mutant R482T
MCF-7 AdVp3000 cells (Fig. 1, bottom panel), the intensities of the accumulated fluorescent
substrates were then analyzed as described in Materials and Methods. The presence of
NSC73306 significantly increased the accumulation of mitoxantrone in both wild-type and
mutant ABCG2-expressing cells while it had no effect on the control parental cells (Fig. 1). 5
uM and 10 uM of NSC73306 were shown to have the maximum inhibitory effect in ABCG2-
overexpressing HEK293 (Fig. 1, top panel) and MCF7 cells (Fig. 1 bottom panel), respectively.
As a positive control, a high concentration of an ABCG2 inhibitor FTC (20 uM) was used to
achieve complete block on ABCG2-mediated efflux. Interestingly, it appears that NSC73306
was more effective in blocking the efflux of mitoxantrone from the wild-type 482R (MCF-7
FLV1000) than the mutant 482T (MCF-7 AdVp3000) ABCG2-overexpressing cells (Fig. 1,
bottom panel). However, mutant 482T cells only exist in in vitro drug-selected cell culture
conditions (22). In addition, the effect of NSC73306 on MRP1-mediated calcein efflux was
also evaluated. As expected based on the cytotoxicity studies, NSC73306 had no significant
effect on MRP1-mediated calcein efflux, while the MRP1-inhibitor MK-571 effectively
blocked the MRP1-mediated calcein efflux (Fig. 1, suppl. datad).

NSC73306 inhibits the photoaffinity labeling of ABCG2 with [12°[]lodoarylazidoprazosin
(IAAP) but not with [a-32P]8-azidoATP

Typically, ABC transport modulators can either bind and compete with substrate binding at
the substrate-binding site(s) or interfere with ATP binding or hydrolysis by binding to the ATP-
binding site. Both mechanisms result in the inhibition of drug efflux and drug resistance.
[1251]-1AAP is a photoaffinity analogue of prazosin that has been used to characterize the
substrate-binding sites of ABCG2 (34). We used the [12°1]IAAP photolabeling assay to explore
the binding of NSC73306 and its relative binding affinity to ABCG2 substrate-binding site(s).
NSC73306 inhibits the photolabeling in a concentration-dependent manner, with a calculated
ICsq value of 319 + 96 nM (n=3) (Fig. 2A), which is almost 20-fold more effective than FTC
(ICs50~ 5.7 uM) (Fig. 2B). Moreover, the photoaffinity ATP analogue [a-32P]8-azidoATP has
been shown to bind specifically to the nucleotide-binding domains of numerous ABC
transporters (33,36), and thus it was used to test whether NSC73306 interacts with the
nucleotide-binding site of ABCG2. Even at high concentrations of 25 uM and 50 pM (Fig. 2C,
lane 2 and 3), NSC73306 had no effect on the photolabeling of ABCG2 with [a-32P]8-
azidoATP (Fig. 2C, lane 1). Excess ATP (10 mM) was used as a positive control to show the
displacement of [a-32P]8-azidoATP (Fig. 2C, lane 4). Collectively, these results suggest that
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NSC73306 binds specifically to the ABCG2 substrate-binding site(s) but not to the nucleotide-
binding sites.

The reduced level of [3H]-NSC73306 accumulation in ABCG2-overexpressing cells is caused
by ABCG2-mediated efflux

Since NSC73306 binds specifically to the substrate-binding site(s) of ABCG2, a [3H]-
NSC73306 accumulation assay was performed to determine whether NSC73306 is a transport
substrate of ABCG2. The initial linear rate (0-5 min) of 25 nM [3H]-NSC73306 accumulation
in the parental MCF-7 cells (Fig. 3, open squares) was significantly higher (approximately 4-
fold higher) than in the ABCG2-overexpressing MCF-7 FLV1000 cells (open circles), while
the level of accumulation remained constant after approximately 5 min. Moreover, the rate and
the total accumulation of [3H]-NSC73306 in MCF-7 and MCF-7 FL\V1000 cells are identical
in the presence of the known ABCG?2 inhibitor FTC, 10 uM (filled symbols) or if the assays
were carried out at 4°C (data not shown).

NSC73306 stimulates ABCG2 ATPase activity

The effect of NSC73306 on ABCG2-mediated ATP hydrolysis was examined using High Five
insect cells overexpressing ABCG2. NSC73306 stimulates BeFx-sensitive basal ABCG2-
ATPase activity in a concentration-dependent manner, with maximum stimulation of 3-fold
with the concentration required for 50% stimulation in the range of 140-150 nM (n=3) (Fig.
4A), which is significantly lower than FTC, with the apparent K;~ 1.0 uM (40). In comparison,
the ABCG?2 substrate mitoxantrone also stimulated ABCG2-ATPase activity in a
concentration-dependent manner, but only to approximately 2-fold of the basal level with the
concentration required for 50% stimulation at 12.3 uM (Fig. 4B). Moreover, increasing
concentrations of mitoxantrone (up to 20 uM) had no significant effect on NSC73306 (0.2
uM)-stimulated ABCG2 ATPase activity (Fig. 4B). In contrast to mitoxantrone, the presence
of another known ABCG?2 substrate pheophorbide A (up to 20 uM) and ABCG2 inhibitor FTC
(up to 5 uM) inhibited NSC73306-stimulated ATP hydrolysis significantly in a concentration-
dependent manner, with respective 1Csq values of approximately 1.31 pM and 0.55 uM (Fig.
4C and 4D). Pheophorbide A itself has a biphasic effect on ABCG2 ATPase activity,
stimulating ATP hydrolysis at lower concentrations, but inhibiting ATP hydrolysis at higher
concentrations (Fig. 4C). The effect of several ABCG2 modulators and substrates such as
curcumin I, XR9576, GF120918, flavopiridol and nifedipine on NSC73306-stimulated
ABCG2 ATP hydrolysis was also tested (Fig. 4D). FTC itself inhibits ABCG2 ATP hydrolysis
(41) whereas curcumin | (41) and nifedipine (34) stimulate it. XR9576, GF120918 and
flavopiridol stimulate ABCG2 ATP hydrolysis with 3-fold, 4-fold and 2-fold maximum
stimulation (data not shown). Despite stimulating ABCG2 ATP hydrolysis, XR9576,
GF120918, flavopiridol and nifedipine failed to have any significant effect on the NSC73306-
stimulated ABCG2 ATPase activity. Interestingly, the presence of curcumin I actually further
stimulates ABCG2 ATP hydrolysis slightly (Fig. 4D). Moreover, NSC73306 failed to stimulate
either BeFx-sensitive basal MRP1 or MRP4 ATPase activity as expected (Fig. 2, suppl. data).

Discussion

Thiosemicarbazone related compounds are well-known to have active antiviral, antibacterial,
antimalarial, and antihypertensive properties (42), as well as antitumor activity that can
overcome resistance to chemotherapeutics (19,43). Recently, we reported that the small-
molecule thiosemicarbazone NSC73306 is significantly more cytotoxic to cells that
overexpress Pgp than to cells that do not, and this unique property is directly proportional to
functional Pgp protein expression (19). Therefore, we proposed that NSC73306 could be used
to re-sensitize Pgp-expressing multidrug resistant carcinoma cells to chemotherapy. However,
in addition to Pgp, the presence of MRPs and ABCG2 is well-documented in numerous types
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of the cancer cells (4) and has been shown to play a major role in the development of MDR in
cancer cells (16,18,44,45). For example, ABCG2 and MRP1 are known to transport numerous
anti-cancer chemotherapeutics, while MRP4 and MRP5 can transport cyclic nucleotides, as
well as prostaglandins, glutathione-conjugated molecules and various antiviral drugs (16,21,
44,46). This prompted us to investigate the potential interactions of NSC73306 with ABCG2,
MRP1, MRP4 and MRP5, and the effect of their expression in cell lines on the cytotoxicity of
NSC73306.

While NSC73306 was more cytotoxic to Pgp-overexpressing cells (R.F = 0.17) (19), this
selective cytotoxic property of NSC73306 was absent in selected cell lines that overexpress
ABCG2, MRP1, MRP4 or MRP5 (Table 1). We did observe that some cell lines are naturally
more resistant to NSC73306. It is not unusual for a particular drug to display varying levels of
toxicity in cell lines originating from different tissues (41), but in this instance, intrinsic Pgp
levels in the different cell lines may be responsible for differential cytotoxicity. Low levels of
MDR1 mRNA are present in HEK293 cells, which are more NSC73306 sensitive (NSC7330
IC50 = 7.29 uM), but MDR1 mRNA is undetectable by RT-PCR in MCF-7 (NSC73306 ICsgg
=59.3 uM) or COR-L23 (NSC73306 ICgy = 36.1uM) cells (data not shown), consistent with
the Pgp-selective cytotoxicity of NSC73306. Despite the lack of selective intrinsic cytotoxicity
towards ABCG2-expressing cells, NSC73306 is able to re-sensitize these cells to both
mitoxantrone and topotecan (Table 2). This chemosensitizing effect is absent in cells
overexpressing MRP1, MRP4 or MRP5. We next demonstrated that NSC73306 not only binds
to the substrate-binding site(s) of ABCG2 selectively (Fig. 2), but is also transported by
ABCG2 (Fig. 3). ATPase assays showed that NSC73306 elicited a 3-fold stimulation of
ABCG2-mediated ATP hydrolysis (Fig. 4), confirming the interaction between NSC73306 and
ABCG2; ATP hydrolysis and substrate transport are closely linked events in ABC transporters
(47). It is important to note that NSC73306 has much higher affinity for ABCG2 when
compared with the known inhibitor FTC (Fig. 2 and 4). In addition, NSC73306 has no effect
on the BeFx-sensitive MRP1 or MRP4 ATPase activity (Fig. 2, suppl. data), confirming the
lack of interaction between NSC73306 and the MRPs tested.

Our results suggest that different ABCG2 modulators have different effects on the NSC73306-
stimulated ABCG2 ATPase activity (Fig. 4). The ABCG2 substrate mitoxantrone has no effect
on NSC73306-stimulated ABCG2 ATPase activity (Fig. 4B). In contrast, NSC73306-
stimulated ABCG2 ATPase activity is abolished by increasing concentrations of the ABCG2
substrate, pheophorbide A (Fig. 4C), and the ACBG?2 inhibitor FTC (Fig. 4D). This suggests
that both pheophorbide A and FTC compete with and displace NSC73306 at the ABCG2
substrate-binding site(s), hence eliminating the stimulated ABCG2 ATPase activity. While
mitoxantrone, curcumin |, XR9576, GF120918, flavopiridol and nifedipine all stimulate
ABCG2-ATPase activity by themselves, they have no effect on NSC73306-stimulated
ABCG2-ATPase activity (Fig. 4D), either because they bind to an ABCG2 drug-binding site
(s) distinct from that of NSC73306, or because they have a lower binding affinity for the same
site as NSC73306. Our results are consistent with the a recent report by McDevitt et al. (48)
that suggested the presence of at least two drug-binding sites on ABCG2, with possible
allosteric communication between them.

The transport data reported here support the notion that that reduced accumulation in MCF-7
FLV1000 cells was caused by ABCG2-mediated efflux of [BH]NSC73306 (Fig. 3). A known
transport substrate of ABCG2, [1221]IAAP (34) was used in our assay to confirm that functional
ABCG?2 is present in MCF-7 FLV1000 cells. ABCG2-mediated [12°1]-1AAP transport was
reduced by both FTC and NSC73306, suggesting that IAAP, FTC and NSC73306 all bind in
the same substrate binding pocket of ABCG2 (data not shown). Despite NSC73306 is a
transported substrate of ABCG2, this transporter does not confer resistance to it in either
HEK293 or MCF-7 cells (Table 1). There are several possible explanations that can produce
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this result. One possibility is that in long term assays, such as the cytotoxicity assay (72 h drug
incubation), it may be a metabolite of NSC73306 (including metal complexes such as iron and
copper (49)) thatis notan ABCG2 substrate that confers cytotoxicity. Alternatively, NSC73306
insensitivity to lowered cellular accumulation may be due to NSC73306 interacting with an
extracellular target. We have shown previously that growing Pgp expressing KB-V1 cells in
the presence of NSC73306 results in the loss of Pgp expression and consequently the loss of
the MDR phenotype (19). In contrast, we found no change in ABCG2 mRNA levels, ABCG2
protein surface expression, or its function after growing ABCG2-overexpressing MCF7-
FLV1000 cells in 20 uM NSC73306 for as long as 21 days (data not shown).

In summary, the cytotoxic action of NSC73306 requires the functional expression of Pgp.
Although it is not a substrate or modulator for some of the ABCC (ABCC1, C4 and C5)
transporters implicated in conferring multidrug resistance, this compound interacts with
ABCG2 with high affinity and it is transported by this transporter. It has been shown previously
that long-term incubation of NSC73306 with Pgp-expressing cells results in the reduced
expression of Pgp (14), resensitizing them to conventional chemotherapeutics. Further,
NSC73306 can reduce ABCG2-mediated drug efflux of other agents, even at very low
concentrations, thus sensitizing ABCG2-expressing cancer cells to chemotherapeutics and also
selectively killing Pgp-expressing multidrug resistant cancer cells. Further work with a mouse
model system will provide insight into the suitability of NSC73306 as an agent that can
circumvent MDR in cancer cells by inhibiting ABCG2 function and by killing ABCB1-
expressing cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of NSC73306 on mitoxantrone accumulation in wild-type ABCG2-overexpressing
R482-HEK?293 cells(A); wild-type MCF-7 FLVV1000 and mutant ABCG2-overexpressing MCF-7
AdVp3000 cells (B)

Cells were resuspended in IMDM supplemented with 5% fetal bovine serum. 5 pM
mitoxantrone was preloaded in the dark at room temperature and then incubated at 37°C for
45 min, in the absence (solid line) or presence of 5 uM (A, dotted line) or 10 uM NSC73306
(B, dotted line), or 20 uM FTC (grey solid line). The cells were pelleted by centrifugation at
500x g and resuspended in 300 uL of PBS containing 0.1% bovine serum albumin. Samples
were analyzed immediately by using flow cytometry. Representative histograms from three
independent experiments are shown. For these experiments, concentrations ranging from 1-
50 uM of NSC73306 were used. For clarity, histograms with only indicated concentration of
this compound are shown.
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Figure 2. Effect of NSC73306 (A) or FTC (B) on photoaffinity labeling of ABCG2 with [12°1]IAAP
or with [a-32P]8-azidoATP (C)

Crude membranes (50 pg/mL) from the MCF-7 FLV1000 were incubated with various
concentrations of NSC73306 (A) or FTC (B) or 10 mM ATP for 10 min at room temperature,
and 3-6 nM [122[]IAAP (2200 Ci/mmole) (A and B) or 10 uM [0-32P] 8-azidoATP (10 uCi/
nmole) (C), was then added. The samples were incubated for an additional 5 min under subdued
light. The samples were illuminated with a UV lamp (365 nm) for 10 min at room temperature.
The labeled ABCG2 was processed and visualized as described in the Materials and Methods.
Representative gels from three independent experiments are shown. In all three panels, lane 1
is control without NSC73306 or FTC. In panel A, lanes 2 to 9 were incubated in the presence
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of 0.25,0.5, 1, 2.5, 5, 10 and 20 uM of NSC733086, respectively. In panel B, lanes 2 to 9 were
incubated in the presence of 1, 5, 10, 20, 50, 75, 100 and 200 uM of FTC, respectively. In panel
C, lanes 2, 3 and 4 were incubated with 25 uM, 50 uM of NSC73306 and 10 mM ATP,
respectively.
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Figure 3. The accumulation of [3H]NSC73306 in parental MCF-7 and ABCG2-overexpressing
MCF-7 FLV1000 cells
MCF-7 (squares) and MCF-7 FLV1000 (circles) cells were incubated with 25 nmol/L of [3H]

NSC73306 in the absence (open symbols) or presence (filled symbols) of 10 umol/L FTC at
32°C and monitored over 30 min in RPMI medium supplemented with 5% FBS. Immediately
after incubation, cells were washed with 1 mL of ice-cold PBS and lysed by trypsinization in
0.3 mL of trypsin-EDTA solution. The amount of radioactive material that accumulated inside
the cells was measured by liquid scintillation counting. The graphs represent the amount of
radiolabeled materials that accumulated (picomoles per 1 million cells) as a function of time
in the absence or presence of NSC73306 or FTC. The values represent the mean, and the error
bars are standard deviation (n = 3).
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Figure 4. Effect of ABCG2 modulators on BeFx-sensitive ABCG2 ATPase activity

Effect of 0-20 uM NSC73306 (A) and 0-2 uM (A, insert), on BeFx-sensitive ABCG2 ATPase
activity. Effect of mitoxantrone (B, open circles) and pheophorbide A (C, open circles) on
BeFx-sensitive ABCG2 ATPase activity, as well as the effect of mitoxantrone (B, filled
circles), pheophorbide A (C, filled circles), FTC (D, open squares), curcumin | (D, filled
squares), XR9576 (D, open triangles), GF120918 (D, filled triangles), flavopiridol (D, open
circles) and nifedipine (D, filled circles) on NSC73306-stimulated BeFx-sensitive ABCG2
ATPase activity was measured. Crude membranes of ABCG2 baculovirus infected High Five
insect cells (100 png/mL protein) were incubated at 37°C for 5 min with the indicated compound
or 0.2 uM NSC73306 plus a given concentration of indicated compound in the presence and
absence of BeFx. The reaction was initiated by addition of 5 mM ATP and terminated with
SDS (2.5% final concentration) after 20 min incubation at 37°C. The amount of P; released
was quantitated using a colorimetric method (36). Values represent mean £ S.E.M. from at
least three independent experiments.
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Table 1
Sensitivity of cells overexpressing ABC drug transporters and their respective parental cells to the thiosemicarbazone
NSC73306
Cell line Transporter over-expressed 1C, [0M] A NSC73306 RFb
pcDNA3.1-HEK293 - 851+1.71 -
R482-HEK?293 ABCG2 8.97 £ 1.60 1.05
MCF7 - 59.3+128 -
MCF7-ADR ABCBL (Pgp) 991 +1.30 0.17
MCF7-AdVp3000 ABCG2 77.0+13.4 1.30
MCF7-FLV1000 ABCG2 7234132 1.22
s1 - 126+3.8 -
S1-M1-80 ABCG2 122428 0.97
pcDNA-HEK293 - 519+ 1.15 -
MRP1-HEK293 ABCC1 (MRP1) 4.26 +0.85 0.82
COR-L23/P - 36.1+3.8 -
COR-L23/R ABCC1 (MRP1) 449+7.0 1.24
HEK293 - 7.28+2.00 -
HEK293/4.63 ABCC4 (MRP4) 9.17 +2.79 1.26
HEK293/5 ABCC5 (MRP5) 7.38+1.17 1.01

a . . - . . .
1C5Q values are mean + SD calculated from dose response curves obtained from three duplicate determinations using cytotoxicity assay as detailed in

Materials and Methods section

*

(P <0.05),

bResistance factors (RF) were calculated by dividing the IC5Q values of the ABC transporter over-expressing cells by the 1C50 values of the respective

parental cells.
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Table 2

Chemosensitizing effect of NSC73306 on ABC transporter-mediated drug resistance in HEK293 cells

Page 19

ICso [nM]
Treatment Conc. [uM] pcDNA-HEK293 R482-HEK RRb
Mitoxantrone alone - 6.5+0.6 155.6 +10.1 24
+ NSC73306 0.5 8.7+1.6 277+19 4
+FTC 5 6.9+07 108+06" 2
Topotecan alone - 125+21 1743+26.3 14
+ NSC73306 0.5 10.2+£29 46.7 +5.1 5
+FTC 5 105+3 89+18" 1
ICsp [nM]?
Conc. [pM] pcDNA-HEK?293 MRP1-HEK293 (MRP1) RRP
Etoposide alone - 0.28 £0.04 39.29 +8.53 140
+ NSC73306 0.5 0.23+0.03 43.80 + 11.2§* 190
+ MK-571 25 0.21+0.03 15.56 + 1.56 74
Conc. [pM] HEK?293 HEK?293/4.63 (MRP4) RRP
NSC251820 alone - 5.54 +0.86 39.21+4.61 7
+ NSC73306 0.5 549 0.34** 38.94 + 4.0g 7
+ MK-571 25 2.18+0.54 4.84+0.72 2
Conc. [pM] HEK?293 HEK?293/51 (MRP5) RRP
ZD1694 alone - 9.64 £2.01 65.25 + 14.30 7
+ NSC73306 0.5 8.90 +1.15 70.11 + 16.19 8
+ MK-571 25 9.55+1.73 4416 + 19.52*** 5
+ Quercetin 10 7.64 £1.63 27.97 +12.29 4

aIC50 values are mean + SD in the presence and absence of NSC73306 or other tested compounds. The IC5( values were calculated from dose-response

curves obtained from at least three independent experiments

*
P <0.001,

*:

*
P <0.01,

Fok

3
P <0.05).

bRelative resistance (RR) values were obtained by dividing the IC5( values of the ABC-transporter transfected HEK293 cells by the IC5Q values of the
empty vector pcDNA-HEK?293 transfected cells.
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