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Abstract

ATP-binding cassette (ABC) transporters ABCC1 (MRP1), ABCB1 (P-gp), and ABCG2 (BCRP) contribute to
chemotherapy failure. The primary goals of this study were to characterize the efficacy and mechanism of the non-
steroidal anti-inflammatory drug (NSAID), sulindac sulfide, to reverse ABCC1 mediated resistance to chemother-
apeutic drugs and to determine if sulindac sulfide can influence sensitivity to chemotherapeutic drugs independently
of drug efflux. Cytotoxicity assays were performed to measure resistance of ABC-expressing cell lines to doxoru-
bicin and other chemotherapeutic drugs. NSAIDs were tested for the ability to restore sensitivity to resistance
selected tumor cell lines, as well as a large panel of standard tumor cell lines. Other experiments characterized
the mechanism by which sulindac sulfide inhibits ABCC1 substrate and co-substrate (GSH) transport in isolated
membrane vesicles and intact cells. Selective reversal of multi-drug resistance (MDR), decreased efflux of doxor-
ubicin, and fluorescent substrates were demonstrated by sulindac sulfide and a related NSAID, indomethacin, in
resistance selected and engineered cell lines expressing ABCC1, but not ABCB1 or ABCG2. Sulindac sulfide also
inhibited transport of leukotriene C, into membrane vesicles. Sulindac sulfide enhanced the sensitivity to doxoru-
bicin in 24 of 47 tumor cell lines, including all melanoma lines tested (7-7). Sulindac sulfide also decreased intra-
cellular GSH in ABCCI1 expressing cells, while the glutathione synthesis inhibitor, BSO, selectively increased
sensitivity to sulindac sulfide induced cytotoxicity. Sulindac sulfide potently and selectively reverses ABCCI-
mediated MDR at clinically achievable concentrations. ABCC1 expressing tumors may be highly sensitive to
the direct cytotoxicity of sulindac sulfide, and in combination with chemotherapeutic drugs that induce oxidative
stress.

Keywords: multi-drug resistance, doxorubicin, sulindac, MRP1, glutathione

*Corresponding author: Gary A. Piazza, Ph.D., Chief ofDrugDiscovery, Received 03 August 2015, Revised 25 August 2015, Accepted 26 October
Professor of Oncologic Sciences and Pharmacology, Abraham A. Mitchell 2015, Epub 20 November 2015

Distinguished Investigator, USA Mitchell Cancer Institute, University of CLC number: R969.1, Document code: A

SouthAlabama 1660 Springhill Avenue, Suite 3029, Mobile AL36604,251- The authors reported no conflicts of interests.

445-8412, E-mail: gpiazza@health.southalabama.edu.

© 2016 by the Journal of Biomedical Research. All rights reserved. doi: 10.7555/JBR.30.20150108



Sulindac sulfide inhibits drug resistance 121

Introduction

Multi-drug resistance (MDR) is a major clinical
obstacle that limits the efficacy of many cancer che-
motherapeutic drugs. Tumors that progress following
chemotherapy often contain populations of cells that
display the MDR phenotype, which contributes to the
recurrence of many types of tumors following che-
motherapy. An important factor that contributes to
MDR is the expression of certain ATP-dependent
membrane transport proteins that cause the efflux of
a number of cancer chemotherapeutic drugs, thereby
reducing intracellular concentrations to limit their
anti-proliferative and pro-apoptotic activity!yl. The can-
cer chemotherapeutic drugs most frequently affected
by increased expression of transport proteins include
taxanes (paclitaxel, docetaxel), vinca alkaloids (vinor-
elbine, vincristine, and vinblastine), anthracyclines
(doxorubicin, daunorubicin, epirubicin), epipodophyl-
lotoxins (etoposide), camptothecins (irinothecan, topo-
tecan), dactinomycin, and mitomycin C[.

Two of the most well studied transport proteins that
contribute to drug resistance are the permeability glyco-
protein (P-gp or ABCBI1) that was discovered in 1976/
and the multidrug resistance protein (MRP1 or ABCC1)
that was discovered in 1992, These transporters
belong to a larger family of proteins referred to as the
ATP-binding cassette (ABC) family, of which there
are currently 48 members. Functionally, all ABC pro-
teins are ATPases that use energy from ATP hydrolysis
to transport their substrates across cell membranes.
ABCBI is a 170 kD phospho-glycoprotein encoded
by the ABCBI geneP!, while ABCC1 is a 190 kD poly-
peptide encoded by the ABCCI gene™. Although there
is a relatively small degree of sequence homology
between ABCB1 and the ABCC family'™, these proteins
share the ability to transport a number of commonly
used chemotherapeutic drugs such as the anthracyclines
and vinca alkaloids!!l. In general, ABCB1 shows prefer-
ential binding to basic hydrophobic compounds, while
ABCCI1 transports mainly anionic hydrophobic com-
pounds!”. Additional ABC proteins may also be impor-
tant to MDR, for example the recently characterized
breast cancer resistance protein (BCRP, ABCG2)™®,
but less is known about their role in chemoresistance
or substrate structural requirements.

The first generation of ABC transport inhibitors that
targeted ABCB1 were non- selective and displayed low
potency, leading to unacceptable toxicity. A number of
newer drugs have been identified that inhibit ABCBI
with greater potency and selectivity, but also failed
because these agents were found to alter the pharmaco-
kinetic properties of many chemotherapeutic drugs®!%.

This is generally attributed to the expression of
ABCBI in normal epithelial cells of the colon, kidney,
and liver, which caused unpredictable effects on the
absorption and excretion of many chemotherapeutic
drugs, necessitating counterproductive dose reduc-
tion!""12l, However, a potentially important difference
between ABCB1 and ABCCI is the role the former
has in protecting normal tissues from xenobiotics.
For example, ABCBI is localized on the apical surface
of normal epithelial cells of the colon, liver, and kidney
and can influence the metabolism and elimination of
chemotherapeutic drugs. In contrast, ABCC1 is usually
localized to the basolateral surface of polarized cells
except for brain capillary endothelial cells!*l. As such,
it is possible that ABCC1 inhibitors may be less likely
to interfere with the absorption and elimination of che-
motherapeutic drugs to the same extent as ABCBI
inhibitors.

Previous reports have demonstrated the ability
of certain nonsteroidal anti-inflammatory drugs
(NSAIDs) to increase the sensitivity of ABCCI
overexpressing cells to chemotherapeutic drug sub-
strates. For example, Dufty and colleagues performed
an extensive series of in vitro experiments to eval-
uate the ability of various NSAIDs to increase the
sensitivity of ABCC1 expressing tumor cell lines
to chemotherapeutic drugs!'. These investigators
concluded that the effect was independent of the
cyclooxygenase-inhibitory activity of the NSAIDs,
although the exact mechanism of action is not known.
Interestingly, the effect was not observed in cell
lines overexpressing ABCB1 but was only noted in
lines that displayed ABCC1 overexpression, which
suggests a direct inhibition of the protein and is con-
sistent with selectivity of ABCC1 to transport anionic
hydrophobic compounds such as NSAIDs!"!5. There
is also in vivo evidence showing that the NSAID
sulindac can increase the anticancer efficacy of epi-
rubicin, a known ABCC1 substrate!'*!7), In addition, a
clinical trial demonstrated that sulindac did not inter-
fere with the absorption or excretion of epirubicin,
which is consistent with the feasibility of inhibiting
transport in ABCC1 expressing cells without interfer-
ing with pharmacokinetics!!®. Aside from the direct
antineoplastic activity of sulindac!'”?%, there may be
advantages of combining with conventional chemo-
therapy to prevent tumor recurrence and the emer-
gence of drug resistant tumor cells. Here we show
that the predominant metabolite of sulindac, sulindac
sulfide, can potently and selectively enhance the sen-
sitivity of ABCC1 expressing cells to chemotherapeu-
tic drugs and we further investigated the mechanism
and selectivity of this interaction.
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Materials and methods

Drugs and reagents

Sulindac sulfide, indomethacin and doxorubicin were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
ABCCI1 antibody (QCRL-1, monoclonal) was pur-
chased from Alexis Biochemicals (San Diego, CA,
USA). ABCBI1 antibody was purchased from Covance
(Princeton, NJ, USA). Secondary antibodies were
purchased from Cell Signaling Technology (Danvers,
MA, USA). All other reagents were purchased from
Sigma-Aldrich unless otherwise stated.

Cell culture

Human NCI-H69 (H69), H69AR, MES- SA and
MES-SA/DX5 cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA). MES- SA and MES-SA/DXS cells were grown in
McCoy's medium containing 10% FBS under standard
cell culture conditions. Jurkat and SupT1 cells overex-
pressing either ABCC1 or ABCB1 were generated as
previously described?!). The human epidermoid KB car-
cinoma cells, KB-3-1, were propagated in Dulbecco's
modified Eagle's medium with 10% FBS under 5%
CO, at 37uC. The ABCCl-overexpressing cell line
KB-CV60 was cloned from KB-3-1 cells and main-
tained in medium containing 1 mg/mL cepharanthine
and 60 ng/mL vincristine. A SupT1-vincristine (Vin)
drug-resistant cell line that selectively over-expresses
ABCCI has been previously characterized®?. Ovarian
Ig- MXP3 (ABCG2) and its parental Igrov1-sensitive
cells were kindly provided by Dr. D. Ross (Department
of Medicine, University of Maryland Greenebaum
Cancer Center, Baltimore, MD). The large panel of 47
tumor cell lines were seeded and incubated under con-
ditions as previously established by the NCI Develop-
mental Therapeutics Program(?3-24,

Cytotoxicity assays

For H69/H69AR and MES-SA/DXS5 growth assays,
the growth inhibitory activity of doxorubicin, sulin-
dac sulfide, and indomethacin was determined by
measurement of ATP levels, an indicator of viable cell
number (Cell Titer Glo assay, Promega). For MDR
reversal experiments, cells were seeded in tissue cul-
ture microtiter 96-well plates at a density of 5,000
cells/well and incubated 16 hours prior to treatment.
Cells were treated with 5 pmol/L sulindac sulfide or
10 pumol/L indomethacin for 4 hours prior to addition
of doxorubicin. Once treatment was complete, cells
were incubated at 37°C for 72 hours for dose response
experiments. For the 47 cell line panel, quadruplicate

samples of each cell line were treated with 8 concen-
trations of Dox in the presence or absence of 5 pmol/L
sulindac sulfide in a single experiment. Cell Titer Glo
luminescence assays were performed according to the
manufacturer's specifications using a Perkin Elmer
Victor3V multi-label microplate reader. For Jurkat
cells expressing either ABCC1 or ABCBI, direct
compound toxicity and reversal of chemoresistance
were determined as previously described?. In brief,
a 3-log dose range of either sulindac or cyclosporine A
was added to cells in the presence of 150 nmol/L vin-
cristine or daunorubicin. On day 7, cell viability was
determined using a hemacytometer and trypan blue
staining. Dose response curves of cells treated with
sulindac sulfide or cyclosporine A with or without the
chemotherapeutic agent present were compared using
GraphPad Prism software.

Glutathione assay

Cells were plated at a density of 2,500 cells per well
in 96-well plates and incubated overnight at 37°C and
5% CO, Cells were incubated 18 hours in the presence
of drug or drug combinations. At the end of the incu-
bation period, glutathione levels were measured using
the GSH-Glo kit (Promega) according to the manufac-
turer's instructions.

LTC, transport assay

Membrane vesicles (20 mg) were prepared from
KB-3-1 and KB-CV60 cells as described previ-
ously®®. For inhibition experiments, the standard
incubation medium contained membrane vesicles
(25 mg of protein), 137 nmol/L *H-LTC,, 0.25 mol/L
sucrose, 10 pmol/L Tris-HCI (pH 7.4), 10 umol/L
MgCl,, 2 umol/L ATP, 10 pmol/ L phosphocreatine
and 100 mg/mL creatine phosphokinase with or
without unlabeled LTC, in a final volume of 50 mL.
Reactions were carried out at 37uC and stopped with
3 mL of ice-cold stop solution containing 0.25 mol/L
sucrose, 100 pmol/L NaCl, and 10 umol/L Tris-HCI
(pH 7.4). Samples were passed through 0.22 mm
Dura pore membrane filters (Millipore, Bedford, MA,
USA) under vacuum. The filters were washed three
times with 3 mL of ice-cold stop solution and dried
at room temperature for 30 minutes. Incorporated
radioactivity was measured by the use of liquid scin-
tillation counter. In control experiments, ATP was
replaced by an equal concentration of 59-AMP. Rates
of net ATP-dependent transport were determined by
subtracting the values obtained in the presence of 4
pmol/L AMP from those obtained in the presence of
4 umol/L ATP.
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Immunoblotting assays

H69AR and MES-SA/DXS cells were lysed using
SDS lysis buffer containing 1% SDS, 10 mmol/L Tris
pH 7.5, 7.5 ug/mL aprotonin, 5 mmol/L benzamidine,
5 mmol/ L PMSF, 50 mmol/L NaF and 1.25 mmol/L
NaVaO,. Whole cell lysates were separated by SDS-
PAGE and transferred to nitrocellulose membranes.
After blocking with 3% BSA, membranes were
incubated overnight at 4uC with antibodies directed
against ABCC1 or ABCB1 and subsequently with
anti-mouse secondary antibody conjugated with horse-
radish peroxidase. f-actin antibody (Cell Signaling
Technology) was used as a protein loading control. The
SuperSignal West Pico Substrate kit (ThermoScientific,
Waltham,MA) was used for enhanced chemilumines-
cence detection.

Doxorubicin/Calcein-AM confocal imaging
assay

H69AR cells were plated in coverglass bottom 96-
well plates and allowed to adhere overnight. Cells
were then treated overnight with MRP-1 antagonists
in phenol free complete growth medium. On the assay
day, cells were incubated for 2 hours with 10 umol/L
doxorubicin (Dox) or 30 minutes with 0.1 pmol/L
calcein-AM and 2 umol/L Draq5 nuclear stain. At the
end of the loading period, media was aspirated and
replaced with phenol free medium plus MRP-1 antag-
onist. Plates were immediately analyzed by high speed
confocal microscopy using the Evotec Opera with a
20 x water immersion objective lens. Mean intracel-
lular intensity of Dox or calcein-AM was determined
using the Acapella image analysis software.

MRP-1 indirect immunofluorescence

Cells were fixed with 4% formaldehyde (Sigma
Aldrich). Samples were incubated overnight at 4uC
with anti-MRP-1 antibody followed by AlexaFluor
488 labeled anti-mouse antibody conjugate (Life
Technology). Nuclei were stained with DAPI (Sigma
Aldrich; 1 mg/mL) for 30 minutes at room temperature.
Fluorescent images were obtained as above.

Laser scanning cytometry assay

H69AR cells were plated in cover glass bottom
96-well plates and allowed to adhere overnight. On
the assay day, cells were incubated for 3.67 hours with
a dilution series of sulindac sulfide followed by incu-
bation for 20 minutes with 100 nmol/L calcein-AM.
At the end of the loading period, free calcein-AM
was washed away with PBS. Cellular fluorescence

was analyzed using a Blueshift Isocyte laser scanning
cytometer.

Statistical analysis

Concentration-response studies and IC50 values
were analyzed using GraphPad Prism software. With
the exception of the 47 cell-line panel, experiments
were repeated three or more times to ensure repro-
ducibility of results. Analysis of differences between
means was determined using Student's T-test, or where
indicated, analysis of variance (ANOVA). For samples
with P,0.05, differences were considered significant.

Transporter activity assay

Cells expressing ABCB1 (JurkatDNR), ABCCI1
(SupT1-Vincristine), or ABCG2 (IgMxp3) were gener-
ated as previously described®27, Sulindac sulfide was
added to cell suspensions to a final concentration of 50
umol/L and incubated for 10 minutes at room temper-
ature. Calcein-AM (250 nmol/ L) was then added and
incubated for additional 15 minutes at room tempera-
ture. The fluorescent signal of the cells was evaluated
in the HyperCyt flow cytometry system (IntelliCyt,
Albuquerque, NM, USA) as previously described!?*..

Results

Characterization of tumor cell lines expressing
ABCC1 and ABCB1

Initial experiments were performed to compare the
expression of ABCC1 and ABCBI1 in the human
H69AR small cell lung and MES-SA/DX5 uterine sar-
coma tumor cell lines, which were each derived from
DOX sensitive cell lines by in vitro selection with
Dox%, As previously reported, H69AR cells express
ABCC183%and MES- SA/DXS cells express ABCB 131321,
As determined by Western blotting, ABCC1 was not
detected in the parental cell line H69 or in MES-SA/
Dx5 cells, but was highly expressed in H69AR cells
(Fig. 14). By contrast, ABCB1 was highly abundant
in MES-SA/ Dx5 cells compared with the parental
MES-SA cells, but was minimally detectable in
H69AR cells (Fig, 1B). ABCC1 was expressed at essen-
tially uniformly high levels within the H69AR cells, but
not detectable in MES-SA/ Dx5 cells by indirect immu-
nofluorescence (Fig. 1C). Experiments were next per-
formed to determine the potency of Dox to inhibit the
growth of both pairs of sensitive and resistant cell lines.
As shown in Fig. 1D, Dox inhibited the growth of H69
and H69AR cells with an IC, of 0.12 and 4.0 umol/L,
respectively, which reflects a 33-fold difference in sensi-
tivity. Similarly, MES-SA cells were approximately 17
times more sensitive to Dox compared with MES-SA/
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Fig. 1 Characterization of MDR cell models. A: Western blots of parental H69 cells compared to multidrug resistant H69AR and MES-SA/
DXS5 uterine sarcoma cell line. B: Western blots of H69AR, MES-SA, and the drug resistant variant MES-SA/DXS5 cells showing relative levels of
ABCBI1/P-glycoprotein expression. C: Immunofluorescent detection of ABCC1 in H69AR (left) and MES-SA/DXS cells (right). D: MRP1 expressing
(H69AR) and P-gp expressing (MES-SA/DXS) cells were treated with increasing concentrations of doxorubicin to quantitate drug resistance compared

to their parental lines, H69 and MES-SA respectively.

Dx5 cells with IC,; values of 0.21 pmol/L and 3.55
umol/L, respectively. Moreover, the IC, values of sen-
sitive lines are below clinically achievable blood levels
of Dox (0.4-2.0 pmol/L), whereas IC, values in resistant
lines are significantly greater than clinically achievable
blood levels. These results confirm the mechanism and
extent of MDR in the ABCC1 and ABCBI1 cell models
used for experiments described below.

SS and indomethacin increase sensitivity to
Dox in ABCC1 overexpressing cells

ABCCI1 overexpressing H69AR cells and the H69
parental line were treated with sulindac sulfide or a
chemically related NSAID, indomethacin to determine
their sensitivity to growth inhibition in the presence of
either compound alone (Fig. 24). Subtoxic concen-
trations of Dox at 25 and 500 nmol/L that correspond

to their approximate IC,; value to inhibit the growth
of H69 and H69AR cells, respectively, were selected
to distinguish between additive toxicity and ABCC1
inhibition. Both cell lines were pre-treated for 4 hours
with SS or indomethacin over a concentration range of
1-500 pmol/L prior to the addition of Dox. Both sulin-
dac sulfide and indomethacin significantly increased
the sensitivity of drug resistant H69AR cells to Dox
(Fig. 2B), but did not significantly affect the sensitivity
of parental H69 cells to Dox (Fig. 2C). Sulindac sulfide
increased cytotoxicity of 500 nmol/L Dox by 30-40%
within a concentration range of 2-32 umol/L, while
indomethacin increased cytotoxicity by 20-30% within
the same concentration range. The effective concentra-
tion range of sulindac sulfide and indomethacin was
significantly less than the concentration range at which
the drugs were cytotoxic as single agents, which sug-
gests that the mechanism is unrelated to their known
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Fig. 2 Potency determination of NSAIDs. A: Growth inhibition of H69AR and parental H69 cells by sulindac sulfide or indomethacin was measured
after 3 days of treatment. H69AR (B) and H69 (C) cells were treated with increasing concentrations of sulindac sulfide or indomethacin before addition
of subtoxic concentrations of Dox (500 nmol/L and 25 nmol/L, respectively) to determine the concentration range over which the NSAIDs enhance
sensitivity to Dox. Data is expressed as the difference between cytotoxicity of NSAID alone versus NSAID+Dox (Single factor ANOVA, P<0.05).

tumor cell growth inhibitory activity?®*4. In the case of
sulindac sulfide, the effect was within the concentration
range that can be achieved clinically with standard dos-
ages of sulindacl®!,

To quantify the reversal of resistance by sulindac
sulfide and indomethacin, we selected a single sub-toxic
concentration of sulindac sulfide and indomethacin that
caused MDR reversal and varied the concentration of
Dox. Each drug decreased the IC50 value of Dox in
H69AR cells by approximately 18-fold (Fig. 34, left).
By contrast, neither drug significantly affected the IC_
value of Dox to inhibit H69 cell growth (Fig. 34, right).
Sulindac sulfide also did not significantly enhance the

sensitivity of the ABCB1 expressing MES-SA/Dx5
cells to Dox (Fig. 3B, left), while a known inhibitor
of ABCBI, cyclosporine A, decreased the IC50 value
from 2.2 pmol/L to 0.1 umol/L (Fig. 3B, right).

To confirm that the effects of sulindac sulfide
were specific for ABCCI rather than the process of
selection of MDR variants, we utilized Jurkat cells
that expressed either ABCC1 or ABCBI1 by treatment
with incrementally increasing doses of daunorubicin
or vincristine?'*?7], Both ABCC1 and ABCBI1 over-
expressing cells were treated with increasing concen-
trations of sulindac sulfide and a sub-toxic dose of
vincristine (150 nmol/L) to determine the ability of



126

A B Doxorubicin, IC5(=5.44 umol/L
O Dox + Sulindac sulfide, IC5,=0.27 wmol/L
A Dox + Indomethacin, IC5,=0.30

—
o 2
S O
1 |

IS
[en]
1

% Cell Viability
(=)
T

20 H69AR Cells

Doxorubicin (umol/L)

B B Doxorubicin, IC5,=5.40
O Dox + SS (30 umol/L), IC5(=4.73

100
2
= 804
<
E 60
i)
O 404
IS
204
0+ MES-SA/DX5 Cells
T T T
0 1 10 100
Doxorubicin (Wmol/L)
C B Sulindac sulfide
O Sulindac + 10 pumol/L Vincristine
1007
= 807
T 60-
>
3 407
IS
20
0 T O—6C—0—©C——10
0.01 0.1 1 10 100 1000
Sulindac sulfide (umol/L)
E m Cyclosporin A
O Cyclosporin A + 100 nmol/L Daunorubicin
100
= 807
T 60-
>
3 404
IS
204
0 T T Q 1
0.001 0.01 0.1 1 10 100
Cyclosporine A (umol/L)

T
0.01 0.1 1 10 100

Whitt JD et al. J Biomed Res, 2016, 30

B Doxorubicin, IC5,=0.11 pmol/L
O Dox + Sulindac sulfide, IC5(=0.08 pmol/L
A Dox + Indomethacin, IC5(=0.06

100
>
é 80
e}
=2 60T
>
T 404
Q
X 207
04 H69 Cells
T T T T1
0.001 0.01 0.1 1 10
Doxorubicin (umol/L)
B Doxorubicin, IC5(=2.21
O Dox + Cyclosporin A, IC54=0.11
100 4
2
= 804
S
> 604
S 40
S
204
04 MES-SA/DX5 Cells
T T T T 1
0 0.001 0.01 0.1 1 10
Doxorubicin (wmol/L)
D B Sulindac sulfide
O Sulindac + 100 nmol/L Daunorubicin
100
= 804
T 60-
>
3 401
S
204
0 T T T N4
0.01 0.1 1 10 100 1000

Sulindac sulfide (umol/L)

Fig. 3 Selectivity of NSAIDs for ABCC1. A: H69AR and the
parental H69 cells were treated with doxorubicin in the presence of the
IC,, of either sulindac sulfide or indomethacin. The doses of NSAIDs
used were 5 pmol/L for sulindac sulfide and 10 pmol/L for
indomethacin. B: The ABCBI1 expressing uterine sarcoma cell line
MES-SA/DXS5 was treated with doxorubicin and either 10 pumol/L
sulindac sulfide or 30 pmol/L cyclosporin A. C: The ability of sulindac
sulfide to sensitize cells to a structurally distinct cytotoxic agent,
vincristine, was tested in Jurkat cells expressing ABCC1. Cells were
treated with sulindac sulfide alone (squares) to determine the toxicity of
sulindac sulfide alone in these cells. The ability of sulindac sulfide (D) or
cyclosporin A (E) to sensitize cells to growth inhibition by daunorubicin
was determined in Jurkat cells expressing ABCB1. Columns represent
the mean of triplicate determinations while bars indicate standard

deviation. *P<0.05; **P<0.01, versus the control group.
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Fig. 4 Specific inhibition of ABCC1-mediated efflux by sulindac sulfide. A: Intracellular accumulation of calcein-AM or doxorubicin in H69AR

cells pretreated with 50 pmol/L sulindac sulfide measured by confocal laser microscopy using 20x magnification objective lens. B: The potency of sulindac

sulfide to inhibit ABCC1 mediated efflux of fluorescent calcein from H69AR cells was measured by laser scanning cytometer. Each image depicts a complete

6.35 pmol/L diameter well of a 96-well microplate. Plot represents analysis of fluorescence intensity of 4 replicate wells for each concentration. C: Fluorescent
intensity of calcein-AM (ABCCI substrate) or JC1 (ABCB1, ABCG2 substrate) in the presence of SS (50 mmol/L) was measured by flow cytometry.

the NSAID to enhance sensitivity. Sulindac sulfide
at or above 1 pumol/L reversed the ABCC1 mediated
vincristine resistance (Fig. 3C). By contrast, sulin-
dac sulfide provided no significant enhancement of
vincristine cytotoxicity in Jurkat cells expressing
ABCBI1 (Fig. 3D). Treatment with sulindac sulfide
alone demonstrated that the restoration of chemo-
sensitivity was not due to cytotoxicity of sulindac.
As demonstrated with MES-SA/DXS5 cells, a known
inhibitor of ABCBI1, cyclosporine A, reversed the

chemoresistance to vincristine in ABCB1 overex-
pressing cells (Fig. 3E).

Sulindac sulfide inhibits ABCC1-mediated
efflux

We next performed studies to determine the mech-
anism by which sulindac sulfide increases sensitivity
in ABCC1 expressing tumor cells. Increased intra-
cellular autofluorescence of Dox or the fluorogenic
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significant, P<0.05). D and E: Growth inhibition of ABCC1 expressing H69AR cells or the colon cancer cell line HT-29 by SS alone or in combination

with BSO (1 pmol/L).

substrate calcein-AM was demonstrated in H69AR
cells in the presence of sulindac sulfide by confocal
microscopy (Fig. 44). Next, adherent cultures of
H69AR cells were pretreated with a range of concen-
trations of sulindac sulfide, followed by 30-minute-
incubation with calcein AM. After cells were washed
to remove free calcein-AM, the fluorescence intensity
of retained intracellular calcein was measured using
a laser scanning fluorimeter (Fig. 4B). These stud-
ies indicated that sulindac sulfide inhibited ABCC1-
mediated efflux with an IC50 value of 5.6 pumol/L and

consistent with the concentration required to enhance
sensitivity of H69AR cells to inhibition of growth
by Dox.

Population analysis of transporter activity was next
evaluated using fluorescent substrates for three dif-
ferent ABC transporters, calcein-AM for ABCC1 and
JC1 for ABCB1 and ABCG2. The distribution of flu-
orescence intensity of ABCC1 overexpressing cells
(SupT1-Vin) was significantly increased in the pres-
ence of sulindac sulfide with the mean cellular fluores-
cence (MCF) increasing over 10-fold from 234 +32.9
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Table 1 Sulindac sulfide increases sensitivity of human
tumor cell lines to doxorubicin.

1C50 1C50
Histotype Cell Line (Dox only)  (+5uM SS)
Breast T47D 0.080 0.045
Breast MCEF-7 0.025 0.020
Breast HS578T 0.421 0.217
Breast MDA-MB-468 0.128 0.140
Breast NCI-ADRRES 6.337 5.884
Breast BT-549 0.201 0.112
CNS U-251 0.081 0.040
CNS SNB75 0.206 0.080
CNS SF-295 0.097 0.043
CNS SF-268 0.204 0.092
CNS SNB-19 0.035 0.015
CNS SF-539 0.142 0.091
Colon SW620 0.085 0.048
Colon COLO-205 0.031 0.022
Colon HCC-2998 0.186 0.127
Colon HCT-15 0.692 0.737
Hematopoietic =~ K562 0.102 0.069
Hematopoietic ~ SR 0.003 0.002
Hematopoietic = MOLT-4 0.005 0.004
Hematopoietic =~ CCRF-CEM 0.015 0.013
Lung HOP92 0.108 0.038
Lung NCI-H522 0.066 0.049
Lung NCI-H460 0.041 0.016
Lung NCI-H322M 0.592 0.202
Lung A-549 0.065 0.029
Lung EKVX 0.646 0.827
Lung NCI-H23 0.085 0.041
Melanoma SKMELS5 0.150 0.087
Melanoma MALME3M 0.220 0.096
Melanoma LOX1-MV1 0.098 0.071
Melanoma M-14 0.241 0.113
Melanoma UACC-257 0.388 0.222
Melanoma UACC-62 0.163 0.086
Melanoma MDA-MB-435 0.378 0.135
Ovarian IGR-OV1 0.073 0.031
Ovarian OVCAR-3 0.299 0.121
Ovarian OVCAR-8 0.116 0.064
Ovarian OVCAR-4 0.984 0.439
Ovarian OVCAR-5 0.542 0.134
Prostate PC-3 0.429 0.162
Prostate DU-145 0.077 0.029
Renal TK10 0.183 0.093
Renal 786-0 0.086 0.046
Renal RXF-393 0.345 0.187
Renal U-031 0.592 0.393
Renal A-498 0.116 0.064
Renal ACHN 0.042 0.018

in untreated cells to 2445 = 73.8 in the presence of
sulindac sulfide. In contrast, sulindac sulfide treatment
caused very little change in fluorescent intensity
in cells overexpressing either ABCB1 or ABCG2

(Fig. 40).

Effect of sulindac sulfide on ABCC1
mediated transport of LTC,

In order to determine if the observed cellular effects
of sulindac sulfide occur directly on the ABCCI1
protein, the transport of the leukotriene, LTC, was
measured. LTC, is a high affinity physiological sub-
strate of ABCCI1PS. Inside out membrane vesicles
were isolated from the ABCC1 expressing clone
KB-CV60. The transport of LTC, into the vesicles
was measured in the presence of sulindac sulfide or
the pyridine analog PAK-104P, which has been pre-
viously shown to reverse both ABCC1- and ABCB1-
mediated drug resistance®”!. Sulindac sulfide inhibited
[PH]-LTC, transport significantly at 10 pmol/L and in
a dose dependent manner at concentrations similar to
those which reversed resistance to chemotherapeu-
tics (Fig. 54). By contrast, the transport of LTC, into
membrane vesicles from the parental line KB-3-1 was
unaffected by sulindac sulfide. This data suggests that
sulindac sulfide selectively inhibits ABCC1- mediated
substrate transport.

Glutathione depletion in H69AR cells

Previous studies have shown that reduced glu-
tathione (GSH) is either co-transported with or stim-
ulates the transport of some substrates of ABCC1838],
We therefore measured intracellular glutathione to
determine if sulindac sulfide transport by ABCCI1 as
associated with glutathione depletion. As shown in
Fig. 5B, sulindac sulfide significantly reduced glu-
tathione levels in a concentration-dependent manner
at levels that paralleled those that were effective for
enhancing sensitivity to Dox. Furthermore, the com-
bination of the glutathione synthetase inhibitor BSO
with 10 pmol/L SS or 500 nmol/L Dox caused greater
than additive depletion of glutathione (Fig. 5C).
Combined treatment of sulindac sulfide and BSO
resulted in highly potent suppression of the growth of
ABCCI1 expressing H69AR cells (Fig. 5D). This com-
bined effect appeared to be specific for ABCC1 since
the growth inhibitory activity of sulindac sulfide in
HT-29 colon tumor cells, which express either low or
no ABCC1 (or ABCB1), was not affected by combined
treatment with BSO (Fig. 5E). These data suggest that
sulindac sulfide reduces intracellular glutathione lev-
els and that cells overexpressing ABCC1 may be more
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susceptible to sulindac sulfide induced cytotoxicity by
a mechanism involving glutathione depletion.

Sulindac sulfide increases sensitivity to Dox
in a large panel of human cancer cells

To determine the prevalence of the Dox sensitizing
effect, we performed similar dose-response studies
with or without sulindac sulfide in a large panel of
human tumor cell types. Totally, 47 human cell lines
derived from a variety of cancer types were treated
with 5 pmol/L SS or vehicle, followed by a concentra-
tion curve of doxorubicin for 72 hours. Dose-response
curves were plotted for each, and IC50 values are pre-
sented (Tablel). Changes in potency ranged from over
4-fold to less than 1-fold in the tumor cells of various
histotypes. Of the 47 cell lines evaluated, 24 were more
sensitive to Dox in the presence of a non-cytotoxic
concentration (5 pmol/L) of sulindac sulfide that was
statistically significance (e.g. no overlap in 95% confi-
dence interval of the IC, value). The greatest sensitiza-
tion occurred in OVCAR-5 ovarian cancer cells, with
the IC, value decreasing from 0.542 pmol/L to 0.134
umol/L, a 4-fold change, and two lung tumor cell lines
(NCI-H322M and HOP-92) in which sensitivity was
enhanced by 2.9-fold. Strikingly, all of the melanoma
cell lines tested demonstrated significant sensitization
to Dox following SS treatment.

Discussion

Here we show that the NSAIDs, indomethacin and
sulindac sulfide can increase the sensitivity of
ABCC1 overexpressing cells to chemotherapeutic
drugs at concentrations that correspond to those
achieved in the plasma with clinically relevant
dosages®*. Sulindac sulfide is the predominant species
in the blood generated by enteric and hepatic reduction
of the sulfoxide prodrug form of sulindac. In fact,
sulindac sulfide was able to reverse ABCC1 mediated
MDR and substrate transport at concentrations
below its IC,  for either COX-1 or COX-20). Sulindac
sulfide also significantly increased the intracellular
accumulation and retention of Dox in vitro. Sulindac
sulfide significantly decreased the accumulation
of LTC, in inside-out membranes harboring ABCC1
and increased the fluorescence intensity of calcein-AM
and Dox in ABCC1 overexpressing cells. Moreover,
sulindac sulfide increased glutathione depletion in
ABCCI1 expressing cells in a dose dependent manner
and further sensitized the cells to BSO and Dox
treatment.

Previous studies have shown that certain NSAIDs are
able to enhance the effects of some chemotherapeutic

drugs in vitro'¥. These effects appear to be indepen-
dent of COX-1 or COX-2 inhibition as the non- COX
inhibitory sulfone metabolite also inhibits ABCCI1
transport. We found that pretreatment of human lung
cancer cells with sulindac sulfide enhanced their sen-
sitivity to growth inhibition by Dox. The enhanced
sensitivity to Dox was not observed in lung cancer
cells expressing little or no ABCCI1. Similar effects
were apparent with a more potent COX inhibitor, indo-
methacin, although sulindac sulfide had a more pro-
nounced effect on MDR reversal. The mechanism by
which sulindac sulfide enhances the action of Dox is
most likely independent of the suppression of COX,
given that there is no correlation between the potency
of COX inhibition and the sensitization to growth
inhibition. In contrast, we observed a strong relation-
ship between sulindac sulfide potency on acute effects
of efflux compared with longer term effects on cell
growth.

Sulindac sulfide displayed selectivity for ABCC1
as compared with ABCB1 and ABCG2 as shown by
flow cytometry and LTC, uptake studies. This may
have important implications for the potential clinical
use of sulindac as a MDR reversal agent. While pre-
vious generations of ABC transport inhibitors have
demonstrated toxicity, sulindac may be less toxic and
accompanied with anticancer activity itself. The tox-
icity associated with previous MDR reversal agents
has been attributed to the tissue distribution of ABCB1
and the effects of ABCBI1 inhibitors on cytochrome
P450 enzymes. Sulindac and its metabolites appear
not to interfere with the cytochrome P450 enzymes or
increase the toxicity among patients receiving epiru-
bicin and sulindac in combination, Although ABCC1
is found in tissues throughout the body, it is generally
localized to the basolateral membrane. In comparison,
both ABCB1 and ABCG2 are located in the apical
membrane of cells such as colon epithelium and bile
canalicular membranes*. Further complicating mat-
ters is the evidence that polymorphisms in ABCG2 can
lead to unexpected anticancer drug interactions™!. In
contrast, transport mediated by ABCC1 seems rela-
tively unaffected by such polymorphisms! . Thus, the
selectivity of sulindac for ABCC1 indicates that it may
have reduced toxicity when used in combination with
chemotherapy.

ABCCI is capable of transporting multiple substrate
types, and several model systems are available to assay
ABCCI activity. In the present work, sulindac sulfide
inhibited ABCC1-mediated transport of appropriate
endogenous and xenobiotic substrates®!. For example,
the endogenous ABCCI1 substrate, LTC4, is incorpo-
rated into isolated membrane vesicles isolated from
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KB-CV60 cells and this activity was potently inhibited
by sulindac sulfide. Consistent with previous reports
in which calcein-AM efflux can be strongly correlated
with ABCC1 expression and activity™+], we found
that calcein-AM was excluded from ABCC1 express-
ing cells by both imaging and flow cytometry assays,
and that this activity was also potently inhibited by
sulindac sulfide. With the range of clinically important
substrates for ABCCl it is likely that compounds such
as sulindac sulfide or derivatives have the potential to
be useful in combination with different chemother-
apeutic regimens to improve the clinical response to
these drugs.

Although there is partial overlap of substrate
specificities between ABCB1 and ABCC1, GSH
conjugation or co-transport seems to be a require-
ment only for ABCC1 mediated transport. In contrast,
GSH-conjugated organic anions are transported much
less efficiently, if at all, by ABCB1. Consistent with a
requirement for GSH to transport xenobiotics, growth
inhibition of ABCC1 expressing cells by sulindac sulfide
was increased nearly 7-fold in the presence of BSO, an
inhibitor of the enzyme responsible for the rate-limiting
step in GSH synthesis, gamma-glutamylcysteine syn-
thetase. In contrast, sensitization to sulindac sulfide by
BSO was not observed in cells expressing little or no
ABCCI. Our data suggest that sulindac sulfide can sen-
sitize ABCC1 expressing cells to further oxidative stress
by decreasing intracellular glutathione levels. Although
the interaction between ABCCI1, anticancer drugs, and
glutathione is not completely understood, it seems that
most of the anticancer drugs to which ABCC1 confers
resistance are not conjugated to GSH in vivol*®!. Instead,
some of them are co-transported from cells with the
reduced form of glutathione by ABCC1. Exploiting this
distinction may lead to the development of selective
inhibitors of MDR, especially for malignancies where
ABCCI1 seems to be the dominant cause of multidrug
resistance, such as melanoma, glioma, and chronic lym-
phocytic leukemial’1,

In addition to the effects on ABCC1- mediated MDR
described in the present studies, there are numerous
reports which illustrate the cancer chemopreventive
properties of non-aspirin NSAIDs, such as sulindac.
Epidemiologic evidence supports the efficacy of sulin-
dac for the prevention of colon and other cancers,
particularly in the context of familial adenomatous
polyposist®**l. Our lab has demonstrated that this
effect is strongly correlated with inhibition of cGMP
phosphodiesterase (PDE) activity®* 3. Thus, the com-
bination of sulindac with cytotoxic chemotherapeutics
may provide a dual treatment benefit by inhibition
of ABCCl-mediated efflux of cytotoxic compounds

such as doxorubicin and direct inhibition of tumor cell
growth by mechanisms independent of ABCCI1, such
as cGMP PDE inhibition.

Our data indicate that sulindac sulfide has a mech-
anism of action by which it not only inhibits ABCC1
mediated efflux of doxorubicin and other substrates
leading to the intracellular accumulation of those sub-
strates; it also depletes cells of GSH. The sensitivity of
ABCCI1 expressing cells to oxidative stress as seen in
our experiments is in agreement with previously pub-
lished data where either inhibition of GSH synthesis
or increased GSH export preceded tumor cell apop-
tosisP®¥. Based on the previous research of others and
the data we have presented above, we believe the data
is significant for the addition of sulindac to certain
chemotherapeutic regimens. These studies also pro-
vide insight for the design of novel ABCCI1 inhibitors
by chemically modifying sulindac sulfide to improve
potency and selectivity to inhibit ABCCI-mediated
efflux for preventing drug resistance and tumor
recurrence or secondary tumor formation following
chemotherapy.
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