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Abstract: The overexpression of one or multiple ATP-binding cassette (ABC) transporters such as ABCB1, ABCC1 or
ABCG2 in cancer cells often leads to the development of multidrug resistance phenotype and consequent treatment
failure. Therefore, these transporters constitute an important target to improve the therapeutic outcome in cancer
patients. In this study, we employed a drug repurposing approach to identify MY-5445, a known phosphodiesterase
type 5 inhibitor, as a selective modulator of ABCG2. We discovered that by inhibiting the drug transport function of
ABCG2, MY-5445 potentiates drug-induced apoptosis in ABCG2-overexpressing multidrug-resistant cancer cells and
resensitizes these cells to chemotherapeutic drugs. Our data of MY-5445 stimulating the ATPase activity of ABCG2
and molecular docking analysis of its binding to the substrate-binding pocket of ABCG2 provide additional insight
into the manner in which MY-5445 interacts with ABCG2. Furthermore, we found that ABCG2 does not confer resis-
tance to MY-5445 in human cancer cells. Overall, our study revealed an additional action of MY-5445 to resensitize
ABCG2-overexpressing multidrug-resistant cancer cells to conventional anticancer drugs, and this should be evalu-

ated in future drug combination trials.
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Introduction

The growing phenomenon of multidrug resis-
tance (MDR), caused by the overexpression of
one or multiple ATP-binding cassette (ABC)
transporters in cancer cells threatens the suc-
cess of chemotherapy [1-3]. Collectively, they
can utilize the energy of ATP hydrolysis to ef-
flux a wide variety of structurally unrelated con-
ventional anticancer drugs, as well as some
molecularly targeted protein kinase inhibitors
away from their intracellular drug targets, and
consequently resulting in reduced drug effica-
¢y, cancer recurrence, and treatment failure
[4-7]. Among these ABC drug transporters,
ABCB1 (P-glycoprotein/MDR1) and ABCG2
(BCRP; MXR) are often linked to the develop-
ment of MDR phenotype in solid tumors such

as metastatic breast cancer [8] and advanced
non-small cell lung cancer [9], as well as in
blood cancers such as multiple myeloma (MM)
[10-12], chronic lymphocytic leukemia (CLL)
[13], acute myelogenous leukemia (AML) and
acute lymphocytic leukemia (ALL) [14-16].
Moreover, studies have demonstrated that
ABCC1 (also known as multidrug resistance-
associated protein 1 or MRP1) mediates resis-
tance to important conventional anticancer
drugs such as Vinca alkaloids, anthracyclines,
and etoposide, as well as glutathione and gluc-
uronide drug metabolites in cell line models [17,
18], and thus implicated ABCC1 in multidrug
resistance [19]. However, the exact role of
ABCC1 in clinical drug resistance remains
ambiguous [20]. Coincidentally, ABCB1 and
ABCG2 are overexpressed at blood-tissue bar-
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rier sites such as the blood-intestinal barrier
and the blood-brain barrier (BBB) to form an
endogenous defense system against toxic sub-
stances, causing a significant impact on the
bioavailability, distribution, metabolism and
elimination of the majority of drugs in patients
[2, 5, 21]. Therefore, it is of great importance to
develop ways against this mechanism of resis-
tance and improve the efficacy of chemothera-
py in cancer patients.

To date, there is no chemotherapeutic inte-
rvention available to improve therapeutic out-
comes in patients with multidrug-resistant
cancers. One practical strategy is to discover
a potent and selective modulator that can tar-
get this mechanism of drug resistance by atten-
uating the function and/or protein expression
level of ABCB1 or ABCG2 in these multidrug-
resistant cancer cells [22, 23]. Unfortunately,
despite considerable efforts that have been
invested to develop novel chemosensitizers of
ABCB1 and ABCG2, this approach has failed
thus far due to problems associated with high
intrinsic toxicity, unforeseen drug-drug interac-
tions and the lack of selectivity of these syn-
thetic compounds [2, 24]. Knowing that in-
novative drug combinations could help pre-
serve drug efficacy in multidrug-resistant can-
cer cells, we and others have been exploring
the advantages of a drug repurposing (also
known as drug repositioning or drug re-profil-
ing) approach to identify therapeutic agents
with well-characterized pharmacological and
toxicological profiles that can restore the
chemosensitivity of these multidrug-resistant
cancer cells [23-29]. It is worth mentioning
that a recent phase | study showed promising
results of sarcomas patients receiving doxoru-
bicin and nilotinib, a known high-affinity drug
substrate for ABCB1 and ABCG2 [30, 31], dem-
onstrated in principle that a multidrug combina-
tion therapy of a conventional anticancer drug
and another therapeutic agent as co-adjuvant
treatment is a promising therapeutic strategy
against multidrug-resistant cancers [32].

In the present study, we identify the phosphodi-
esterase type 5 (PDED) inhibitor MY-5445 as a
selective modulator of ABCG2. MY-5445 was
originally developed as a specific inhibitor of
cyclic GMP phosphodiesterase (cGMP-PDE) to
inhibit human platelet aggregation [33], but
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has since been used as a reference inhibitor of
PDE5 in studies on platelet aggregation [34],
morphine-induced peripheral analgesia [35],
central analgesia [36] and nitric oxide (NO) sig-
naling related research [37-39]. Moreover, the
antiproliferative effect of MY-5445 has also
been examined in the human megakaryoblastic
Dami cell line [40]. Our results show that
MY-5445 potentiates drug-induced apoptosis
and reverses MDR in ABCG2-overexpressing
cancer cells through direct inhibition of ABCG2-
mediated drug transport, suggesting that com-
bining MY-5445 with conventional anticancer
drugs may be beneficial for patients with multi-
drug-resistant cancers.

Materials and methods
Chemicals

MY-5445 was purchased from MedKoo Bio-
sciences, Inc. (Morrisville, NC, USA). Tariquidar,
MK-571, Ko143, and all other chemicals were
obtained from Sigma-Aldrich (St. Louis, MO,
USA) unless stated otherwise. Primary antibo-
dies BXP-21 and o-tubulin were purchased
from Abcam (Cambridge, MA, USA). Immobilon
enhanced chemiluminescence (ECL) kit from
Merck Millipore (Billerica, MA, USA). Annexin V:
FITC Apoptosis Detection Kit was purchased
from BD Pharmingen (San Diego, CA, USA).

Cell culture conditions

The H460 human non-small cell lung cancer
cell line and the ABCG2-overexpressing va-
riant H460-MX20, as well as the HEK293
human embryonic kidney cell line and HEK293
cells stably transfected with human ABCB1
(MDR19-HEK293 cell line) [41] or ABCC1
(MRP1-HEK293 cell line) [42] or ABCG2 (R482-
HEK293 cell line) [41] were maintained in
Dulbecco’s modified Eagle medium (DMEM)
(Gibco Invitrogen, CA, USA) supplemented
with 10% fetal calf serum (FCS), 2 mM L-
glutamine, 100 units/mL of penicillin and strep-
tomycin. H460-MX20 cells were maintained in
20 nM of mitoxantrone [43], whereas HEK293
and HEK293 transfected cells were maintained
in media containing 2 mg/mL G418 [41]. The
S1 human colon cancer cell line and its ABCG2-
overexpressing variant S1-M1-80 were cultured
in RPMI-1640 medium (Gibco Invitrogen, CA,
USA) supplemented with 10% FCS, 2 mM
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Figure 1. MY-5445 selectively reverses ABCG2-mediated multidrug resis-
tance. The selective chemosensitization effect of MY-5445 was determined
in drug-sensitive parental HEK293 cells (A-E, left panels), human ABCB1-
transfected MDR19-HEK293 cells (A, right panel), human ABCC1l-trans-
fected MRP1-HEK293 cells (B, right panel) and human ABCG2-transfected
R482-HEK293 cells (C-E, right panel). Cells were treated with increasing
concentrations of (A) colchicine or (B) etoposide or (C) mitoxantrone or (D)
SN-38 or (E) topotecan in the presence of DMSO (control, open circles), MY-
5445 at 0.5 uM (open squares), 1 uM (filled squares), 2 uM (open triangles)

or 3 uM (filled triangles). Tariqui-
dar at 1 pM, MK-571 at 25 uM
and Ko143 1 uM, were used as
reference inhibitors (filled circles)
for ABCB1, ABCC1 and ABCG2,
respectively. Points, mean values
from at least three independent
experiments; bars; SEM.

L-glutamine, 100 units/mL of
penicillin and streptomycin.
S1-M1-80 cells were main-
tained in 80 uyM of mitoxan-
trone [44]. All cell lines were
cultured at 37°C in 5% CO,
humidified air and placed in
drug-free medium 7 days
before assay.

Cytotoxicity assays

The cytotoxicity assays were
performed as described previ-
ously [45], based on the meth-
od described by Ishiyama et
al. [46]. Tools Cell Counting
Kit-8 (Biotools Co., Ltd, Taipei,
Taiwan) was used to deter-
mine the cytotoxicity of drugs
in HEK293 and HEK293
transfected cells, whereas
MTT reagent was used to
determine the cytotoxicity of
drugs in attached human can-
cer cell lines as described pre-
viously [29]. The half-maximal
inhibitory concentration (IC,)
value for each treatment
was calculated from a fitted
dose-response curve acqui-
red from at least three inde-
pendent experiments. For the
reversal assay, a nontoxic
concentration of MY-5445 or
a reference inhibitor of ABC
drug transporters was add-
ed to the respective cytotoxic-
ity assays for the calculation
of the fold-reversal (FR)
values, which represent the
extent of reversal by a modu-
lator [47].

Apoptosis assays

The extent of apoptosis in
cancer cell lines induced by
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Figure 2. MY-5445 resensitizes ABCG2-overexpressing human S1-M1-80
colon cancer cells to conventional chemotherapeutic drugs. Drug-sensitive
parental human S1 colon cancer cells (left panels) and the ABCG2-overex-
pressing multidrug-resistant variant S1-M1-80 cancer cells (right panels)
were treated with increasing concentrations of (A) mitoxantrone or (B) SN-38
or (C) topotecan in the presence of DMSO (open circles), MY-5445 at 0.5 yM
(open squares), 1 uM (filled squares), 2 uM (open triangles) or 3 uM (filled tri-
angles). Points, mean values from at least three independent experiments;

bars; SEM.

the indicated regimens was determined based
on the conventional Annexin V-FITC and prop-
idium iodide (Pl) staining method [48]. Briefly,
cells were treated with DMSO, topotecan,
MY-5445 or in drug combinations as indicated
for 48 h before harvested, centrifuged and
resuspended in FACS buffer containing 1.25
pg/mL Annexin V-FITC (BD Pharmingen, San
Diego, CA, USA) and 0.1 mg/mL PI, and incu-
bated for 15 min at room temperature. The
labeled phosphatidylserine (PS)-positive and
Pl-negative cells (early apoptotic cells) and
PS-positive and Pl-positive cells (necrotic or
late apoptotic) [49] were analyzed by FACScan
using CellQuest software as described previ-
ously [29].
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Topotecan [uM]

ABCG2-overexpressing can-
cer cells were treated with
increasing concentrations of
MY-5445 for 72 h before har-
vested and subjected to SDS-
polyacrylamide electrophore-
sis. Primary antibodies BXP-
21 (1:15000) and o-tubulin
(1:100000) were used in We-
stern blot immunoassay to
detect ABCG2 and positive control tubulin,
respectively. The horseradish peroxidase-con-
jugated goat anti-mouse 1gG (1:100000) was
used as the secondary antibody. Signals were
detected using Immobilon enhanced chemilu-
minescence (ECL) kit from Merck Millipore
(Billerica, MA, USA) as described previously
[45].

ATPase assay

The vanadate (V)-sensitive ATPase activity of

ABCG2 was deterlmined based on the endpoint
inorganic phosphate (P) assay quantifying the
amount of P released using a colorimetric
method as described previously [52]. Briefly,
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Table 1. The effect of MY-5445 on drug resistance mediated by
ABCB1, ABCC1 or ABCG2 in HEK293 cells transfected with human

ABCB1, ABCC1 or ABCG2

Concentration

Mean IC_ ' + SD and (FR¥)

50

Treatment (UM) pcDNA-HEK293 MDR19-HEKS293
(parental) [nM] (resistant) [nM]
Colchicine 10.61+3.64 (1.0) 256.55+55.25 (1.0)
+ MY-5445 0.5 10.29+3.13 (1.0) 247.39+£49.20 (1.0)
+ MY-5445 1.0 10.93+£3.78 (1.0) 266.45+64.09 (1.0)
+ MY-5445 2.0 10.66+3.26 (1.0) 314.17+66.13 (0.8)
+ MY-5445 3.0 10.90+3.43 (1.0) 355.55+81.95 (0.7)
+ Tariquidar 1.0 9.15+3.20 (1.2) 11.10+3.48" (23.1)
pcDNA-HEK293 MRP1-HEKS293
(parental) [nM] (resistant) [uM]
Etoposide 273.20+£63.61 (1.0) 85.90+14.30 (1.0)
+ MY-5445 0.5 212.02+36.82 (1.3) 96.82+19.56 (0.9)
+ MY-5445 1.0 260.10+48.11 (1.1) 84.35+19.48 (1.0)
+ MY-5445 2.0 293.37+54.28 (0.9)  74.07+£11.95 (1.2)
+ MY-5445 3.0 231.90+£39.99 (1.2) 62.81+12.66 (1.4)
+ MK-571 25.0 208.20+44.29 (1.3) 9.13+1.69"" (9.4)
pcDNA-HEK293 R482-HEKS293
(parental) [nM] (resistant) [nM]
Mitoxantrone 2.44+0.27 (1.0) 177.66+19.11 (1.0)
+ MY-5445 0.5 2.01+0.30 (1.2) 59.01+6.75"" (3.0)
+ MY-5445 1.0 2.05+0.27 (1.2) 25.87+3.17"" (6.9)
+ MY-5445 2.0 2.01+0.27 (1.2) 16.75+2.90"" (10.6)
+ MY-5445 3.0 1.95+0.28 (1.3) 13.54+2.17" (13.1)
+ Ko143 1.0 1.97+£0.27 (1.2) 12.91+2.16""" (13.8)
SN-38 3.14+0.80 (1.0) 134.24+19.32 (1.0)
+ MY-5445 0.5 3.31+0.90 (0.9) 39.28+7.39" (3.4)
+ MY-5445 1.0 2.93+0.68 (1.1) 22.24+4.32"" (6.0)
+ MY-5445 2.0 3.24+0.80 (1.0) 15.30+£3.44"" (8.8)
+ MY-5445 3.0 3.31+0.69 (0.9) 11.92+3.15™" (11.3)
+ Ko143 1.0 2.59+0.60 (1.2) 2.94+0.62" (45.7)
Topotecan 36.50+7.60 (1.0) 384.96+31.52 (1.0)
+ MY-5445 0.5 34.82+6.79 (1.0) 101.64+13.017 (3.8)
+ MY-5445 1.0 33.51+7.37 (1.1) 51.35+9.50""" (7.5)
+ MY-5445 2.0 38.76+£8.90 (0.9)  32.99+6.14"" (11.7)
+ MY-5445 3.0 37.1949.21 (1.0) 31.51+7.08"" (12.2)
+ Ko143 1.0 37.06+8.52 (1.0) 40.39+9.16™ (9.5)

Abbreviation: FR, fold-reversal. TIC50 values are mean + SD obtained from dose-
response curves of at least three independent experiments using cytotoxicity assay
as described in Materials and methods. *FR values were calculated by dividing IC
values of cells treated with a particular anticancer drug in the absence of an inhibitor
by IC, values of cells treated with the same anticancer drug in the presence of an

inhibitor. **P<0.01; ***

P<0.001.

membrane vesicles of ABCG2-expressing High-
Five cells (Thermo Fisher Scientific, Waltman,
MA, USA) were incubated with MY-5445 (O-
1.5 uM) in the absence or presence of 0.3 mM
sodium orthovanadate in ATPase buffer (50
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mM MES-Tris pH 6.8, 50
mM KCI, 5 mM NaNg, 1 mM
EGTA, 1 mM ouabain, 2 mM
DTT). ABCG2 ATPase activi-
ty was allowed to occur for
20 min at 37°C, after which
the reaction was stopped
by the addition of 50 uL of
P reagent (1% ammonium
molybdate in 2.5 N H,SO,
and 0.014% antimony po-
tassium tartrate). The re-
leased inorganic phosphate
was quantified by the addi-
tion of a 150 yL of 0.33%
sodium L-ascorbate and
measured (absorbance at
880 nm) using a Spectra-
max iD3 microplate reader
(Molecular Devices, San
Jose, CA, USA). The Vi-
sensitive activity was calcu-
lated as the ATPase activity
in the absence of vanadate
minus the ATPase activity in
the presence of vanadate,
as described previously
[52].

Docking analysis of MY-
5445 with ABCG2

The inward-open structure
of ABCG2 (PDB: 5NJ3) [53]
was used as a template for
docking of MY-5445 with
AutoDock Vina [54]. Trans-
porter structure and ligand
were prepared using MGL-
tools software package
(The Scripps Research In-
stitute) [55]. For docking in
the drug-binding pocket of
ABCG2, the following resi-
dues of each monomer of
the homodimer were set
as flexible: N393, A397,
N398, v401, L405, 1409,
T413, N424, FA31, F432,
T435, N436, F439, S440,
V442, S443, Y538, L539,

1542, 1543, V546, F547, M549, 1550, L554,
L555. The receptor grid was centered at x=125,
y=125 and z=130, and the box dimensions
were set as 34 Ax30 Ax50 A. The exhaustive-

ness level

was set at 100 to ensure
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Table 2. The effect of MY-5445 on ABCG2-mediated multidrug
resistance in ABCG2-overexpressing human cancer cell lines

Mean IC_ T + SD and (FR¥)

Treatment Concentration o1 50— .

(UM) (parental) S1-M1-80 (resistant)

[nM] [UM]
Mitoxantrone - 8.36+2.38 (1.0) 50.40+4.98 (1.0)
+ MY-5445 0.5 9.42+1.38 (0.9) 11.08+1.55""" (4.5)
+ MY-5445 1.0 9.24+1.20 (0.9) 5.07+0.977"" (9.9)
+ MY-5445 2.0 8.43+1.65 (1.0) 1.73+0.277" (29.1)
+ MY-5445 3.0 6.53+£1.29 (1.3) 0.95+0.19"" (53.1)
+ Ko143 1.0 9.12+1.66 (0.9) 0.36+£0.03""" (140.0)
SN-38 - 4.43+0.82 (1.0) 4.30£1.03 (1.0)
+ MY-5445 0.5 4.86+0.76 (0.9) 0.71+0.21 (6.1)
+ MY-5445 1.0 4.69+0.78 (0.9) 0.31+0.07"" (13.9)
+ MY-5445 2.0 3.75+0.60 (1.2) 0.25+0.06™" (17.2)
+ MY-5445 3.0 5.14+0.97 (0.9) 0.16+0.02"" (26.9)
+ Kol43 1.0 4.15+0.74 (1.1) 0.05+0.01"" (86)
Topotecan - 24.40+3.10 (1.0) 11.04+2.67 (1.0)
+ MY-5445 0.5 23.72+2.51 (1.0) 2.30+0.57"" (4.8)
+ MY-5445 1.0 23.31+2.22 (1.0) 1.25+0.40™" (8.8)
+ MY-5445 2.0 24.83+2.61 (1.0) 0.55+0.14™" (20.1)
+ MY-5445 3.0 18.68+2.83 (1.3) 0.32+0.07"" (34.5)
+ Kol43 1.0 24.46+3.01 (1.0) 0.27+0.05" (40.9)
H460 H460-MX20
(parental) [nM] (resistant) [uM]

Mitoxantrone - 31.23+£10.14 (1.0) 2.29+0.52 (1.0)
+ MY-5445 0.5 49.26+18.28 (0.6) 1.02+0.38" (2.2)
+ MY-5445 1.0 45.20+16.30 (0.7) 0.36+0.12"" (6.4)
+ MY-5445 2.0 42.43+14.75 (0.7) 0.38+0.14™ (6.0)
+ MY-5445 3.0 37.07+12.87 (0.8) 0.28+0.08™ (8.2)
+ Kol143 1.0 48.96+18.09 (0.6) 0.16+0.05™" (14.3)
SN-38 - 7.14+1.29 (1.0) 4.36+1.80 (1.0)
+ MY-5445 0.5 9.95+1.84 (0.7) 0.82+0.36" (5.3)
+ MY-5445 1.0 7.88+1.52 (0.9) 0.72+0.33" (6.1)
+ MY-5445 2.0 5.42+1.14 (1.3) 0.41+0.19" (10.6)
+ MY-5445 3.0 4.89+1.24 (1.5) 0.50+0.23" (8.7)
+ Kol143 1.0 5.39+1.54 (1.3) 0.10+0.04" (43.6)
Topotecan - 100.91+£16.10 (1.0)  23.62+4.97 (1.0)
+ MY-5445 0.5 84.78+12.59 (1.2) 1.62+0.49" (14.6)
+ MY-5445 1.0 77.03+13.99 (1.3)  1.42+0.47" (16.6)
+ MY-5445 2.0 63.85+11.58" (1.6) 0.96+0.33" (24.6)
+ MY-5445 3.0 63.71+12.42" (1.6)  0.63+0.17"" (37.5)
+ Ko143 1.0 69.30+12.50 (1.5) 1.52+0.51"" (15.5)

Abbreviation: FR, fold-reversal. TIC50 values are mean + SD obtained from dose-

response curves of at least three independent experiments using cytotoxicity assay
as described in Materials and methods. *FR values were calculated by dividing IC,
values of cells treated with a particular anticancer drug in the absence of an inhibi-
tor by IC, values of cells treated with the same anticancer drug in the presence of
MY-5445 or Ko143. *P<0.05; **P<0.01; ***P<0.001.
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that the global minimum
of the scoring function would
be found considering the lar-
ge box size and the number of
flexible residues. Analysis of
the docked poses was per-
formed using Pymol molecu-
lar graphics system, Version
1.7 (Shrédinger, LLC).

Quantification and statistical
analysis

Unless stated otherwise, the
experimental data and IC,,
values are presented as
mean * standard deviation
(SD) calculated from at least
three independent experi-
ments. Curve plotting and
statistical analysis were per-
formed with KaleidaGraph
(Synergy Software, Reading,
PA, USA) and GraphPad Prism
(GraphPad Software, La Jolla,
CA, USA) software. The im-
provement in fit was analyzed
by two-tailed Student’s t-test
and labeled “statistically sig-
nificant” if the probability, p,
was less than 0.05.

Results

MY-5445 reverses multidrug
resistance mediated by
ABCG2

The chemosensitization eff-
ect of MY-5445 was first
evaluated in HEK293 cells,
MDR19-HEK293 cells, MRP1-
HEK293, and R482-HEK293
cells to determine the rela-
tive selectivity of MY-5445
for human ABCB1, ABCC1,
and ABCG2, respectively. We
discovered that the chemo-
sensitivity of MDR19-HEK-
293 cells to colchicine, a
known substrate for ABCB1
(Figure 1A, right panel), and
MRP1-HEK293 cells to eto-
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poside, a known substrate for ABCC1 (Figure
1B, right panel), was unaffected by MY-5445.
In contrast, MY-5445 resensitized R482-
HEK293 cells to ABCG2 substrates mitoxan-
trone (Figure 1C), SN-38 (Figure 1D) and topo-
tecan (Figure 1E) in a concentration-dependent
manner. Tariquidar at 1 yM, MK-571 at 25 M,
and Ko143 at 1 uyM were used as reference
inhibitors for ABCB1, ABCC1, and ABCG2,
respectively. Knowing that MY-5445 is selec-
tive for ABCG2, the MDR reversal effect of
MY-5445 was further examined in the S1
human colon cancer cell line and H460 human
non-small cell lung cancer cell line, and their
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ABCG2-overexpressing multidrug-resistant va-
riants S1-M1-80 and H460-MX20 cancer cell
lines. We found that MY-5445 resensitized
S1-M1-80 cells and H460-MX20 cells to mito-
xantrone, SN-38 and topotecan (Figure 2) in
the same manner as in R482-HEK293 cells
(Figure 1). Of note, MY-5445 had no significant
effect on the proliferation of drug-sensitive
parental cells (Figures 1 and 2, left panels).
The 50% inhibitory concentration (IC, ) value of
respective substrate drugs and the fold-rever-
sal (FR) value, representing the extent of che-
mosensitization by MY-5445 [47] in tested
cell lines, were calculated as described in

Am J Cancer Res 2020;10(1):164-178
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Figure 5. MY-5445 stimulates ABCG2 ATPase activ-
ity. The effect of increasing concentrations of MY-
5445 (0-1.5 uM) on the vanadate-sensitive ATPase
activity of ABCG2 was measured in the membrane
vesicles prepared from High-Five insect cells over-
expressing human ABCG2 as previously described
[70]. Values represent mean + SEM calculated from
three independent experiments.

by growth retardation, we examined the effect
of MY-5445 on topotecan-induced apoptosis in
S1-M1-80 cancer cells following the method
described previously [56]. As shown in Figure
3, treating cells with topotecan for 48 h led to
a substantial increase of apoptosis in drug-
sensitive S1 cancer cells (from approximately
4% basal level to 49% total apoptosis), but
not in ABCG2-overexpressing S1-M1-80 cancer
cells (from approximately 5% basal level to 4%
total apoptosis). Notably, without having a sig-
nificant effect on S1 cells, MY-5445 substan-
tially increased the topotecan-induced apopto-
sis in S1-M1-80 cells, from approximately 4%
basal level to 37% of early and late apoptosis. It
is worth noting that the effect of MY-5445 on
topotecan-induced apoptosis in S1-M1-80 cells
is comparable to that of Kol43 (Figure 3B).
Our results indicate that MY-5445 reverses
ABCG2-mediated MDR by potentiating the
cytotoxicity of an ABCG2 substrate drug in
ABCG2-overexpressing multidrug-resistant can-
cer cells, possibly by modulating the function
and/or the protein expression of ABCG2.

MY-5445 attenuates ABCG2-mediated drug
efflux

Most often, the resensitization of ABCG2-
overexpressing multidrug-resistant cancer cells
is due to direct inhibition of the function [57]
and/or transient downregulation of ABCG2 pro-
tein [568, 59] in multidrug-resistant cancer cells.
To this end, we examined the effect of MY-5445
on the drug transport function of ABCG2, as
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well as the protein expression of ABCG2 in
ABCG2-overexpressing cells. We discovered
that MY-5445 significantly increased the intra-
cellular accumulation of pheophorbide A (PhA),
a specific fluorescent substrate for ABCG2 [51],
in ABCG2-overexpressing S1-M1-80 cancer
cells (Figure 4A) and R482-HEK293 cells
(Figure 4B). We demonstrated that MY-5445
blocks ABCG2-mediated PhA efflux from R482-
HEK293 cells in a concentration-dependent
manner, with a calculated IC_ value of approxi-
mately 16 uM. In parallel, the effect of silde-
nafil, a well-known inhibitor of PDE5, on ABCG2-
mediated efflux of PhA was also examined
and compared to MY-5445 (Figure 4C). Of note,
MY-5445 had no significant effect on the accu-
mulation of PhA in drug-sensitive parental S1
and HEK293 cells. Next, we determined the
protein expression of ABCG2 in S1-M1-80 can-
cer cells treated with MY-5445 (0.5-3 uM) for
72 h by immunoblotting as described in
Methods. As shown in Figure 4D, MY-5445 did
not have any significant effect on the protein
expression of ABCG2 in these cells, suggesting
that MY-5445 resensitized ABCG2-overex-
pressing cancer cells to anticancer agents by
modulating the drug transport function of
ABCG2.

MY-5445 stimulates the ATPase activity of
ABCG2

Knowing that the transport activity of an ABC
drug transporter is coupled to its ATPase activ-
ity [60], we determined the effect of MY-5445
on vanadate (V)-sensitive ATPase activity of
ABCG2 to gain insight into the interaction
between MY-5445 and the drug-binding pocket
of ABCG2. As shown in Figure 5, the ATPase
activity of ABCG2 was stimulated by MY-5445
in a concentration-dependent manner, with
maximal stimulation of approximately 165% of
basal level (basal, 154.7+19.4 nmole P/min/
mg protein) and a half-maximal effective con-
centration (EC,,) value of 124 nM.

In silico docking analysis reveals that MY-5445
binds in the drug-binding pocket of ABCG2

In addition, the docking analysis of MY-5445
with the inward-open structure of human
ABCG2 (PDBID:5NJ3) [53] was performed to
elucidate the potential sites of interaction
between MY-5445 and the amino acid resid-
ues located within the substrate-binding pock-
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Figure 6. Binding of MY-5445 in the drug-binding pockets of ABCG2. MY-
5445 was docked to the cryo-electron microscopy structure of human ABCG2
(PDB: 5NJ3) using Autodock Vina software as described in Methods. All nine
low-energy poses of MY-5445 interaction with residues in the same bind-
ing cavity in the transmembrane region (green sticks, top left panel), with
similar binding affinities (top-right). The amino acids within 5A of MY-5445
in the lowest-energy pose are shown with gray sticks (bottom panel). Pymol
software was used for analyses of docking poses and figure preparation.

et of ABCG2. A total of 9 poses with the lowest
energy score were evaluated. All of which inter-
acted with ABCG2 in the same binding cavity in
the transmembrane region but with different
orientations (Figure 6, top panel). Analysis of
the specific interaction of the lowest energy
docking pose showed that MY-5445 interacts
with hydrophobic and aromatic amino acids
(Figure 6, bottom panel). Our data indicate that
MY-5445 interacts strongly with the drug-sub-
strate-binding pocket located in the transmem-
brane region of ABCG2, which is consistent
with the results of drug accumulation assays
(Figure 4).
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Overexpression of ABCG2
does not confer resistance to
MY5445 in cancer cells

Given that the results of ATP-
ase assay and docking analy-
sis indicate that MY-5445
interacts at the drug-sub-
strate-binding site of ABCG2,
we compared the cytotoxicity
and the resistance factor (RF)
value of MY-5445 in multiple
ABCG2-overexpressing cell li-
nes and their respective drug-
sensitive parental cell lines.
The RF value here represents
the extent of acquired resis-
tance to MY-5445 mediated
by ABCG2, which is calculated
by dividing the IC,  value of
MY-5445 in a particular AB-
CG2-overexpressing multidr-
ug-resistant cell line by the
IC,, value of MY-5445 in its
drug-sensitive parental cell
line. As shown in Table 3,
there were no significant dif-
ferences between the RF val-
ues, indicating that MY-
5445 is not pumped out by
ABCG2, and the overexpres-
sion of ABCG2 does not lead
to reduced sensitivity of can-
cer cells to MY-5445.

Discussion

The rise of multidrug resis-
tance, partly contributed by
the overexpression of ABCG2

protein in cancer cells, poses a significant chal-
lenge for many conventional anticancer drugs
and molecular targeted drugs to remain effec-
tive [61]. For that reason, discovering ways to
reverse ABCG2-mediated MDR in cancer cells
is essential in prolonging the efficacy of first-

line chemotherapeutic agents.

Instead of

developing novel inhibitors of ABCG2, which
can be expensive and time-consuming, we and
others have utilized an alternative approach of
repurposing existing therapeutic agents for the
resensitization of multidrug-resistant cancer
cells [26, 57, 62]. Conventionally, PDE5 inhibi-
tors are used as an experimental tool to exam-
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Table 3. Cytotoxicity of MY-5445 in ABCG2-overexpressing cell
lines

Cell line Type  Transporter expressed IC,, (uM)T R.F*
S1 colon 12.91+3.80 1.0
S1-M1-80 colon ABCG2 15.15+4.43 1.2
H460 lung 24.68+6.02 1.0
H460-MX20 lung ABCG2 24.43+5.60 1.0
MCF7 breast 34.50£8.07 1.0
MCF7-AdVp3000  breast ABCG2 23.72+2.60 0.7
pcDNA-HEK293 - 12.05+1.99 1.0
R482-HEK293 - ABCG2 14.39+2.50 1.2

Abbreviation: RF, resistance factor. TIC50 values are mean + SD calculated from
dose-response curves obtained from three independent experiments using cytotox-
icity assay as described in Materials and methods. *RF values were calculated by
dividing IC values of MY-5445 in ABCG2-overexpressing cell lines by IC_ values of

MY-5445 in respective parental cell lines.

AEAA

A Extracellular space B

A

Intracellular space

Figure 7. Model for MY-5445 resensitizing ABCG2-overexpressing cancer
cells. Schematic proposing the fate of chemotherapeutic drug substrates
of ABCG2 (triangles) in the absence (A) and the presence (B) of MY-5445.
In the absence of MY-5445, the intracellular concentrations of chemo-
therapeutic drug and its cytotoxic effects are significantly reduced in these
ABCG2-expressing cancer cells through direct drug efflux by ABCG2. In con-
trast, in the presence of MY-5445 (filled diamond), the drug efflux function of
ABCG2 is blocked by MY-5445 binding to the drug-binding pocket of ABCG2.
Consequently, the intracellular concentration of the chemotherapeutic drugs
is restored in these multidrug-resistant cancer cells.

vealed a beneficial effect of
including a PDE5 inhibitor as
an adjuvant to resensitize
multidrug-resistant cancer ce-
lls to conventional anticancer
agents [25, 65, 66]. Shi et al.
demonstrated that sildenafil
reversed MDR mediated by
ABCB1 and ABCG2 by inhibit-
ing the drug transport func-
tion of both ABCB1 and ABCG2
in human cancer cell lines
[25], whereas vardenafil and
tadalafil were able to selec-
tively reverse ABCB1-media-
ted MDR in cancer cell lines
[66]. These results prompted
us to investigate the activity of
MY-5445, a PDE5 inhibitor of
a different chemical class
than sildenafil, vardenafil, and
tadalafil [33, 67], against
MDR mediated by ABC drug
transporters in human cancer
cell lines.

In this study, we examined the
interactions of MY-5445 with
ABCB1, ABCC1, and ABCG2,
which are ABC drug transport-
ers that have been frequently
linked to the development of
MDR in cancers [61]. We dis-
covered that MY-5445 resen-
sitized ABCG2-overexpressing
cells to mitoxantrone, SN-38,
and topotecan without signifi-
cant effect on MDR mediated
by ABCB1 or ABCC1. More-
over, we demonstrated that
MY-5445 potentiates topote-
can-induced apoptosis in
ABCG2-overexpressing multi-
drug-resistant cancer cells by

ine the physiological function of PDE5. However,
due to the polypharmacological nature of
PDES5 inhibitors, the therapeutic effect of PDE5S
inhibitors has been investigated in erectile dys-
function (ED), cardiovascular diseases, pulmo-
nary hypertension, prostate hyperplasia, Ray-
naud’s disease, cognition dysfunction, and
even in the treatment of solid tumors and blood
cancers as summarized in references [63, 64].
More specifically, previous reports have re-
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blocking the drug transport function of ABCG2.
The interaction between MY-5445 and ABCG2
was further supported by the result of MY-5445
stimulating the ATPase activity of ABCG2, as
well as docking analysis depicting the potential
sites of interaction of MY-5445 at the sub-
strate-binding pocket within the transmem-
brane regions of ABCG2. Moreover, we revealed
that that the ABCG2-overexpressing cells and
the drug-sensitive parental cells are equally
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sensitive to MY-5445 treatment, suggesting
that MY-5445 is not transported out of cells by
ABCG2 and behaves as a high-affinity modula-
tor for ABCG2. These results support the notion
that MY-5445 can outcompete co-adminis-
tered anticancer substrate drugs at the drug-
binding pocket of ABCG2, which is consistent
with the results of the fluorescent drug accu-
mulation assays (Figure 4). It is worth noting
that although MY-5445 and sildenafil are both
inhibitors of PDED5, the phthalazine derivative MY-
5445 is structurally distinct from the pyrimi-
done-containing sildenafil [67]. Therefore, it is
not surprising if MY-5445 and sildenafil inter-
act with ABCG2 at distinctive sites within the
substrate-binding pocket of ABCG2 (Figure 6)
[25], and the modulatory effect of MY-5445 on
ABCG2-mediated drug efflux is more pro-
nounced than that of sildenafil (Figure 4C). Shi
et al. reported that sildenafil at 50 uyM resensi-
tized S1-M1-80 cancer cells to mitoxantrone
and SN-38 with calculated FR values of 6.8 and
7.3, respectively [25]. In comparison, MY-5445
at 3 uM resensitized S1-M1-80 cancer cells to
mitoxantrone and SN-38 with calculated FR val-
uesofb53.1and26.9,respectively(Table2).Inter-
estingly, sildenafil appeared to be significantly
more effective in reversing MDR mediated by
ABCB1 than reversing MDR mediated by ABCG2
[25]. Similarly, Ding et al. reported that the
pyrimidone-containing PDES5 inhibitors varde-
nafil and tadalafil were selective in reversing
ABCB1-mediated MDR in cancer cell lines [66].

While other mechanisms may also contribute to
the resensitization of ABCG2-overexpressing
cancer cells to chemotherapeutic agents, the
mode of action of MY-5445 appears to involve
direct inhibition of the drug transport function
of ABCG2, leading to enhanced drug-induced
apoptosis and cytotoxicity in ABCG2-over-
expressing multidrug-resistant cancer cells
(Figure 7). Although the combination therapy
may occasionally result in unfavorable clinical
responses [68, 69], our results support the use
of combination therapy of PDE5 inhibitor
MY-5445 with conventional anticancer drugs
against ABCG2-overexpressing multidrug-resis-
tant cancers, and this needs to be further
investigated in animal and clinical studies.
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