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Abstract

Overexpression of ATP-binding cassette (ABC) transporters is one of the most important
mechanisms responsible for the development of multidrug resistance (MDR). Selonsertib, a serine/
threonine kinase inhibitor, targets apoptosis signal-regulating kinase 1 (ASK1) and is now in phase
I11 clinical trial for the treatment of non-alcoholic steatohepatitis (NASH). In this study, we
investigated whether selonsertib could reverse MDR-mediated by ABC transporters, including
ABCB1, ABCG2, ABCC1 and ABCC10. The results showed that selonsertib significantly
reversed ABCB1- and ABCG2-mediated MDR, but not MDR-mediated by ABCC1 or ABCC10.
Mechanism studies indicated that the reversal effect of selonsertib was related to the attenuation of
the efflux activity of ABCB1 and ABCG2 transporters, without the protein level decrease or
change in the subcellular localization of ABCB1 or ABCG2. Selonsertib stimulated the ATPase
activity of ABCB1 and ABCG?2 in a concentration-dependent manner, and /7 sifico docking study
showed selonsertib could interact with the substrate-binding sites of both ABCB1 and ABCG2.
This study provides a clue into a novel treatment strategy, which includes a combination of
selonsertib with antineoplastic drugs to attenuate MDR-mediated by ABCB1 or ABCG?2 in cancer
cells overexpressing these transporters.

Keywords
Selonsertib; Multidrug resistance; ATP-Binding cassette transporter; ABCB1; ABCG2

"Corresponding author. Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. John’s University,
Queens, New York, N, 11439, USA. chenz@stjohns.edu (Z.-S. Chen). “Corresponding author. Tianjin Key Laboratory on
Technologies Enabling Development of Clinical Therapeutics and Diagnostics, School of Pharmacy, Tianjin Medical University,
Tianjin, 300070, China. kongdexin@tmu.edu.cn (D. Kong).

Conflicts of interest
The authors have declared no potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jietal

1.

Page 2

Introduction

Chemotherapy is an important tool to combat a variety of cancers. However, multidrug
resistance (MDR) in cancer cells remains a major challenge that contributes to the failure of
cancer chemotherapy [1,2]. MDR in cancer leads to synchronous resistance of cancer cells
to structurally unrelated anticancer drugs, and as a result, chemotherapy fails. There are
several mechanisms contributing to cancer MDR, including reduced apoptosis, advanced
DNA damage repair mechanisms, or altered drug metabolism. However, one important
mechanism of MDR is mediated by the efflux pump protein, known as the ATP-binding
cassette (ABC) transporters, which are located on the membrane of cancer cells [3,4].

The ABC transporters are one of the largest known protein families, which contain diverse
groups of active membrane transporters with important physiological and pharmacological
roles [5]. Divided into seven subfamilies from ABCA to ABCG, the human ABC protein
family has 49 ABC proteins and 48 of them have functions [3,6]. Collectively, they transport
and regulate levels of physiological substrates such as lipids, porphyrins and sterols [7], and
are widely expressed in the placenta, blood-brain barrier (BBB), intestines, livers and
kidneys to restrict the bioavailability of administered drugs [8,9]. The ABC transporters also
play an important role in MDR, especially the ABCB1 (P-glycoprotein, P-gp), ABCG2
(breast cancer resistance protein, BCRP), ABCC1 (multidrug resistance-associated protein
1, MRP1), and ABCC10 (multidrug resistance-associated protein 7, MRP7). Briefly, the
ABC transporters overexpressing on the membrane of cancer cells can pump out a series of
chemotherapeutic drugs. For example, paclitaxel and doxorubicin are substrates of the
ABCB1 transporter [10], while ABCG2 transporter can pump out mitoxantrone, SN-38, and
topotecan [11,12]. By pumping out the substrate drugs of the cancer cells, the ABC
transporters significantly decrease the intracellular concentration of certain anticancer drugs,
and this becomes a major impediment to chemotherapy. It is well documented that the ABC
transporters are highly associated with the level of chemotherapy and the progression of
malignancy [13-17]. Thus, either decreasing the expression of ABC proteins or inhibiting
the efflux function of ABC transporters by certain inhibitors is of great importance to
reverse MDR in cancer cells [18].

Apoptosis signal-regulating kinase 1 (ASK1), a serine/threonine kinase that belongs to the
mitogen-activated protein kinase kinase kinase (MAP3K) family, is involved in severe
human diseases including neurodegenerative disorders, inflammatory diseases and cancer
[19-23]. Selonsertib (GS-4997), a selective ASK1 inhibitor, has been found to significantly
improve metabolic parameters associated with nonalcoholic steatohepatitis (NASH) and to
reduce hepatic steatosis, inflammation, as well as fibrosis. Its phase 11 clinical trial has been
initiated by the U.S. Food and Drug Administration (FDA) [24-26]. In this study, we
discovered for the first time that selonsertib suppressed the efflux function of ABCB1 and
ABCG2, which sensitized cancer cells to chemotherapeutic drugs.
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Materials and methods

2.1. Chemicals

Selonsertib (GS-4997) was a gift from Chemie Tek (Indianapolis, IN). Bovine serum
albumin (BSA), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s Medium (DMEM),
penicillin/streptomycin and 0.25% trypsin were purchased from Corning Incorporated
(Corning, NY). GAPDH (MA5-15738), Alexa Fluor 488 conjugated goat anti-mouse 1gG
secondary antibody, SN-38 and MK571, were purchased from Thermo Fisher Scientific Inc
( Rockford, IL). The monoclonal antibodies for ABCG2 (BXP-21) were purchased from
Millipore (Billerica, MA). The monoclonal antibodies for ABCB1 (F4), dimethylsulfoxide
(DMSOQ), 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), Triton X-100,
4’ 6-diam idino-2-phenylindole (DAPI), paraformaldehyde, paclitaxel, doxorubicin,
cisplatin, vincristine, mitoxantrone and verapamil were purchased from Sigma-Aldrich (St.
Louis, MO). Ko143 was a product from Enzo Life Sciences (Farmingdale, NY). [3H]-
paclitaxel (15 Ci/mmol) and [3H]-mitoxantrone (2.5 Ci/mmol) were purchased from
Moravek Biochemicals, Inc (Brea, CA). All other chemicals were purchased from Sigma
Chemical Co (St. Louis, MO).

2.2. Cell lines and cell culture

We used the human epidermoid carcinoma cell line KB-3-1 and its colchicine-selected
ABCB1-overexpressing KB-C2 cells, the human colon cancer cell line SW620 and its
doxorubicin-selected ABCB1-overexpressing SW620/Ad300 cell line for ABCB1 reversal
study. For ABCG2 reversal study, the non-small cell lung cancer (NSCLC) cell line NCI-
H460 and its mitoxantrone-selected ABCG2-overexpressing NCI-H460/MX20 cells, as well
as the human colon carcinoma cell line S1 and its mitoxantrone-selected derivative ABCG2-
overexpressing S1-M1-80, were used. The KB-C2, SW620/Ad300, NCI-H460/MX20, and
the S1-M1-80 cells were maintained as previously described [27,28]. HEK293/pcDNA3.1,
HEK293/ABCG2-482-R2, HEK293/ABCG2-482-G2, and HEK293/ABCG2-482-T7 cells
were transfected with either an empty vector pcDNA3.1 or a pcDNA3.1 vector containing a
full length ABCG2 with Arginine, Glycine or Threonine at position 482. Transfected cells
were selected with complete culture medium containing G418 (2 m g/m I).HEK293/ABCB1
and HEK293/ABCC1 transfected cells overexpressing ABCB1 and ABCCL1, respectively,
were obtained from Dr. Susan E. Bate’s lab (Columbia University, NY), and Dr. Michael
Gottesman’s lab (NCI, NIH, Bethesda, MD), respectively [29,30]. HEK293/ABCC10
transfected cells overexpressing ABCC10 were selected with G418 (2 m g/m I) as previously
described [31]. Each aforementioned cell line was cultured in DMEM medium containing
10% fetal bovine serum, 1% penicillin/streptomycin at 37 °C in a humidified atmosphere
containing 5% CO,. All cells were grown as an adherent monolayer and drug-resistant cell
lines were grown in drug-free culture media for more than 2 weeks before assay.

2.3. Cell viability and reversal experiments

Cell viability and reversal fold were determined using MTT assay as described [32]. Briefly,
for the reversal study, each type of cells was harvested and resuspended and seeded evenly
into a 96-well plate at a final concentration of 5 x 103 cells per well in 160 uL medium.
After incubating for 24 h, selonsertib was added 2 h prior to incubation with anticancer
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drugs. After 72 h of incubation, MTT solution (4 mg/ml) was added to each well and the
cells were further incubated for 4 h. Then, the supernatant was discarded and 100 uL of
DMSO was used to dissolve the formazan crystals. An accuSkanTM GO UV/Vis Microplate
Spectrophotometer (Fisher Sci., Fair Lawn, NJ) was used to determine the absorbance at 570
nm. The concentration for 50% inhibition of cell viability (ICsg) of the anticancer drug was
calculated as previously described [33]. Verapamil (10 uM), Ko 143 (10 uM), MK571 (25
uM) and cepharanthine (10 uM) were used to reverse ABCB1-, ABCG2-, ABCC1- and
ABCC10-mediated MDR, respectively as positive controls. Cisplatin, which is not a
substrate of ABCB1, ABCG2, ABCCL1, or ABCC10, was used as a negative control drug.

2.4. Western blotting analysis

2.5,

Western blotting analysis was carried out as previously described [32,34]. In short, cells
were incubated with or without selonsertib for varying amounts of time (0 h, 24 h, 48 h, and
72 h) before being lysed. Protein concentrations were determined with BCA Protein Assay
Kit (Pierce, Rockford, IL). Equal amounts (20 ug) of proteins were subjected to 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (Millipore, Billerica, MA). The presence of ABCB1 and ABCG2 was
determined using monoclonal antibody F4 (dilution 1:500) and BXP-21 (dilution 1:1000),
respectively. GAPDH was used as a loading control. The resulting protein bands were
analyzed using Image J software.

Immunofluorescence assay

The immunofluorescence assay was performed as we previously described [32]. After
cultured overnight in 24-well plates, the cells (2 x 10%) were treated with selonsertib for 0 h,
24 h, 48 h, and 72 h respectively. Then cells were fixed in 4% paraformaldehyde for 10 min
and permeabilized by 0.1% Triton X-100 for 10 min before blocked with 6% BSA for 1 h.
The presence of ABCB1 and ABCG2 was determined using monoclonal antibody F4
(dilution 1:100) and BXP-21 (dilution 1:150) respectively for incubation at 4 °C overnight.
Alexa Fluor 488 conjugated secondary antibody (1:1000) was used after washing with iced
PBS, DAPI was used to counterstain the nuclei. Immunofluorescence images were collected
using an EVOS FL Auto fluorescence microscope (Life Technologies Corporation,
Gaithersburg, MD).

2.6. ATPase assay

The vanadate-sensitive ATPase activity of ABCB1 and ABCG2 in membrane vesicles of
High Five insect cells was measured as previously described [27,35]. In short, the membrane
vesicles (10 pg) were incubated in ATPase assay buffer [50 mmoL/L MES (pH 6.8), 50
mmoL/L KCI, 5 mmoL/L sodium azide, 2 mmoL/L EGTA, 2 mmoL/L DTT, 1 mmoL/L
ouabain, and 10 mmoL/L MgCl,] with or without 0.3 mmoL/L vanadate at 37 °C, followed
by incubation with 0-40 pM of selonsertib at 37 °C for 3 min. Mg-ATP (5 mM) was used to
start the ATPase reaction in 100 pL volume for 20 min at 37 °C and 100 L of a 5% SDS
solution was added to stop the reaction. The amount of inorganic phosphate (P;) release was
determined as described previously [36].
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2.7. [3H]-Paclitaxel and [3H]-mitoxantrone accumulation assay

For the [3H]-paclitaxel accumulation assay, KB-3—1 and its drug resistance subline KB-C2,
as well as SW620 and its drug resistance subline SW620/Ad300 were used. Briefly, 5 x 10°
cells were cultured in 24-wells plates overnight before the assay, and selonsertib was added
2 h prior to the addition of [3H]-paclitaxel. After incubating with [2H]-paclitaxel with or
without selonsertib for 2 h at 37 °C, cells were washed twice with iced PBS, and lysed with
0.25% trypsin before being placed in 5 mL scintillation fluid and radioactivity was measured
in the Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument,
Downers Grove, IL).

NCI-H460, NCI-H46/MX20, S1 and S1-M1-80 cells were used for [3H]-mitoxantrone
accumulation assay as previously described [37].

2.8. [3H]-Paclitaxel and [3H]-mitoxantrone efflux assay

For the efflux assay, cells were incubated with selonsertib for 2 h followed by incubation
with [3H]-paclitaxel or [3H]-mitoxantrone with or without selonsertib for 2 h at 37 °C. The
cells were washed with iced PBS twice and then lysed at various time point (0, 30, 60, and
120 min) with trypsin. Subsequently, cells were placed in 5 mL of scintillation fluid and
radioactivity was measured in the Packard TRI-CARB 1900CA liquid scintillation analyzer
(Packard Instrument, Downers Grove, IL). KB-3-1, KB-C2, SW620 and SW620/Ad300
cells were used for [3H]-paclitaxel efflux assay and NCI-H460, NCI-H46/MX20, S1, and
S1-M1-80 cells were used for [3H]-mitoxantrone efflux assay [37].

2.9. Molecular modeling of human ABCB1 and ABCG2 and docking of selonsertib

All docking experiments were performed in Maestro v11.1 (Schrédinger, LLC, Cambridge,
MA\) as described previously [27,38]. Ligand preparation and protein preparation were
essentially performed. Human ABCB1 homology model was established based on refined
mouse ABCB1 (PDB ID: 4M1M), and the docking grid at drug-binding pocket was
generated [39]. The grid of ABCG2 was generated by selecting residues at a substrate-
binding pocket of ABCG2 (PDB ID: 5NJ3, selected residues: Phe432, Phe 439, Leu539,
11e543, Val546, and Met549) [40]. Glide XP docking was performed and the receptor grid
for induced-fit docking (IFD) was generated by selecting the best scoring ligand. Then
induced-fit docking was performed with the default protocol.

2.10. Statistical analysis

Data are expressed as the mean + SD. For the efflux assays, data were analyzed using a two-
way ANOVA, other data were analyzed using a one-way ANOVA by GraphPad Prism 7.00
software. All experiments were repeated at least three times. Differences were considered
significant when p < 0.05.
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3. Results

3.1. Selonsertib enhanced the sensitivity to anticancer drugs of cell lines overexpressing
ABCB1 and ABCG2, but not cell lines overexpressing ABCC1 or ABCC10

First of all, to choose concentrations of selonsertib that would not significantly alter cell
survival rate, we determined the toxicity of selonsertib in the cell lines used in this study.
Concentrations of selonsertib below 1C5q upon 72 h-incubation with cells were selected.
Based on the results (Fig. 1 and Fig. 2), we conducted the following assays with selonsertib
at concentration of 3 and 10 uM.

As shown in Table 1, selonsertib significantly lowered the 1C5q values of doxorubicin and
paclitaxel to KB-C2 and SW620/Ad300 cells compared to their control cell lines in a dose-
dependent manner. In Table 3, The ICsq values of mitoxantrone, topotecan and SN-38 to
NCI-H460/MX20 and S1-M1-80 cells after treatment with selonsertib were much lower
than those in untreated resistant cells. Similarly, selonsertib significantly increased the
efficacy of doxorubicin and paclitaxel in HEK293/ABCBL1 cell lines compared with that in
the control resistant cells group (Table 2). Furthermore, the ABCG2-transfected cell lines
ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 were much more sensitive to
mitoxantrone, topotecan and SN-38 after treatment with selonsertib compared with the
control group (Table 4). However, selonsertib did not alter the sensitivity of KB-CV60,
HEK?293/ABCC1 or HEK293/ABCC10 to vincristine or paclitaxel (Tables 5-6). In addition,
selonsertib did not significantly alter the cytotoxic effect of cisplatin, which is neither a
substrate of ABCB1 nor ABCG2 (Tables 1-6). These results suggested that selonsertib
could reverse ABCB1- and ABCG2-mediated MDR, but not MDR-mediated by ABCC1 or
ABCC10.

3.2. Selonsertib did not affect the protein expression or subcellular localization of ABCB1
or ABCG2 transporters

Since selonsertib reversed ABCB1- and ABCG2-mediated MDR, the mechanisms may
involve down-regulation of the protein expression and/or change of the subcellular
localization of the transporter. Therefore, we performed Western blotting and
immunofluorescence assay to determine whether selonsertib could alter the expression level
and/or the subcellular localization of ABCB1 and ABCG?2 transporters. As shown in Fig. 3,
when cells were incubated for 24, 48, and 72 h, selonsertib did not significantly alter the
expression level of ABCBL1 protein (170 kDa) in ABCB1-overexpressing KB-C2 or SW620/
Ad300 cell lines. Likewise, the expression level of ABCG2 protein (72 kDa) in ABCG2-
overexpressing cell lines NCI-H460/MX20 and S1-M1-80 was not altered significantly by
selonsertib up to 72 h (Fig. 3). As shown in Fig. 4, ABCB1 and ABCG2 transporters were
located on the membrane of KB-C2 and NCI-H460/MX20 cells after treatment with
selonsertib for 24-72 h, indicating that selonsertib did not alter subcellular localization of
the ABCBL1 or ABCG2 transporters. In this study, KB-3-1 and SW620, NCI-H460 and S1
cells were used as negative controls that did not express ABCB1 and ABCG2 transporters
(Figs. 3and 4).
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3.3. Selonsertib increased the intracellular drug accumulation in cancer cell lines
overexpressing ABCB1 and ABCG2

The above results demonstrate that selonsertib significantly reversed ABCB1- and ABCG2-

mediated MDR without altering their protein expression or subcellular localization. To gain
insight into the mechanisms of action of selonsertib, drug accumulation assays were
performed. The intracellular level of [3H]-paclitaxel and [3H]-mitoxantrone were measured
respectively in cell lines overexpressing ABCB1 and ABCG2 transporters in the presence or
absence of selonsertib. As shown in (Fig. 5A and B), selonsertib significantly increased the
intracellular levels of [3H]-paclitaxel in KB-C2 and SW620/Ad300 cell lines, which
overexpress ABCBL transporters, but not in their parental cell lines KB-3-1 or SW620.
Similarly, the intracellular level of [®H]-mitoxantrone in ABCG2-overexpressing cell lines
NCI-H460/MX20 and S1-M1-80 significantly increased after treatment with selonsertib,
compared to their parental cell lines NCI-H460 and S1 which showed a negative result (Fig.
5C and D). In short, these results suggested that selonsertib may increase the intracellular
accumulation of anticancer drugs by inhibiting the function of ABCB1 and ABCG2
transporters.

3.4. Selonsertib inhibited the efflux function mediated by ABCB1 and ABCG2
transporters in cancer cell lines

To further understand the mechanism of selonsertib in reversing ABCB1- and ABCG2-
mediated MDR, we performed the efflux assay to determine the effect of selonsertib on the
efflux function of ABCB1 and ABCG2 transporters. As shown in Fig. 6B, D, F, and H,
selonsertib significantly decreased the efflux of [3H]-paclitaxel in ABCB1-overexpressing
cell lines KB-C2 and SW620/Ad300, and [3H]-mitoxantrone efflux in ABCG2
overexpressing cell lines NCI-H460/MX20 and S1-M1-80. However, selonsertib did not
significantly alter the efflux of [3H]-paclitaxel or [3H]-mitoxantrone in parental cell lines
KB-3-1, SW620, NCI-H460, or S1 (Fig. 6A, C, E, G). These results suggested that
selonsertib could increase the accumulation of anticancer drugs by impeding the efflux
function mediated by ABCB1 and ABCG2.

3.5. Selonsertib stimulated the ATPase activity of ABCB1 and ABCG2

To determine the effect of selonsertib on the ATPase activity of ABCB1 and ABCG2
transporters, we measured ABCB1- and ABCG2-mediated ATP hydrolysis in the presence
or absence of selonsertib (0—40 uM). As shown in Fig. 7A, selonsertib stimulated the
ATPase activity of ABCBL1 transporters in a dose-dependent manner. The concentration of
selonsertib required to obtain 50% of maximal stimulation (ECsg) was 4.29 uM and the
maximum of stimulation was 4.22-fold. Similarly, selonsertib also stimulated the ATPase
activity of ABCG2 transporters (Fig. 7B), the concentration of selonsertib required to obtain
ECso was 2.58 uM, with 4.72-fold of maximum stimulation. These results suggested that
selonsertib stimulates the ATPase activity of ABCB1 and ABCG2 transporters by interacting
at the drug-binding pocket of these transporters.
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3.6. Docking analysis of the binding of selonsertib with human ABCB1 homology model
and ABCG2 model

The best-scored docked position of selonsertib within the drug-binding pocket in the
transmembrane region of homology model of human ABCB1 and cryo-EM structure of
human ABCG2 (PDB.5NJ3) are shown in Fig. 8. The docking score of the binding of
selonsertib to ABCBL1 is —11.094 kcal./mol and that of the binding of selonsertib to the
drug-binding pocket of ABCG2 is —12.278 kcalL/mol, suggesting that selonsertib shows
good affinity to both ABCB1 and human ABCG2. Fig. 8A shows that there are two -t
interactions between selonsertib and residues in the drug-binding pocket of ABCB1. Both
the phenol ring and the imidazole ring of selonsertib have rt-mt interactions with Phe957 of
ABCBL. Interestingly, the nitrogen in imidazole group of selonsertib was ionized and
formed a rt-cation bond with Phe72 in the transmembrane helix 1. Tumor has a major
feature of acidic microenvironment [41], so acidic extracellular pH could ionize selonsertib
and generate the rt-cation bond with ABCB1. Besides the interactions mentioned above,
selonsertib could be stabilized in the drug-binding pocket of ABCBL1 by residues including
Leu65, Met68, Met69, Phe72, 11e340, Phe336, Tyr950, GIn946, Phe983, Phe978, Phe983
(Fig. 8C). In Fig. 8B, there are both hydrogen bonding interaction and - interaction in the
binding of selonsertib with ABCG2. The imidazole ring and phenyl ring of selonsertib have
-1t interaction with Phe439 in the monomers A and B, respectively. Residue Asn436 in the
B chain have hydrogen bonding interaction with the triazole group (C=N---H,N-Asn436)
and amide group (O=C-N-H---O=C-Asn436), respectively. Moreover, selonsertib has both
hydrophobic and hydrophilic effect with the residues in the substrate-binding pocket of
ABCG2 (Fig. 8D), such as GIn398, Thr401, Phe431, Thr435, Asn436, 11e543, Val546 and
Met549.

4. Discussion

ABC transporters play an important role in restricting the bioavailability of administered
drugs. Unfortunately, abundant research has shown that the ABC transporters expressed on
the plasma membrane of cancer cells are responsible for MDR, which finally leads to the
failure of chemotherapy [1-3,5,6,18]. Hence, reversing MDR by a combination of a
chemotherapeutic drug and a reversal agent against the function of ABC transporters is a
potential pharmacological approach for increasing the efficiency of chemotherapy in cancer
patients. In recent years, research has shown that a series of small-molecule targeted drugs
have the capacity to reverse ABC transporter-mediated MDR, including EGFR inhibitor
gefitinib, erlotinib, AG1478, PD153035 and dacomitinib, an EGFR and HER-2 inhibitor
lapatinib, a pan-HER inhibitor canertinib, a BCR-ABL inhibitor imatinib, a Bruton tyrosine
kinase (BTK) inhibitor ibrutinib and certain multi-kinase inhibitor such as sunitinib
[27,30,42-46]. However, there is hardly any research about the potential reversal activity of
ASK1 inhibitors against ABC transporter-mediated MDR.

Selonsertib (GS-4997) is a highly selective and potent ASK1 inhibitor with potential anti-
inflammatory, antineoplastic and anti-fibrotic activities, and is currently in a phase 111
clinical trial for the treatment of NASH. In a multicenter phase Il trial study, higher rates of
fibrosis improvement and lower rates of fibrosis progression in selonsertib-treated patients
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were observed than patients treated with simtuzumab alone over a 24-week treatment period,
suggesting that selonsertib may reduce liver fibrosis in patients with NASH and moderate to
severe fibrosis [24]. However, we did not find any clinical information about the antitumor
effect of selonsertib alone, or in combination with anticancer drugs. Here we report for the
first time that selonsertib shows a significant effect ABCB1- and ABCG2-mediated MDR at
a non-toxic concentration.

In this study, our main finding was that selonsertib, at a non-toxic concentration,
significantly sensitized ABCB1- and ABCG2-verexpressing cancer cells to their substrates,
respectively, in a dose-dependent manner. However, the re-sensitizing effects were not
observed in drug-resistant cells overexpressing ABCC1 or ABCC10. To avoid possible bias
caused by selonsertib induced-cytotoxicity in evaluating its reversal effects, MTT assays
were performed to get the relatively non-toxic concentration of selonsertib for the cells used
in this work. Based on the cytotoxicity results, 3 and 10 uM of selonsertib were selected for
the reversal studies. Our results indicated that selonsertib significantly increased the efficacy
of doxorubicin and paclitaxel to the ABCB1 overexpressing KB-C2 and SW620/Ad300 cells
compared to untreated control resistant cells in a dose-dependent manner. Likewise,
selonsertib also significantly reduced the 1Csq values of substrate-drugs in HEK293/ABCB1
cells in a dose-dependent manner. In addition, selonsertib sensitized ABCG2 overexpressing
cell lines NCI-H460/MX20, and S1-M1-80, and the ABCG2-transfected HEK293 subline
ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 to mitoxantrone, topotecan, and
SN-38 in a concentration-dependent manner. However, selonsertib, up to 10 uM, did not
significantly sensitize the parental cells such as KB-3-1, SW620, NCI-H460, S1, or
HEK?293/pcDNA3.1 cells. Moreover, there was no significant alteration in sensitivity of
cancer cells to cisplatin, which was neither an ABCB1 nor ABCG2 substrate. Furthermore,
at 3 and 10 pM, selonsertib did not significantly alter the ICsq value of substrate drug to
ABCC1-overexpressing KB-CV60 cells or ABCC1-transfected HEK293 subline or
ABCC10-transfected HEK293 subline. These findings suggested that the reversal effect of
selonsertib was specific to ABCB1- and ABCG2-mediated MDR.

The reversal of ABC transporter-mediated MDR may due to the down-regulation of ABC
protein expression level and/or change of subcellular localization, so we performed Western
blotting and immunofluorescence assay to investigate the potential mechanisms. However,
there was no significant decrease in the protein level of ABCB1 or ABCG2 transporters after
treatment with selonsertib (10 pM) up to 72 h. Likewise, selonsertib at 10 uM did not
significantly change the ABCB1 or ABCG2 transporters subcellular localization after
incubating for up to 72 h, suggesting that the reversal effects of selonsertib on MDR were
not related to alteration of the protein level or subcellular localization of ABC transporters.
However, it has been reported that the MAPK pathways, which is the target of selonsertib is
involved in the regulation of ABCB1 and ABCG2 expression [47,48]. Further studies are
required to determine the indirect effect of selonsertib on the expression of ABCB1 and
ABCG?2 at a higher concentration and a longer incubation time. Moreover, we could not
exclude the possibility that part of the reversal effect of selonsertib could involve its effect
on some other proteins and/or cross-talk with other proteins, which may affect the function
of ABCB1 and ABCG2, this also needs to be studied further.
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To gain insight into the mechanism of selonsertib on ABC transporter-mediated MDR
attenuation, drug accumulation and efflux assays were performed. We found that selonsertib
significantly increased the intracellular [3H]-paclitaxel concentration in ABCB1-
overexpressing KB-C2 and SW620/Ad300 cells, and [3H]-mitoxantrone in ABCG2-
overexpressing NCI-H460/MX20 and S1-M1-80 cells, in a dose-dependent manner, while
no significant [3H]-drugs alteration was found in their corresponding parental cells.
Furthermore, selonsertib significantly prevented [3H]-drugs being pumped out of ABCB1-
and ABCG2-overexpressing cells in a dose-dependent manner, while no significant change
of efflux was observed in their corresponding parental cells. The results of the substrate
accumulation and efflux experiments were congruent with the reversal effects of selonsertib
shown in anti-cancer efficacy testing when co-administered with substrate-drugs,
demonstrating that selonsertib increased the accumulation of substrate-drugs in ABCB1- and
ABCG2-overexpressing cancer cells by inhibiting the efflux activity of ABCB1- and
ABCG2. These results are also consistent with our studies of other small-molecule reversal
reagents [42,49,50].

It is known that the function of ABC transporters requires the energy from the hydrolysis of
ATP by the transporter, which can be modulated by the presence of substrates or inhibitors
[51,52]. Our results indicated that selonsertib stimulated the ATPase activity of both ABCB1
and ABCG2, to the maximal level of 4.22 and 4.72-fold for ABCB1 and ABCG2,
respectively.

Although selonsertib modulated ATPase activity of ABCB1 and ABCG2, its binding site on
these transporters still remain unclear, so molecular docking of selonsertib to the substrate-
binding sites of ABCB1 and ABCG2 was performed. Modeling study suggested that
selonsertib could interact with the drug-binding pocket in the transmembrane domain
(TMD) of both ABCB1 and ABCG2 with docking scores of —11.094 kcalL/mol and —-12.278
kcaL/mol respectively, and hydrogen bonding and rt-rt interactions were predicted between
selonsertib and residues lining the drug-binding pocket of ABCB1 and ABCG2. In
summary, these results, suggest that selonsertib acts as a potential competitive substrate or
modulator that displaces chemotherapeutic drugs from the drug-binding pocket of ABCB1
and ABCG?2 transporters, thereby inhibiting the efflux function of ABCB1 and ABCG2,
resulting in increased accumulation of anticancer substrate-drugs and sensitization of drug-
resistant cancer cells.

Clinical resistance to chemotherapy in a series of cancers is strongly associated with the
overexpression of some of the ABC transporters. The overexpression of ABCB1 and
ABCG?2 in cancers may come with poor prognosis and high risk of death [53-57]. It has
been reported that the genetic polymorphisms in ABCB1 and ABCG?2 significantly
increased the risk of death in patients with colorectal cancer or NSCLC [58,59].
Doxorubicin is used for treatment of a wide range of cancers including colorectal cancer
[60], and topotecan is used for treatment of NSCLC relapse [61]. Furthermore, in a clinical
study, patients with increased ABCG2-expressing colorectal cancer were significantly less
sensitized to SN-38 compared to patients who had lower expression level of ABCG2 in their
tumor [62]. Our study provides a clue that the combination of selonsertib with ABCB1 or
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ABCG2 substrate-drugs, like doxorubicin or topotecan as well as SN-38, could be a novel
treatment strategy to attenuate the drug resistance in cancer patients.

In conclusion, this study demonstrates that selonsertib reverses ABCB1- and ABCG2-
mediated MDR by inhibiting the efflux of anticancer drugs by ABC drug transporters such
as ABCB1 and ABCG2. Thus, the combination of selonsertib with substrate-drugs of
ABCBL1 and ABCG2 for cancer treatment could be useful to evade MDR.
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Fig. 1. Chemical structure of selonsertib and concentration-dependent viability curves for
parental and ABCB1-overexpressing cell lines incubated with selonsertib.

(A) Chemical structure of selonsertib. (B) Concentration-dependent viability curves for
KB-3-1 and KB-C2 cell lines incubated with selonsertib for 72 h. (C) Concentration-
dependent viability curves for SW620 and SW620/Ad300 cell lines incubated with
selonsertib for 72 h. (D) Concentration-dependent viability curves for HEK293/pcDNA3.1
and HEK293/ABCBL cell lines incubated with selonsertib for 72 h. The cell viability was
determined by MTT assay. Data are expressed as mean + SD, and representative of three
independent experiments in triplicate are shown.
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Fig. 2. Effect of selonsertib on the viability of parental and ABCG2-, ABCC1-, ABCC10-
overexpressing cell lines.
(A) Concentration-dependent viability curves for NCI-H460 and NCI-H460/MX20, (B) S1

and S1-M1-80, (C) HEK293/pcDNA3.1, HEK293/ABCG2-482-R2, HEK293/ABCG2-
482-G2 and HEK293/ABCG2-482-T7, (D) KB-3-1 and KB-CV60, (E) HEK293/pcDNA3.1
and HEK293/ABCC1 and (F) HEK293/pcDNA3.1 and HEK293/ABCC10 cell lines
incubated with selonsertib for 72 h. Other details same as given in the legend to Fig. 1.
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Fig. 3. Selonsertib did not affect the protein expression of ABCB1 or ABCG2 transporters in
ABCB1 or ABCG2 overexpressing cell lines.
Detection and relative intensity of ABCB1 expression in KB-C2 (A) and SW620/Ad300 (B)

cells incubated with 10 pM of selonsertib for 0, 24, 48, and 72 h. Detection and relative
intensity of ABCG2 expression in NCI-H460/MX20 (C) and S1-M1-80 (D) cells incubated
with 10 pM of selonsertib for 0, 24, 48, and 72 h. Data are mean + SD, representative of
three independent experiments. *p < 0.05, compared with control group (KB-3-1 [A],
SW620 [B], NCI-H460 [C] and S1 [D]).
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Fig. 4. Selonsertib did not affect the localization of ABCB1 or ABCG2 transporters in ABCB1 or
ABCG2 overexpressing cell lines.

Sub-cellular localization of ABCB1 expression in KB-C2 (A) and ABCG2 expression in
NCI-H460/MX20 (B) cells incubated with 10 uM of selonsertib for 0, 24, 48, and 72 h.
ABCB1, green and ABCG2, blue. DAPI counterstains the nuclei. KB-3-1 and NCI-H460
represented the control group; Scale bar: 200 um. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Selonsertib increased the intracellular [3H]-drug accumulation in cancer cells
overexpressing ABCB1 and ABCG2.
(A) The effect of selonsertib on the accumulation of [3H]-paclitaxel in KB-3-1 and KB-C2

cell lines. (B) The effect of selonsertib on the accumulation of [3H]-paclitaxel in SW620 and
SW620/Ad300 cell lines. (C) The effect of selonsertib on the accumulation of [3H]-
mitoxantrone in NCI-H460 and NCI-H460/MX20 cell lines. (D) The effect of selonsertib on
the accumulation of [2H]-mitoxantrone in S1 and S1-M1-80 cell lines. Verapamil (10 pM)
and Ko 143 (10 uM) were used as positive controls for ABCB1 and ABCG2 overexpressing
cells respectively. Data are mean, representative of three independent experiments. *p <
0.05, compared with control group. Selo, selonsertib; \Vera, verapamil and Ko, Ko 143.
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Fig. 6. Selonsertib inhibited the efflux function of ABCB1 and ABCG2 transporters.
The effect of selonsertib on efflux of [3H]-paclitaxel in KB-3-1 and KB-C2 (A, B) and

SW620 and SW620/Ad300 (C, D) cells. The effect of selonsertib on efflux of [3H]-
mitoxantrone in NCI-H460 and NCI-H460/MX20 (E, F) and S1 and S1-M1-80 (G, H) cells.
Data are mean + SD, representative of three independent experiments. *p < 0.05, compared
with control group. Selo, selonsertib; Vera, verapamil and Ko, Ko 143.
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Fig. 7. Selonsertib stimulated the ATPase activity of ABCB1 and ABCG2.
Effect of various concentrations of selonsertib on the ATPase activity of ABCB1 (A) and

ABCG2. The inset graphs illustrate the effect of 0-10 uM selonsertib on the ATPase activity
of ABCB1 (A) and ABCG2 (B). Data are mean + SD, representative of three independent
experiments.
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Fig. 8. In silico docking of selonsertib with homology model of human ABCB1 and human
ABCG2.

(A) Docked position of selonsertib within the drug-binding site of ABCB1. (B) Docked
position of selonsertib within the drug-binding site of human ABCG2. Selonsertib is shown
as ball and stick mode with the atoms colored: carbon-cyan, hydrogen-white, nitrogen-blue,
oxygen-red, fluorine-green, hydrogen-white. Important residues are shown as sticks with
orange color. -1t stacking interactions are indicated with cyan dotted short line. Hydrogen
bonds are shown by the yellow dotted line. The two-dimensional ligand-receptor interaction
diagram of selonsertib and ABCB1 (C) and ABCG2 (D). The amino acids within 3 A are
shown as colored bubbles, cyan indicates polar residues, and green indicates hydrophobic
residues. t-1t stacking interactions are indicated with green short line. Hydrogen bonds are
shown by the purple arrow. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Table 2

Selonsertib sensitized ABCB1-gene-transfected cell lines to ABCB1 substrates.

Treatment ICsp + SD? (RFP)
HEK293/pcDNA3.1 (M) HEK293/ABCB1 (M)

Doxorubicin 0.073 £ 0.007 (1.00) 1.233 + 0.511 (16.85)
+Selonsertib (3 pM) 0.084 +0.001 (1.15) 0.963 + 0.275 (13.16)
+Selonsertib (10 yM)  0.086 + 0.011 (1.17) 0.501 + 0.236 (6.85) *
+Verapamil (10 uM) 0.074 £ 0.004 (1.01) 0.440 £ 0.113 (6.02) *
Paclitaxel 0.047 + 0.003 (1.00) 2.684 + 0.572 (57.62)
+Selonsertib (3 uM)  0.053 +0.015 (1.13) 1.716 + 0.192 (36.85)
+Selonsertib (10 yM)  0.039 + 0.004 (0.84) 0.116 + 0.057 (2.48) *

+Verapamil (10 uM)
Cisplatin
+Selonsertib (3 uM)
+Selonsertib (10 pM)
+Verapamil (10 pM)

0.037 + 0.002 (0.79)
1.209 + 0.498 (1.00)
0.991 + 0.419 (0.82)
0.906 + 0.104 (0.75)
1.194 + 0.595 (0.99)

0.106 + 0.059 (2.28) *
1.283 + 0.505 (1.06)
1.469 + 0.128 (1.22)
1581 +0.372 (1.31)
1.198 + 0.329 (0.99)

triplicate.

*
indicates p < 0.05 versus group treated with antineoplastic drug only.
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a . I . . . . .
1C50 values were determined by MTT assay as described in “materials and methods”, and were obtained from three independent experiments in

b, . - . .
Resistance fold (RF) was calculated from dividing the 1C5( values of parental cells or resistance cells by the IC5Q of parental cells in the absence
of selonsertib or positive control inhibitor.
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Table 6

Selonsertib did not affect ABCC10-mediated MDR.

Treatment ICso + sp? (RFb)
HEK293/pcDNA3.L (M)  HEK293/ABCC10 (uM)

Paclitaxel 0.041 + 0.005 (1.00) 0.457 +0.146 (11.15)
+Selonsertib (3 uM) 0.043 + 0.002 (1.05) 0.611 + 0.105 (14.90)
+Selonsertib (10 pM) 0.037 +0.002 (0.90) 0.460 % 0.177 (11.22)
+Cepharanthine (10 uM)  0.038 +0.003 (0.93) 0.054 + 0.005 (1.32) ™
Cisplatin 1.042 + 0.645 (1.00) 1.313 +0.731 (1.26)
+Selonsertib (3 pM) 1.124 +0.728 (1.08) 1.137 + 0.540 (1.09)
+Selonsertib (10 uM) 1.132 + 0.635 (1.09) 1.346 + 0.649 (1.29)
+Cepharanthine (10 uM) ~ 1.153 + 0.669 (1.11) 1.238 +0.373 (1.19)
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*
indicates p < 0.05 versus group treated with antineoplastic drug only.

a . . . . . . .
1C50 values were determined by MTT assay as described in “materials and methods”, and were obtained from three independent experiments in
triplicate.

b . - . .
Resistance fold (RF) was calculated from dividing the IC5( values of parental cells or resistant cells by the IC5( of parental cells in the absence
of selonsertib or positive control inhibitor.
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