Received: 11 February 2020 Revised: 26 March 2020 Accepted: 14 May 2020

DOI: 10.1002/cac2.12040

ANCER
COMMUNICATIONS

ORIGINAL ARTICLE

Modulating the function of ABCB1: in vitro and in vivo
characterization of sitravatinib, a tyrosine kinase inhibitor

Yuqi Yang! | Ning Ji"? | Chao-Yun Cai' | Jing-Quan Wang! | Zi-Ning Lei! |
Qiu-Xu Teng! | Zhuo-Xun Wu' | Qingbin Cui’® | Yihang Pan* | Zhe-Sheng Chen!

'Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. John’s University, Queens, New York 11439, USA

2State Key Laboratory of Experimental Hematology, Chinese Academy of Medical Science and Peking Union Medical College, Institute of Hematology and
Blood Diseases Hospital, Tianjin 300020, P. R. China

3School of Public Health, Guangzhou Medical University, Guangzhou, Guangdong 511436, P. R. China

4Tomas Lindahl Nobel Laureate Laboratory, the Seventh Affiliated Hospital of Sun Yat-sen University, Shenzhen, Guangdong 518107, P. R. China

Correspondence

Zhe-Sheng Chen: Department of Pharmaceuti-
cal Sciences, College of Pharmacy and Health
Sciences, St. John’s University, Queens, New
York 11439, USA.

Email: chenz @stjohns.edu

Ning Ji: State Key Laboratory of Experimental
Hematology, Institute of Hematology and
Blood Diseases Hospital, Chinese Academy
of Medical Science and Peking Union Medical
College, Tianjin 300020, China.

Email: jining @ihcams.ac.cn

Funding information

National Natural Science Foundation of China,
Grant/Award Number: 81872901; National
Institutes of Health, Grant/Award Number:
IR15GM116043-01

Abstract

Background: Overexpression of ATP-binding cassette (ABC) transporter is a major
contributor to multidrug resistance (MDR), in which cancer cells acquire resistance
to a wide spectrum of chemotherapeutic drugs. In this work, we evaluated the sen-
sitizing effect of sitravatinib, a broad-spectrum tyrosine kinase inhibitor (TKI), on
ATP-binding cassette subfamily B member 1 (ABCB1)- and ATP-binding cassette
subfamily C member 10 (ABCC10)-mediated MDR.

Methods: MTT assay was conducted to examine cytotoxicity and evaluate the sen-
sitizing effect of sitravatinib at non-toxic concentrations. Tritium-labeled paclitaxel
transportation, Western blotting, immunofluorescence analysis, and ATPase assay
were carried out to elucidate the mechanism of sitravatinib-induced chemosensiti-
zation. The in vitro findings were translated into preclinical evaluation with the estab-
lishment of xenograft models.

Results: Sitravatinib considerably reversed MDR mediated by ABCB1 and partially
antagonized ABCC10-mediated MDR. Our in silico docking simulation analysis indi-
cated that sitravatinib strongly and stably bound to the transmembrane domain of
ABCB1 human-mouse chimeric model. Furthermore, sitravatinib inhibited hydrolysis
of ATP and synchronously decreased the efflux function of ABCB1. Thus, sitravatinib
could considerably enhance the intracellular concentration of anticancer drugs. Inter-
estingly, no significant alterations of both expression level and localization of ABCB1
were observed. More importantly, sitravatinib could remarkably restore the antitumor
activity of vincristine in ABCB 1-mediated xenograft model without observable toxic
effect.

Abbreviations: ABC, ATP-binding cassette; ABCB1, ATP-binding cassette subfamily B member 1; ABCC10, ATP-binding cassette subfamily C member
10; IF, immunofluorescence; MDR, multidrug resistance; MRP7, multidrug resistance-associated protein 7; NBD, nucleotide-binding domain; PBS,
phosphate-buffered saline; PDGFR, platelet-derived growth factor receptor; PVDF, polyvinylidene difluoride; SD, standard deviation; TAM, TYRO1, AXL,
and MerTK; TKI, tyrosine kinase inhibitor; TMD, transmembrane domain; VEGFR, vascular endothelial growth factor receptor.
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1 | BACKGROUND

Chemotherapy is an important cancer treatment. One of
the major causes of treatment failure is believed to be the
development of intrinsic or acquired drug resistance to a
variety of antineoplastic agents [1, 2]. In other words, the poor
prognosis and short survival could sometimes result from
multidrug resistance (MDR) [3]. To date, many researchers
had figured out several mechanisms of action accounting
for MDR including, but not limited to, reduced uptake
and/or increased efflux of drugs [4, 5], cell cycle arrest [5],
apoptosis regulation [5], re-programmed drug metabolism [6,
7], DNA repair [8], oncogene mutations [9], and pathological
transition [10]. Among them, the most common and typical
factor is efflux function mediated by the ATP-binding
cassette (ABC) transporters found on the plasma membrane
of certain cell types [11, 12]. The ABC transporter super-
family is composed of seven subfamilies from ABCA to
ABCG [13]. Many of the transporters are responsible for
the decreased intracellular concentration of drugs, such as
by ATP-binding cassette subfamily B member 1 (ABCBI)
gene encoded ABCBI1 (also known as P-glycoprotein or
MDR1) and ATP-binding cassette subfamily C member 10
(ABCCI0) gene encoded multidrug resistance-associated
protein 7 (MRP7) [7]. All subfamilies share some common
structural features such as transmembrane domains (TMDs)
and nucleotide-binding domains (NBDs). TMDs mostly
serve as ligand recognition and transportation sites, while
NBDs mainly serve as ATP-binding sites for hydrolyzing
ATP [11].

Currently, there are some workable strategies to improve
response and to overcome MDR, including chemosensitiz-
ers [14], gene therapy [15, 16], immune-oncology [17], nan-
otechnology [18], or traditional Chinese medicine [19]. The
chemosensitizers verapamil and cyclosporine A are known
inhibitors of ABCB1 [20]. However, they were reported to
have significant toxicity and pharmacokinetic issues [20].
Therefore, more improved and less toxic inhibitors of ABC
transporters are urgently needed in both preclinical and clini-
cal evaluation.

Tyrosine kinase inhibitors (TKIs) have been widely used
in cancer targeted therapy in the past decades [21-23].

Conclusions: The findings in this study suggest that the combination of sitrvatinib
and substrate antineoplastic drugs of ABCB1 could attenuate the MDR mediated by
the overexpression of ABCBI1.

Mechanistically, they can down-regulate the phosphorylation
level of tyrosine residue of proteins that play important roles
in cancer signaling pathways [24, 25]. It has been documented
that several TKIs have the capacity to inhibit the function of
ABC transporters [7, 2653]. Herein, we screened 40 TKIs
via molecular docking analysis and cell viability assay, and
found that sitravatinib has the potential to antagonize MDR
mediated by ABCB1.

Sitravatinib, also known as MGCD516 or MG-516, is a
broad-spectrum TKI that targets TAM (TYRO1, AXL, and
MerTK) receptors. Sitravatinib is one of the family members
of vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR) [27, 28]. In
this study, we focused on the antagonizing activity of sitrava-
tinib towards ABCB1-mediated MDR.

2 | MATERIALS AND METHODS
2.1 | Cell lines

Human epidermoid carcinoma cell line KB-3-1 and its cor-
responding colchicine-resistant cell line KB-C2 were kindly
provided by Dr. Shin-Ichi Akiyama (Kagoshima University,
Kagoshima, Japan). Human colon cancer cell line SW620, its
corresponding doxorubicin-resistant cell line SW620/Ad300,
human embryonic kidney cell line HEK293, and the ABCB1-
/ABCCI10-transfected HEK293 cell lines were obtained from
Drs. Susan E. Bates, Robert W. Robey and Suresh V. Ambud-
kar (National Cancer Institute [NCI], National Institutes of
Health [NIH], Bethesda, MD, USA).

All cell lines mentioned above were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Corning, Steuben County,
NY, USA) supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Atlanta, GA, USA) and 1% penicillin-
streptomycin (Corning) at 37°C in a humidified incubator
supplied with 5% CO,. KB-C2 cells were cultured in complete
medium with 2 pg/mL colchicine (Enzo Life Sciences, Farm-
ingdale, NY, USA) [29]. SW620/Ad300 cells were main-
tained in complete medium with 300 ng/mL doxorubicin
(Medkoo Sciences, Chapel Hill, NC, USA) [30]. All MDR
cells were cultured in drug-free medium for at least 3 weeks
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and passaged for at least 3 generations before use in experi-
ments. All transfected cell lines, such as HEK293/pcDNA3.1,
HEK?293/ABCB1 and HEK293/ABCC10, were selected and
maintained in complete medium with 2 mg/mL G418 (Enzo
Life Sciences) [31].

2.2 | Nude mice

Athymic NCR (nu/nu) nude mice (male, 4-5 weeks old)
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China). All mice were
housed and cared under standard conditions in the animal
facility at the Chinese Academy of Medical Sciences and
Peking Union Medical College. All animal procedures were
performed under control and with approval according to the
guidelines under the Animal Ethics Committee of Chinese
Academy of Medical Sciences and Peking Union Medical
College. At the end of the treatment period, the mice were
euthanized using 100% carbon dioxide [32].

2.3 | Human-mouse chimeric ABCB1 model

The latest human-mouse chimeric ABCB1 model [33] with
near-atomic resolution cryo-EM structure is reported by
Locher’s group. The ABCB1 protein was bound to the human-
specific inhibitory antibody UIC2 and the ABCB1 inhibitor
zosuquidar. We downloaded the ABCB1 model from the
protein data bank (PDB: 6FNI1) and used it for docking
analysis.

2.4 | Docking analysis of sitravatinib in
human-mouse chimeric ABCB1 model

The ligand-receptor interaction was performed using Mae-
stro v11.1 (Schrodinger, LLC, Cambridge, MA, USA) as pre-
vious reported [34]. ABCBI1 protein model (PDB: 6FNI)
[33] was prepared using Protein Preparation Wizard module,
and the active site was defined using Receptor Grid Gen-
eration module in which the docking grid was generated at
the TMD of ABCB1 model [35]. The structure of TKIs was
drawn using 2D Sketcher module and then prepared with
Ligprep module using default protocols. Glide XP docking
was conducted with the pre-processed ligands and protein
model.

2.5 | Modified MTT colorimetric assay

A modified MTT colorimetric assay was performed to deter-
mine the cytotoxicity of chemotherapeutic agents with or

without an inhibitor as described previously [34]. In short,
each cell line was evenly seeded into 96-well plates at 5,000
cells/well one day before treatment. The cells were pre-
treated with or without TKIs (sitravatinib was purchased from
ChemieTek [Indianapolis, IN, USA], and other TKIs were
kindly provided as free sample from Selleckchem (Houston,
TX, USA)] at indicated concentrations or with a reference
inhibitor to ABCB1 or ABCC10 (verapamil [Sigma-Aldrich,
St. Louis, MO, USA] or cepharanthine [Apexbio Technol-
ogy, Houston, TX, USA] at 3 umol/L, respectively). Follow-
ing 2 h pretreatment, cells were treated with serial-diluted
chemotherapeutic agents (paclitaxel [Sigma-Aldrich], vin-
cristine [Sigma-Aldrich], doxorubicin [Enzo Life Sciences],
and cisplatin [Enzo Life Sciences]). After 68 h treatment,
MTT (Fisher Sci., NJ, USA) was added at a final concen-
tration of 4 mg/mL, and cells were incubated at 37°C for
another 4 h protected from light. The formazan crystals were
dissolved using dimethyl sulfoxide (DMSO; Sigma-Aldrich)
after the supernatant was discarded. The light absorbance at
570 nm was determined using accuSkan™ microplate spec-
trophotometer (Fisher Sci.). All experiments were performed
independently at least 3 times.

2.6 | [*H]-Paclitaxel accumulation and efflux
assay

Both sensitive and resistant cell lines were used for [PHJ-
substrate accumulation assay as previously described [31].
Briefly, ABCB1-mediated MDR cells and their parental cells
were seeded into 24-well plates at the final density of 1 X
10° cells/well and incubated one day prior to further assay.
Following 2 h pretreatment with drug-free medium, sitrava-
tinib, or verapamil at indicated concentrations, cells were co-
incubated with [*H]-paclitaxel (Moravek Biochemicals, Brea,
CA, USA) and its corresponding treatment above at 37°C for
another 2 h. After rinsed with ice-cold phosphate-buffered
saline (PBS), cells were trypsinized, harvested, and placed
in liquid scintillation cocktail (VWR Chemicals, Solon, OH,
USA).

To further assess the efflux function mediated by ABC
transporters, the [H]-substrate efflux assay was conducted
based on established protocol [36]. In short, cells were pre-
pared as described in above accumulation analysis. Then, cells
were incubated in the absence or presence of inhibitors at indi-
cated concentrations at 37°C for serial time frames (0, 0.5,
1, and 2 h). Subsequently, cells were washed with iced PBS
twice, and then trypsinized, harvested, and transferred into
liquid scintillation cocktail.

Radioactivity was quantified by Packard TRI-CARB
1900CA liquid scintillation analyzer (Packard Instrument,
Downers Grove, IL, USA). All the experiments were repeated
at least 3 times independently.
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2.7 | Western blotting and
immunofluorescence (IF) analysis

Protein expression level of ABCB1 after incubation with or
without sitravatinib at 3 umol/L was measured using West-
ern blotting as previous mentioned [37]. Briefly, after treat-
ment with the highest non-toxic concentration of sitravatinib
up to 72 h, cells were lysed with lysis buffer (10 mmol/L Tris,
1 mmol/L EDTA, 0.1% SDS, 150 mM NaCl, 1% Triton-X,
and protease inhibitor cocktail [VWR Chemicals, Solon, OH,
USA]) on ice for 20 min, then centrifuged at 15,000 X g at
4°C for 20 min. The supernatant was harvested and then quan-
tified by total protein concentration using the BCA Protein
Kit (Thermo Scientific, Waltham, MA, USA). Protein was
denatured using heat block at 70°C for 5 min. Total protein
(20 pg) was loaded and separated by SDS-PAGE and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). After blocking with 5%
milk-TBST for 2 h at room temperature, the membrane was
incubated with primary antibodies against ABCB1 (Sigma-
Aldrich) at 1: 1000 dilution and GAPDH (Thermo Fisher
Scientific, Rockford, IL, USA) at 1: 2000 dilution at 4°C
overnight. Then, after washing with TBST, the membrane was
incubated with HRP-conjugated anti-mouse IgG secondary
antibody (Cell Signaling Technology, Dancers, MA, USA) at
1: 2000 dilution for 2 h at room temperature. The chemilumi-
nescence signal was developed using ECL substrate (Thermo
Fisher Scientific) per the manufacturer’s instructions. Pro-
tein expression was quantified using Image J (NIH, Bethesda,
MD, USA). All experiments were repeated at least 3 times
independently.

IF assay was conducted to examine the subcellular localiza-
tion of membrane protein ABCB1 as previously described [7].
In short, both parental and drug-resistant cells were incubated
with or without sitravatinib at its highest non-toxic concentra-
tion for up to 72 h. After the treatment, cells were fixed in 4%
formaldehyde (J.T. Baker Chemical, Phillipsburg, NJ, USA)
and permeabilized in 0.1% Triton X-100 (Sigma-Aldrich) for
15 min. Cells were blocked with 6% BSA (Thermo Fisher Sci-
entific) for 2 h. Then, primary antibody anti-P-gp at 1: 1000
dilution followed by Alexa Fluor 488 conjugated secondary
antibody (Thermo Fisher Scientific) at 1:1000 dilution were
added and incubated with cells. After that, cell nuclei were
dyed with 1 pg/mL DAPI (Thermo Fisher Scientific). Images
were captured with fluorescence microscope (Life Technolo-
gies, Gaithersburg, MD, USA).

2.8 | ATPase assay

The vanadate-sensitive ATPase activity of ABCB1 was quan-
tified with similar protocol described previously [38]. In

brief, we used ABCB 1-membrane to hydrolyze ATP and mea-
sure the inorganic phosphate (P;) production. Reactions took
place in assay buffer containing different types of ATPase
inhibitors (1 mmol/L. ouabain, 5 mmol/L sodium azide,
0.01 mol/L MgCl,, 2 mmol/L EGTA, 0.05 mol/L MES [pH
6.8], 0.05 mol/L KCI, and 2 mmol/LL DTT). Then sitrava-
tinib was incubated with membrane vesicles for 3 min. The
ATP hydrolysis was initialized by adding 5 mmol/L. of Mg-
ATP. After incubation at 37°C for 20 min, 5% SDS solu-
tion was added to terminate the reaction. P; was measured
at 880 nm in a spectrophotometer (Bio-Rad, Hercules, CA,
USA).

2.9 | Xenograft model

The xenograft model was established as previously described
[39]. SW620 and SW620/Ad300 cells were harvested and
washed twice with PBS. Then, both cell lines (1 x 107 cells
in 0.1 mL PBS) were injected subcutaneously under armpits
of the nude mice. Once the tumor volume reached 500 mm?,
the mice were euthanized, and the tumor tissues were dis-
sected. Each tumor tissue, except the necrotic part, was cut
into 2 X 2 mm in size. The small tumor pieces were implanted
subcutaneously under armpits of the nude mice. When the
tumor reached approximately 100 mm?, the mice were ran-
domly assigned to the following four groups (n = 6 each
treatment group). Sitravatinib was prepared in a final concen-
tration of 0.5% hydroxypropyl methylcellulose (HPMC) and
0.1% Tween-80 solution (pH 1.4) (vehicle A) [27], while vin-
cristine was prepared in autoclaved water (vehicle B) [40].
Group 1 mice received vehicle A (administered orally) 1 h
prior to vehicle B (administered intraperitoneally). Group 2
mice received sitravatinib (prepared in vehicle A, 2 mg/kg,
administered orally) 1 h prior to vehicle B (administered
intraperitoneally). Group 3 mice received vehicle A (admin-
istered orally) 1 h prior to vincristine (prepared in vehi-
cle B, 0.4 mg/kg, administered intraperitoneally). Group 4
mice received sitravatinib 1 h prior to vincristine at indi-
cated dosages. All treatments were given every other day for
14 days.

The dosage of vincristine was determined by Zhang et al.
[40], and the dosage of sitravatinib was determined through
preliminary experiments and previous pharmacokinetic stud-
ies [28]. During the treatment, the animal behavior was mon-
itored daily. The body weights as well as the length and width
of tumor tissues were recorded using vernier caliper every
other day. At the end of treatment period, all mice were eutha-
nized, and the tumor tissues were excised, weighed, and mea-
sured. The tumor volume (V) and the growth inhibition rates
(IR) for tumor volume (IRV) and tumor weight (IRW) were
calculated using followed formulae [26, 41-43]:
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2.10 | Statistical analysis

All results are shown as mean + standard deviation (SD).
Comparisons were made between the control group and cor-
responding treatment group. The results were analyzed with
one-way or two-way analysis of variance (ANOVA) follow-
ing Tukey post hoc analysis. All statistical analyses were
performed using GraphPad Prism version 6.02 for Windows
(GraphPad Software, La Jolla, CA, USA). The value P < 0.05

indicates significant difference.

3 | RESULTS

3.1 | Sitravatinib had a good affinity to
human-mouse chimeric ABCB1 model

To predict and compare the binding affinities of different
TKIs with the human-mouse chimeric ABCB1 model, dock-
ing simulation analysis was performed. Among all the 5 TKIs
(Supplementary Figure S1A-E), sitravatinib gave the highest
docking score of —11.095 kcal/mol (Supplementary Figure
S1F). We used verapamil, a reference ABCBI1 inhibitor, as
a control, whose docking score (—7.376 kcal/mol) was much
lower than sitravatinib (Supplementary Figure S1F). Also, the
50% inhibition concentration (ICs) values of paclitaxel with
or without TKIs in KB-3-1 and KB-C2 cells are presented
in Supplementary Table S1. According to the results, sitra-
vatinib could significantly restore the sensitivity of KB-C2
to paclitaxel. In contrast, other compounds did not reduce
the IC5, values of paclitaxel to the similar level as verapamil
in colchicine-resistant cell line. For all TKIs, paclitaxel ICs
was not varied in control groups (parental cells). These pre-
liminary experimental results indicated that sitravatinib has
the best docking score and has significant inhibitory effect
on ABCBI-overexpressing cells compared with other TKIs.
Hence, we conducted further mechanistic-based assays using
sitravatinib.

To further explore the interaction between the sitravatinib
and human-mouse chimeric ABCB1 model, the in silico
docking simulation analysis was carried out. The overall
interaction between ABCB1 human-mouse chimeric model

FIGURE 1 The in silico docking simulation analysis between
sitravatinib and human-mouse chimeric ABCB1 model (PDB ID:
6FN1) using Maestro. A. The overall structure of ABCB1 and the
binding site of sitravatinib. B. The 2-dimension diagram of the binding
of sitravatinib with ABCB1. Blue bubbles indicate hydrophilic amino
acids, and green bubbles indicate hydrophobic amino acids. Hydrogen
bonds are shown with purple arrows, and green short line indicates z-7
interaction. C. The 3-dimension diagram of the interaction of
sitravatinib and ABCB1. Hydrogen bonds are shown with yellow dot
lines, and -7 interaction is indicated with blue dot line. The ABCB1
protein is depicted with yellow ribbon. Sitravatinib is shown with the
following color codes: carbon (cyan), oxygen (red), nitrogen (blue),
sulfur (yellow), fluoride (green), hydrogen (white). Abbreviations:
ABCBI, ATP-binding cassette subfamily B member 1

(PDB ID: 6FN1) and binding site of sitravatinib are shown in
Figure 1A. The details on ligand-protein binding are depicted
in Figure 1B and C. Sitravatinib binded within the drug-
binding pocket of ABCBI1 through hydrogen bonds and z-z
interaction. One amide group and the methoxy group of sitra-
vatinib could form hydrogen bonds with GIn724 and GIn945
of ABCBI, respectively. Meantime, the pyridine ring binded
with Tyr952 through the hydrogen bond and z-z interaction.
Sitravatinib could also be stabilized in the hydrophobic
pocket of ABCB1 formed by the residues including Leu64,
11e305, Tyr306, Tyr309, Leu723, Phe727, Tyr952, Tyr949,
Met948, Val990. These results indicated that sitravatinib has
a good affinity to human-mouse chimeric ABCB1 model.

3.2 | Sitravatinib potently enhanced the
efficacy of chemotherapeutic drugs in
ABCB1-overexpressing cell lines, but
moderately in ABCC10-overexpressing
cell lines

To further evaluate the biological function of sitravatinib in
vitro, we examined the cytotoxic effect of sitravatinib on all
cell lines used in this study. Based on the results, we selected
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the highest concentration that did not result in toxicity for fur-
ther study, which was 3 pmol/L, at which concentration the
cell survival rate was higher than 80% after incubation with
sitravatinib for 72 h (Supplementary Figure S2).

Next, we tested the reversal effect of sitravatinib on
ABCB1-mediated MDR. Sitravatinib significantly decreased
the ICs(, values of various anticancer drugs which are sub-
strates of ABCBI1 (paclitaxel, doxorubicin, and vincristine)
in drug-selected cell lines (KB-C2 and SW620/Ad300) in
a concentration-dependent manner (Figure 2). However, no
significant change in 1Cs, value was observed in parental
cell lines (KB-3-1 and SW620) after co-incubation with
sitravatinib at non-toxic concentrations. Moreover, as shown
in Figure 3A, sitravatinib also concentration-dependently
antagonized MDR in ABCBI-transfected HEK293 cell
line (HEK293/ABCBI1). Nevertheless, sitravatinib could
not significantly change the efficacy of chemotherapeu-
tic agents mentioned above in corresponding sensitive cell
line (HEK293/pcDNA3.1). More importantly, it is notable
that the reversal effect of sitravatinib was not only com-
parable but also much better than the counterpart of pos-
itive control verapamil, a known inhibitor of ABCBI, at
the same concentration level. In addition, in both sensi-
tive and resistant cells, sitravatinib did not significantly
change the antineoplastic effect of cisplatin, which is not
a substrate of ABCB1 in ABCBI1-overexpressing cell lines
(Figure 2, Figure 3A).

Because overexpression of ABCC10 confers resistance
to paclitaxel and vincristine which are the substrates of
ABCBI1 as well [7], we also examined the reversal activity on
ABCC10-overexpressing MDR cell model. Sitravatinib par-
tially sensitized HEK293/ABCC10 to paclitaxel (Figure 3B),
but the effect was much weaker than that with equal con-
centration of cepharanthine as a positive control inhibitor of
ABCCI10. Thus, we did not further examine the mechanism
of action on ABCC10-overexpressing cells. Also, sitravatinib
did not significantly change anticancer efficacy of cisplatin in
both parental and resistant cell lines (Figure 3B).

These results indicated that sitravatinib can sensitize
ABCB1-mediated MDR in a concentration-dependent man-
ner. Further research is needed to understand the rever-
sal mechanism of sitravatinib in ABCB1-overexpressing cell
lines.

3.3 | Sitravatinib induced the intracellular
accumulation of [*H]-paclitaxel in
ABCB1-overexpressing cell lines

To obtain further information regarding reversal mechanism
of sitravatinib in ABCB1-mediated MDR, we quantified
the intracellular accumulation of paclitaxel in parental and
ABCB1-overexpressing cells with or without sitravatinib. The

intracellular [*H]-paclitaxel levels were approximately 26-
fold and 30-fold lower in KB-C2 and SW620/Ad300 cell lines
than those in KB-3-1 and SW620 cell lines, respectively (Fig-
ure 4A). Interestingly, after 2 h pretreatment with sitravatinib
at 3 umol/L, the intracellular radioactivity of [*H]-paclitaxel
was increased approximately from 3.8% to 77.6% in KB-C2
cells or from 3.3% to 55.5% in SW620/Ad300 cells, compared
with parental cells. In this assay, verapamil was used as a posi-
tive control inhibitor of ABCB1. Overall, the results indicated
that sitravatinib increased the intracellular accumulation of
[3H]—paclitaxel in ABCB1-mediated MDR cells.

3.4 | Sitravatinib decreased the efflux of
[°*H]-paclitaxel in ABCB1-overexpressing cells
in a time-course study

To further determine the mechanism for enhanced intracellu-
lar accumulation of paclitaxel in MDR cells, an efflux assay
was conducted to assess the pump function of ABCBI1 through
quantifying paclitaxel at a series of time points. As shown
in Figure 4B, KB-C2 or SW620/Ad300 cells in the control
group pumped out 90% or 78% of [*H]-paclitaxel respec-
tively in 120 min incubation time. By contrast, sitravatinib
at higher non-toxic concentration could retain approximately
55% or 81% of [*H]-paclitaxel in KB-C2 or SW620/Ad300
cells, respectively. However, sitravatinib did not significantly
change the efflux of [°H]-paclitaxel in sensitive KB-3-1 or
SW620 cells (Figure 4B). These results indicated that sitra-
vatinib could interfere with the pump function of ABCB1
transporter, resulting in increased intracellular accumula-
tion of tritium-labeled paclitaxel by inhibiting the efflux

pump.

3.5 | Sitravatinib did not affect ABCB1
expression level or subcellular localization in
ABCBI1- overexpressing MDR cell lines

Western blotting was conducted to demonstrate the effect of
sitravatinib on the protein expression level of ABCB1. Fig-
ure SA and B showed that after exposure to sitravatinib at
3 umol/L for up to 72 h, there was no downregulation of
the ABCB1 expression in ABCB 1-overexpressing KB-C2 or
SW620/Ad300 cells.

The subcellular localization of transporters was detected by
immunofluorescence in ABCB1-mediated MDR cell lines. As
shown in Figure 5C and D, the sensitive cell lines, KB-3-1
and SW620, showed no fluorescence signals, which was in
consistent with the results of Western blotting. After treatment
with 3 pmol/L sitravatinib for 0, 24, 48, 72 h separately, the
membrane-bound fluorescence signals were still enriched on
KB-C2 and SW620/Ad300 cell lines.
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3.6 | Sitravatinib inhibited the
vanadate-sensitive ABCB1 ATPase activity

The process of ATP hydrolysis provides ABC transporters
with energy to transport a variety of endogenous ligands and
exogenous drugs [44]. To further assess the effect of sitra-
vatinib on ABCB1 function, the vanadate-sensitive ATPase
activity of ABCBI, in membrane protein obtained from the
transporter-overexpressing high-five insect cells, was deter-
mined at different concentrations of sitravatinib. According
to the result in Figure 6, sitravatinib showed a concentration-
dependent inhibition within 10 umol/L on the ABCBI trans-
porter. ATPase activity reached a plateau of 10.7% of the
basal activity for ABCB1. The inhibitory effect of sitravatinib
reached 50% maximal at 4.4 umol/L.

3.7 | Sitravatinib reversed ABCB1-mediated
MDR in SW620/Ad300 xenograft model

Following determining the reversal effect of sitravatinib on
ABCBI1-mediated MDR in vitro, we further verified these
findings on animal xenograft model. The images of excised
tumors are shown in Figure 7A and B. Sitravatinib alone
had 37% inhibitory effect on tumor volume (IRV) and 28%
inhibitory effect on tumor weight (IRW) compared with the
control group treated with vehicle only in the SW620 mice.
The mice treated with vincristine alone or the combina-
tion of sitravatinib and vincristine had much smaller tumor

size than the mice treated with vehicle or sitravatinib alone
(approximately with 80% IRV and 70% IRW) (Figure 7C
and E). In contrast, vincristine had limited inhibitory effect
on SW620/Ad300 tumors due to ABCBI1-mediated MDR
(approximately with 30% IRV and 20% IRW). Notably, the
growth of xenograft tumors was significantly inhibited by
combination of sitravatinib and vincristine with 76% IRV and
89% IRW (Figure 7D and F). Importantly, sitravatinib was
well-tolerated either applied alone or in combination with vin-
cristine without obvious differences in body weight compared
with counterpart before treatment at Day 0 in corresponding
group (Figure 7G and H).

These results indicated that sitravatinib enhanced the anti-
tumor efficacy of vincristine in SW620/Ad300 ABCBI1-
overexpressing xenograft tumor model without increasing in
vivo toxicity in both SW620 and SW620/Ad300 models.

4 | DISCUSSION

Several studies have shown that novel TKIs inhibit the
ABCBI transporter [7, 38, 45]. Thus, it is possible that TKIs
have ability to work as chemosensitizers towards ABC trans-
porters to conquer MDR by combination with anticancer
drugs. Clinically, TKIs are used as first- or second-line treat-
ments for certain metastatic cancers [46]. However, TKIs have
non-specific and “off-target” effects [47], thereby explaining
why TKIs are used as alternative treatments in the clinical
setting and restore the anticancer efficacy of chemotherapeu-
tic drugs in the ABCB1-mediated MDR model. Notably, it
has been reported that sitravatinib has potent antitumor effi-
cacy, that may be due, in part, to altering the tumor microen-
vironment and restoring the efficacy of immune checkpoint
blockade (PD-1) in diverse cancer models [28]. Dolan et al.
[46] reported that sitravatinib could combat MDR caused by
sunitinib and axitinib in metastatic human and mouse models.
These studies provide a clue that sitravatinib might have the
capability to antagonize MDR in cancer cells. It is notable that
sitravatinib is currently in up to nine ongoing clinical trials for
various indications (information from Clinicaltrials.gov, Sup-
plementary Table S2), which suggests that sitravatinib does
not produce intolerable adverse effects or toxic profiles.

In this study, we screened 40 TKIs via molecular dock-
ing analysis, and 5 compounds were selected with the high-
est docking scores to conduct MTT assay. We found that
sitravatinib had the highest docking score and the strongest
inhibitory effect on ABCB1-mediated MDR. Our molecu-
lar modeling analysis indicated that the docking score of the
binding of sitravatinib with human-mouse chimeric ABCB1
model was —11.095 kcal/mol, and sitravatinib could interact
with the drug-binding pocket of ABCBI1. Other TKIs with
inhibitory activity to ABCBI1, such as selonsertib, ulixer-
tinib and glesatinib [7, 38, 45], received the docking scores
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of —11.094, -11.986, —12.639 kcal/mol, respectively. Also, the
best-scored pose of other well-established ABCBI1 inhibitors,
such as verapamil and zosuquidar, received glide score of —
7.376 and —8.646 kcal/mol. Hence, the affinity of sitravatinib
and ABCB1 may be comparable with other known ABCB1
inhibitors.

The effect of sitravatinib was further evaluated by MTT
assay, which confirmed that sitravatinib alone did not have
different inhibitory effect on MDR cell lines and their corre-
sponding sensitive cell lines. Then, a modified MTT assay was
used to determine the cytotoxic effect of several chemother-
apeutic agents with or without sitravatinib at non-toxic con-
centrations, at which concentration the inhibition reached less
than 20% (IC,,). We found that the sensitizing effects of sitra-
vatinib on different MDR cell lines were related to ABCBI.
This is because sitravatinib did not significantly change the
ICs, values of chemotherapeutic agents in parental cell lines;
while sitravatinib would significantly restore the efficacy of
antineoplastic drugs in resistant cell lines, in which ABCB1
protein level was significantly overexpressed as shown
in Western blotting results. Furthermore, the antagonizing
effects of sitravatinib were confirmed in ABCB1-transfected
HEK?293 cell lines, in which ABCB1 overexpression is the
only contributor to MDR. Moreover, sitravatinib did not have
sensitizing effect towards cisplatin, which is not the sub-
strate of ABCB1. Lastly, sitravatinib showed weak reversal
effect on ABCC10-transfected HEK293 cell line compared
with cepharanthine, a reference inhibitor of ABCC10. There-
fore, sitravatinib significantly antagonized MDR in ABCBI1-
overexpressing cell line, but the reversal effect was not out-
standing in ABCC10-overexpressing cell line.

As previously reported, ABC transporters act as efflux
pumps [48]. Therefore, we hypothesized that the sensitiz-
ing effects of sitravatinib was associated with improved
intracellular accumulation profile in ABCBI-mediated
MDR cells. The results of the [3H]-paclitaxel accumulation
assay indicated that sitravatinib significantly enhanced drug
accumulation in resistant cells without obvious influence on
corresponding sensitive cells. Furthermore, since there are
two explanations to interpret this phenomenon, decreased
paclitaxel efflux process or increased paclitaxel uptake
by the cells, a [°H]-substrate efflux assay was conducted
to further quantitatively evaluate the relationship between
efflux and accumulation. Sitravatinib significantly decreased
the drug efflux in ABCBI1-overexpressing cells. Thus, the
mechanism of sitravatinib in antagonizing MDR is that
sitravatinib decreases drug efflux and in turn increases the
drug accumulation; as a result, it improves the intracellular
concentration of anticancer drugs. Notably, in this assay,
the short-term treatment with a chemotherapeutic agent did
not affect the expression level or subcellular localization
on ABCBI protein. However, the tritium-labeled substrate
accumulation and efflux assay we performed has limitations

to overcome in the future. For example, there are other mem-
brane transport methods, such as passive diffusion and active
transport, depending on concentration gradient and energy.
ABCB1 might not be the sole donor in determining the
intracellular concentration of chemotherapeutic agents. Also,
the increased intracellular accumulation is not the only factor
leading to reduced efflux; there may be other factors, such as
deactivation through an alternative metabolic pathway [49].
Further study is needed to exclude other underlying mecha-
nisms resulting in increased intracellular concentration.

Mechanistically, deteriorated resistance to ABCB1 sub-
strates may be related to multiple factors such as downreg-
ulating the expression of relative MDR proteins and/or alter-
ing the localization of ABC transporters [7, 31]. Normally,
active ABC transporters with pump function are located on
the lipid raft, which refers to the membrane domains enriched
with receptors involved in many biological functions [50, 51].
Interestingly, our results showed that sitravatinib changed nei-
ther the expression level nor the subcellular localization of
ABCBI1 in MDR cells mediated by ABCB 1-overexpression.

It is known that the ATP hydrolysis of ABCBI1 is the driv-
ing force of trapping and extrusion of substrates of ABCBI1
[44]. This could be modulated by the presence of substrate or
inhibitor [32, 48]. Hence, we performed an ATPase assay to
examine the effect of sitravatinib towards ATPase. We found
that sitravatinib inhibited ABCB1 ATPase in a concentration-
dependence manner, which suggested that sitravatinib could
possibly work as an inhibitor of ABCB1 via impeding the
function of ABCBI1. Furthermore, these results may provide
the clue that sitravatinib altered the efflux rate of tritium-
labeled paclitaxel over a time course. Also, we postulated
that as more ATPase was inhibited, the active ATPase would
become less; hence, sitravatinib reduced the drug efflux rate.
However, this hypothesis needs further confirmation in the
future.

The results from above showed that sitravatinib could bind
to ABCBI, therefore inhibit hydrolysis of ATP and abolish the
efflux function of ABCB1 without changing the expression
level or the subcellular localization; as a result, it increases
drug accumulation and improves the efficacy of anticancer
drugs.

Recently, Wu et al. [52] showed that sitravatinib had simi-
lar inhibitory effect on ABCB1 and ABCG2 in vitro. Herein,
we translated our in vitro findings into preclinical evalua-
tion with the establishment of xenograft tumor models. The
dosage and administration interval of vincristine were deter-
mined by previous studies [40]. Compared with the reported
plasma concentration of sitravatinib [28], a remarkably lower
dosage of sitravatinib was used to perform an in vivo study,
because sitravatinib could induce microenvironment change
or immunosuppression, besides directly targeting cancer cells
[28]. Besides, this might also be the possible reason why
the tumor volume of sitravatinib treatment group in SW620
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model was much smaller than the counterpart of vesicle only
group. However, this hypothesis needs to be validated in the
future. Notably, sitravatinib is a broad-spectrum TKI, and thus
it would target several factors of the tumor microenvironment
and reduce the possibility of developing resistance-derived
inhibition towards a single but vital biological pathway. In this
work, we examined the sensitizing effect of sitravatinib on the
antitumor activity of vincristine in SW620 and SW620/Ad300
tumor xenograft models. From our results, sitravatinib alone
had little inhibitory effect towards tumor volume and tumor
weight on both parental and resistant cell xenografts. Impor-
tantly, sitravatinib could significantly improve the antitumor
activity of vincristine in ABCB1-overexpressing xenograft
model compared with the counterparts in sensitive tumor
model. Also, each treatment regimen, including sitravatinib
or vincristine alone and combination of sitravatinib and vin-
cristine, did not considerably change the body weight before
and after the treatment period, which demonstrated that these
chemotherapeutic strategies can be well-tolerated without
observable toxic feature during the treatment period.

S | CONCLUSIONS

Collectively, this study demonstrated that sitravatinib at phar-
macologically achievable doses could restore the efficacy of
chemotherapeutic agents, particularly the substrate drugs of
ABCBI transporter. Sitravatinib could be used in combina-
tion with substrate antineoplastic drugs of ABCB1 for effec-
tive chemotherapy.
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