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Abstract

One pivotal factor that leads to multidrug resistance (MDR) is the overexpression of
ABCG2. Therefore, tremendous effort has been devoted to the search of effective
reversal agents to overcome ABCG2-mediated MDR. CC-671 is a potent and selec-
tive inhibitor of both TTK (human protein kinase monopolar spindle 1 [hMps1]) and
CDC like kinase 2 (CLK2). It represents a new class of cancer therapeutic drugs. In
this study, we show that CC-671 is an effective ABCG2 reversal agent that enhances
the efficacy of chemotherapeutic drugs in ABCG2-overexpressing lung cancer cells.
Mechanistic studies show that the reversal effect of CC-671 is primarily attributed
to the inhibition of the drug efflux activity of ABCG2, which leads to an increased
intracellular level of chemotherapeutic drugs. In addition, CC-671 does not alter the
protein expression or subcellular localization of ABCG2. The computational molecule
docking analysis suggests CC-671 has high binding affinity to the drug-binding site of
ABCG2. In conclusion, we reveal the interaction between CC-671 and ABCG2, pro-
viding a rationale for the potential combined use of CC-671 with ABCG2 substrate

to overcome MDR.
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WU ET AL

1 | INTRODUCTION

Chemotherapy and targeted therapy are the main strategies for
cancer treatment. One major obstacle that limits the efficacy of
cancer therapy is the development of drug resistance.™? In some
cases, failure of traditional and targeted cancer therapy can be at-
tributed to increased drug efflux, which leads to reduced intracel-
lular drug concentration, resulting in drug resistance.® Multidrug
resistance (MDR) describes the acquired resistance of cancer cells
to a range of anticancer drugs that have distinct mechanism of
actions. One pivotal factor that can lead to MDR is the overex-
pression of ATP-binding cassette (ABC) transporters. The most
common ABC transporters include ABCB1 (P-glycoprotein/P-gp,
multidrug resistance 1/MDR1),* ABCG2 (breast cancer resistance
protein/BCRP, mitoxantrone resistance/MXR),>® and ABCC1
(MDR-associated protein 1/MRP1).” By utilizing the energy de-
rived from ATP hydrolysis, ABC transporters can extrude sub-
strates from the cells against the direction of their concentration
gradients.8'9 Therefore, they have critical functions in maintaining
different physiological processes but also efflux anticancer drugs,
making them well-known mediators of MDR.2%! |n the clinical
setting, ABCB1 and ABCG2 have been shown to interfere with the
response of various conventional and targeted therapeutic drugs,
such as paclitaxel,12 doxorubicin,*® topotecan,14 gefitinib,15 and
imatinib.1®

ABCG?2 is expressed in a wide range of tissues and localized on
the membrane of several major physiological barriers, including the
blood-brain barrier’” and placenta.'® It has been suggested that
ABCG2 exerts the protective role by reducing the cellular accumula-
tion of toxins.}”?° However, ABCG2 expression can affect the phar-
macokinetic parameters of anticancer drugs. In lung cancer cells,
ABCG2 expression is correlated with cancer cell side population
formation.?* ABCG2 is suggested to be a cancer stem cell marker
that predicts the survival of patients with non-small cell lung cancer
(NSCLC).2222 Clinical study revealed that high exposure to erlotinib
and sunitinib is associated with ABCG2 overexpression in lung can-
cer patients.24 Therefore, both preclinical and clinical evidence have
shown that ABCG2 expression might correlate with the outcome of
cancer treatment.

Given the important role ABC transporter plays in mediating
MDR, great effort has been devoted to the search for effective re-
versal agents. Many drugs in clinical use were identified as reversal
agents, such as tepotinib,?° ulixertinib,?® and midostaurin®”2® for re-
versing ABCB1-mediated MDR, and olmutinib,?’ dacomitinib,*° and
quizartinib®! for reversing ABCG2-mediated MDR.

CC-671, a potent and selective inhibitor of both monopolar
spindle 1 kinase, also known as TTK, and CDC like kinase 2 (CLK?2),
showed significant anticancer effect in a large panel of cancer cell
lines.®? The anticancer activity of CC-671 is mainly attributed to
TTK inhibition. In addition, CLK2 was shown to act as an oncogene
in breast cancer and inhibition of CLK2 can lead to apoptosis induc-
tion. The dual inhibitory mechanism represents a new class of cancer

therapy, particularly in triple negative breast cancer patients.>®
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In the course of searching MDR-reversing agents, we found that
CC-671 can effectively antagonize ABCG2-mediated MDR. Our
study indicates the significant reversal effect of CC-671 and there-
fore provides a potential combined treatment strategy to overcome
MDR.

2 | MATERIALS AND METHODS
2.1 | Chemicals

CC-671 was kindly provided by Chemietek. Ko143 was obtained
from Enzo Life Sciences. All other materials were bought from Sigma
Chemical Company unless stated otherwise.

2.2 | Celllines

The NSCLC cell line NCI-H460 and its mitoxantrone-resistant sub-
line NCI-H460/MX20, A549 and its mitoxantrone-resistant subline
A549/MX10, as well as the human epidermoid carcinoma KB-3-1 and
its colchicine-resistant subline KB-C2 were maintained in DMEM
containing 10% FBS. NCI-H460/MX20 cells were cultured in the
presence of 20 nmol/L mitoxantrone,®* A549/MX10 cells were cul-
tured in the presence of 10 nmol/L mitoxantrone,3* and KB-C2 cells
were cultured in the presence of 2 ug/mL colchicine.®> HEK293
cells stably transfected with either an empty vector pcDNA3.1 or a
pcDNA3.1 vector containing a full length ABCG2 were maintained in
DMEM containing 10% FBS. Transfected cell sublines were selected
with medium containing 2 mg/mL G418.3¢ The drug-selected resist-
ant cell lines were allowed to grow in drug-free complete medium at

least 14 days before experiment.

2.3 | Cellular proliferation assay

The cytotoxicity of CC-671 and other chemotherapeutic agents
were determined by MTT colorimetric assay as previously de-
scribed.®’ Briefly, cells were diluted to 5000-6000 cells per well,
seeded evenly into 96-well plates, and incubated overnight to
allow cell attachment. Subsequently, cells were incubated with
drugs for 3 days. At the end of the assay period, cell viability was
assessed by adding MTT solution. After 4 hours of incubation with
MTT, DMSO was added to dissolve the produced formazan. The
light absorbance at 570 nm was measured using the Fisherbrand
accuSkan GO UV/Vis Microplate Spectrophotometer (Thermo

Fisher Scientific).

2.4 | Immunoblot analysis

Total proteins were extracted from NCI-H460 and NCI-H460/MX20
cells after incubating with CC-671 for different time periods. The
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FIGURE 1 Cytotoxicity of CC-671 in
drug-sensitive and ABCG2-overexpressing
cell lines. Cell viability curves for (A)
NCI-H460 and NCI-H460/MX20 cells, (B)
- A549 and A549/MX10 cells, (C) HEK293/
pcDNAS3.1, HEK293/ABCG2-WT,
HEK293/ABCG2-R482G, and HEK293/
ABCG2-R482T cells, and (D) KB-3-1
and KB-C2 cells. Data are expressed as
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protein concentrations of the lysates were determined by Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). The samples were
evaluated by SDS-PAGE and immunoblotting using the following
primary Abs: anti-ABCG2 (BCRP) Ab, clone BXP-21, and GAPDH
loading control mAb (Thermo Fisher Scientific), followed by immu-
noblotting with HRP-conjugated rabbit anti-mouse 1gG secondary
Ab (Cell Signaling Technology). Pierce ECL Western blotting sub-
strate (Thermo Fisher Scientific) was then used to detect the pro-
tein bands. The results were quantified and analyzed using ImageJ

software.

2.5 | Immunofluorescence assay

Cells were trypsinized and seeded into 24-well plates at the den-
sity of 1 x 10° cells per well and incubated overnight. The cells
were incubated with 1 pmol/L CC-671 for up to 3 days. After the
treatment period, the cells were fixed with 4% formaldehyde, per-
meabilized by 0.25% Triton X-100, and blocked with 6% BSA (VWR
Chemicals). Subsequently, the cells were incubated with anti-ABCG2
(BCRP) Ab (1:1000) at 4°C overnight. The following day, cells were
incubated with Alexa Fluor 488 conjugated goat anti-mouse IgG
cross-adsorbed secondary Ab (Thermo Fisher Scientific) at room
temperature for 2 hours. The nuclei were stained by incubating with
DAPI solution. Images were taken with a Nikon TE-2000S fluores-

cence microscope (Nikon Instruments).
2.6 | Mitoxantrone accumulation assay
A FACSort flow cytometer was used to undertake the accumula-

tion assay and FlowJo software V10 was used to analyze the data.
To prepare the samples, NCI-H460, NCI-H460/MX20, A549, and

10 100

Concentration (umol/L)

A549/MX10 cells were separated into different treatment groups
with 2 x 10° cells per group. Cells were incubated with Ko143 or
CC-671 for 2 hours. Subsequently, the fluorescent substrate mitox-
antrone (5 pmol/L) was added into each treatment group with or
without Ko143 or CC-671. At the end, cells were further incubated
for 2 hours then centrifuged at 500 g, followed by resuspension in
300 pL PBS with 0.5% BSA prior to analysis.

2.7 | Evaluation of ABCG2 ATPase activity

The PREDEASY ATPase Kits (Tebu-Bio) was selected to carry out
the ATPase assay according to the vendor’s protocol with modifi-
cations as previously described.?® In short, a series concentration
of CC-671 with or without Na,VO,” was mixed with the ABCG2
membrane suspension. The mixtures were incubated at 37°C for
5 minutes, followed by the addition of 5 mmol/L Mgz*ATP to ini-
tiate the reaction. The inorganic phosphate released during the
reaction period was colorimetrically determined by spectropho-
tometry. The changes of relative light units were determined by
comparing the Na,VO,~ treated group with the corresponding CC-
671 treated groups.

2.8 | Insilico molecular docking analysis

Maestro version 11.1 software (Schrédinger) was used to under-
take the computational molecular docking analysis. The protein
model used in this study is the recently published human ABCG2
cryogenic Electron Microscopy (cryo-EM) structure model (PDB:
6ETI) from the RCSB Protein Data Bank.%® The detailed protocol
was as previously described.®? The result of the docking scores was

calculated and demonstrated as kcal/mol.
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2.9 | Statistical analysis

All experiments were carried out in triplicate and repeated at least
3 times. Statistical analysis was undertaken using GraphPad Prism
7.0 software. Data are presented as a mean + SD and one-way
ANOVA were applied. A difference was considered significant at
P less than .05.

3 | RESULTS
3.1 | Antiproliferative effect of CC-671 on parental
and drug-resistant cells

The antiproliferative effect of CC-671 was determined in various cell
lines. In this study, we used KB-3-1 and its ABCB1-overexpressing
subline KB-C2, NCI-H460 and its ABCG2-overexpressing subline
NCI-H460/MX20, and A549 and its ABCG2-overexpressing subline

TABLE 1 Reversal effect of CC-
671 in non-small cell lung cancer cells
overexpressing ABCG2 transporter

Treatment

Mitoxantrone

+ CC-671 0.1 pmol/L

+ CC-671 0.3 pmol/L

+ CC-671 1 pmol/L

+ Ko143 1 pmol/L

Topotecan

+CC-671 0.1 pmol/L

+ CC-671 0.3 pmol/L

+ CC-671 1 pmol/L

+ Ko143 1 pmol/L

Cisplatin

+ CC-671 1 pmol/L

+ Ko143 1 pmol/L

Cancer Science NI e

A549/MX10 to investigate the reversal effect of CC-671 in cancer
cells. HEK293 gene-transfected cells were selected to further validate
the results. The cell viability curves are presented in Figure 1. In order
to circumvent the additive toxicity of CC-671 and chemotherapeutic
drugs, nontoxic concentrations (0.1-1 pmol/L) were selected based on

the viability curves to undertake the following reversal studies.

3.2 | CC-671 resensitized ABCG2-overexpressing
cells to ABCG2 substrate drugs

Reversal studies were carried out by combining CC-671 with
ABCG2 substrates mitoxantrone or topotecan. The data, as
presented in Table 1, showed that CC-671 can sensitize drug-resist-
ant NCI-H460/MX20 cells in a concentration-dependent manner
without affecting the drug-sensitive NCI-H460 cells. When using
the highest reversal concentration at 1 pmol/L, the resistance-fold

of mitoxantrone and topotecan in NCI-H460/MX20 was decreased

IC, value £ SD? (umol/L, resistance-fold®)

NCI-H460/
NCI-H460 MX20 A549 A549/MX10
0.011+0.003 1.437+0.326 0.026+0.009 2.401+0.486
(1.00) (125.13) (1.00) (76.78)
0.014+0.006 0.081+0.006 0.027+0.004 0.633+0.255
(1.20) (7.09)* (1.07) (20.24)*
0.013+0.004 0.053+0.004 0.021+0.005 0.252+0.064
(1.16) (4.63)" (0.83) (8.06)*
0.012+0.002 0.038+0.002 0.025+0.008 0.144 +0.032
(1.07) (3.34)" (0.96) 4.61)"
0.014+0.007 00440003 0.028+0.007 0.181+0.040
(1.19) (3.87)" (1.10) (5.78)*
00430025 3.003:0.641 0035+0.003 1401+0.486
(1.00) (69.12) (1.00) (40.03)
0.053+0.008 0.504+0.115 0.033+0.004 0.531+0.147
(1.23) (11.61)* (0.94) (15.17)*
0.068+0.024 0.411+0.095 0032+0.007 0.326+0.034
(1.56) (9.46)° (0.92) (9.31)*
0.064+0.018 0.242+0.040 0041+0.011  0.166+0.029
(1.46) (5.58)* (1.17) (4.74) *
0.059+0028 0.218+0.088 0028+0.004 0.210+0.021
(1.37) (5.01)* (0.82) (6.06)*
3730+0.834 5198+2412 4730+0.534 3.991+0.187
(1.00) (1.39) (1.00) (0.84)
3.581+0.388 5.106+1.334 4987+0.561  4.847 +0.406
(0.96) (1.37) (0.95) (1.02)
3.067+0947 4.028+0.581 4.991+0.287  4.067 +0.347
(0.82) (1.08) (1.06) (0.86)

?IC4, values are represented as mean + SD of at least 3 independent experiments carried out in

triplicate.

bCalculated by dividing the IC, values of substrates in the presence or absence of inhibitor by the
IC,, of parental cells without inhibitor.

*P < .05 vs. control group without reversal agent.
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TABLE 2 Reversal effect of CC-671 in HEK293 transfected cells overexpressing ABCG2 transporter

Treatment

Mitoxantrone
+CC-671 0.1 pmol/L
+CC-671 0.3 pmol/L
+ Ko143 0.3 pmol/L

Topotecan
+ CC-671 0.1 pmol/L
+CC-671 0.3 pmol/L
+ Ko143 0.3 pmol/L

Cisplatin

IC,, value = SD? (umol/L, resistance-fold®)

pcDNA3.1

0.018 +0.002 (1.00)
0.022 +0.006 (1.05)
0.024 +0.004 (1.13)

0.020 + 0.009 (0.79)
0.104 + 0.030 (1.00)
0.121 + 0.036 (1.16)
0.155 + 0.064 (1.49)
0.124 + 0.040 (1.19)
8.247 +1.125 (1.00)

ABCG2-WT

0.590 +0.102 (32.42)
0.179 +0.026 (9.85)*
0.035+0.014 (1.92)*
0.022 £0.012 (1.22)*
2.628 +1.319 (25.30)
0.706 £ 0.228 (6.79)*
0.466 +0.067 (4.48)*
0.275 £ 0.140 (2.64)*

12.853 +£0.083 (1.56)

ABCG2-R482G

0.417 + 0.147 (22.95)
0.111 £ 0.042 (6.11)*
0.035+0.018 (1.92)*
0.032 + 0.005 (1.75)*
4.856 + 1.482 (46.73)
0.977 £ 0.348 (9.40)*
0.343 £ 0.170 (3.30)*
0.130 £ 0.019 (1.26)*
7.605 +1.288 (0.92)

ABCG2-R482T

1.342 +0.263(73.81)
0.545 +0.321 (29.98)*
0.124 £ 0.036 (6.85) *
0.021 +£0.008 (1.15) *
6.107 + 0.656 (58.77)
2.971 +0.131 (28.59)*
0.277 £ 0.090 (2.67) *
0.332 +£0.125(3.20) *
7.895 +0.795 (0.95

+ CC-671 0.3 pmol/L

(
8.759 + 3.243 (1.06)
+Ko143 0.3 pmol/L (

6.234 +0.137 (0.76)

11.564 + 2.415 (1.40)
11.758 +2.923 (1.43)

)
9.351+1.636 (1.13)
7.325 + 1.124(0.89)

11.752 £ 2.171 (1.43)
10.050 + 2.756 (1.22)

?IC,, values are represented as mean * SD of at least 3 independent experiments carried out in triplicate.

bCalculated by dividing the IC, values of substrates in the presence or absence of inhibitor by the IC, of parental cells without inhibitor.

*P < .05 vs. control group without reversal agent.

TABLE 3 Reversal effect of CC-671 in cancer cells
overexpressing ABCB1 transporter

IC;, value = SD? (umol/L, resistance-fold®)

Treatment KB-3-1 KB-C2
Vincristine 0.035 +0.014 (1.00) 3.814 + 1.595
(107.46)
+CC-671 0.035 £0.015 (0.99) 1.826 +0.261 (51.46)
0.3 pmol/L
+ Verapamil 0.034 +0.019 (0.95) 0.571+0.072 (16.09)*
0.3 pmol/L
Cisplatin 2.041 +£0.165(1.00)  2.845+0.877 (1.39)
+ CC-671 1.826 +0.115 (0.89) 2.651 + 0.555 (1.30)
0.3 pmol/L
+ Verapamil 1.664 +£0.258 (0.82)  3.043 +0.728 (1.49)
0.3 pmol/L

aIC50 values are represented as mean + SD of at least 3 independent
experiments carried out in triplicate.

bCalculated by dividing the IC;, values of substrates in the presence or
absence of inhibitor by the IC, of parental cells without inhibitor.

*P < .05 vs. control group without reversal agent.

from 125.13-fold to 3.34-fold and from 69.12-fold to 5.58-fold,
respectively. CC-671 also sensitized A549/MX10 cells to mitox-
antrone and topotecan, with the resistance-fold decreased from
76.78-fold to 4.61-fold and from 40.03-fold to 4.74-fold, respec-
tively. By undertaking reversal studies in 2 pairs of NSCLC cell lines,
we confirmed that CC-671 can reverse ABCG2-mediated MDR in
cancer cells. Of note, the reversal effect of CC-671 at 1 pmol/L
was comparable to the well-established ABCG2 inhibitor Ko143.
Furthermore, the reversal effect was observed when CC-671 was
used in combination with ABCG2 substrates mitoxantrone or to-
potecan but not with the nonsubstrate drug cisplatin, suggesting
that CC-671 might interact with the ABCG2 transporter instead of

with specific drugs. To further validate CC-671 is an ABCG2 rever-
sal agent, MTT assay was carried out in ABCG2 gene-transfected
HEK293 cells. Cells transfected with empty vector pcDNA3.1 does
not express any ABC transporters; cells transfected with WT or
mutant (R482G/R482T) ABCG2 gene overexpress WT or mutant
ABCG2 protein. Consistently, the cytotoxicity of CC-671 was not
affected by overexpression of WT or mutant ABCG2, as shown in
Figure 1D. Due to the relatively high toxicity in HEK293 cells, we
undertook combined studies using 0.1 and 0.3 pmol/L CC-671. A
similar reversal effect was observed in HEK293 cell lines (Table 2). In
both WT and mutant ABCG2-overexpressing HEK293 cells, CC-671
was able to significantly reverse the mitoxantrone or topotecan re-
sistance. In contrast, CC-671 failed to antagonize ABCB1-mediated
MDR, as shown in Table 3.

3.3 | CC-671 increased intracellular accumulation of
mitoxantrone in ABCG2-overexpressing cells

To further investigate the reversal mechanism, mitoxantrone ac-
cumulation assay was carried out to evaluate whether CC-671 can
hinder the substrate efflux function of ABCG2. By detecting the flu-
orescence intensity of mitoxantrone using flow cytometry, it allows
direct quantification of the intracellular amount of mitoxantrone. As
CC-671 can enhance the cytotoxicity of ABCG2 substrate drugs, we
postulated that CC-671 might hinder the drug efflux process and in-
crease drug accumulation. As shown in Figure 2, CC-671 was able to
elevate the intracellular level of mitoxantrone, in a concentration-
dependent manner, in ABCG2-overexpressing NCI-H460/MX20 and
A549/MX10 cells but not in the parental cells. These results sug-
gested the reversal effect, at least in part, can be attribute to ABCG2
substrate efflux inhibition.
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FIGURE 2 Effect of CC-671 on intracellular accumulation of mitoxantrone in drug-sensitive and drug-resistant cells. A, NCI-H460 cells.

B, NCI-H460/MX20 cells. C, A549 cells. D, A549/MX10 cells

3.4 | CC-671 had no significant effect on ABCG2
protein expression or its cell surface localization

We explored 2 possible mechanisms by which CC-671 might exert
the reversal effect: alteration of ABCG2 protein expression and/
or cell membrane localization. Using western blot analysis, we
confirmed ABCG2 expression levels remain unchanged after cells
were incubated with CC-671 for up to 72 hours (Figure 3A,B).
However, the immunofluorescent assay suggested that ABCG2
transporter of H460/MX20 was localized on the cell membrane
and showed no trend of internalization after incubation with CC-
671 (Figure 3C). In addition, the localization of ABCG2 has no
detectable change in A549/MX10 cells with or without CC-671
treatment (data not shown). Whether CC-671 can affect ABCG2
expression levels or localization after long-term treatment war-

rants further investigation.

3.5 | CC-671 stimulated ABCG2 ATPase activity

Learning that CC-671 can inhibit the efflux function of ABCG2,
the ABCG2 ATPase assay was carried out to investigate the mech-
anism of efflux inhibition. The ABCG2-mediated ATP hydrolysis in

ABCG2 overexpressing membranes was measured after incubation
with serial concentrations of CC-671 (0-10 pmol/L). According to
the result (Figure 4), CC-671 can stimulate the activity of ABCG2
ATPase in a concentration-dependent manner. The ABCG2
ATPase activity reached a maximum of 341.3% of the basal activ-
ity and the stimulatory effect reached half maximal effective con-
centration at 0.49 pmol/L, indicating CC-671 might be a substrate
of ABCG2.

3.6 | CC-671 showed high binding affinity with
ABCG?2 in molecular docking analysis

The molecular docking analysis was undertaken to simulate the in-
teractions between CC-671 and human ABCG2 protein model. The
highest Glide score of CC-671 was -12.318 kcal/mol, which indi-
cates the binding free energy of the ligand. As shown in Figure 5A,
the optimal scoring pose of CC-671 was mainly stabilized in the
ligand-binding cavity of ABCG2 transmembrane domain through hy-
drophobic interactions with nearby residues. Two hydrogen bonds
were formed between the nitrogen of the methylbenzamide group
of CC-671 and Asn436 of ABCG2 chain A, and the nitrogen in the
oxazole ring of CC-671 and Asn436 of ABCG2 chain B. One n-x
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stacking interaction was observed between the benzene ring of ben-
zoxazole of CC-671 and the side chain of PHE432 of ABCG2 chain
B. Figure 5B shows that CC-671 was stabled in ABCG2 transmem-
brane domain with surrounding residues including Val401, Leu405,
Phe432, Thr435, Asn436, Phe439, Ser440, Thr542, Val546, Met549
of ABCG2 chain A, and Leu405, Phe431, Phe432, Thr435, Asn436,
Phe439, Ser440, Thr542, Val546, and Met549 of ABCG2 chain B.

4 | DISCUSSION

One major obstacle that hinders the efficacy of cancer treatment is
the development of MDR. ABCG2 has long been characterized as
a major MDR contributor that can pump out a wide range of an-

ticancer drugs including mitoxantrone, doxorubicin, topotecan, and
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(% of basal activity)
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FIGURE 4 Effect of CC-671 on ABCG2 ATPase activity. CC-671
(0-10 pmol/L) stimulated the ATPase activity of ABCG2 transporter.
Data are expressed as mean = SD from a representative of 3
independent experiments
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some tyrosine kinase inhibitors.*®** Therefore, a large number of
investigations have been undertaken in an effort to search for effec-
tive reversal agents targeting ABCG2 to overcome MDR.*?* |n the
present study, we investigated the possibility of using CC-671, a dual
inhibitor of TTK/CLK2, to reverse ABCG2-mediated MDR.

To explore the interaction between CC-671 and ABCG2, an MTT
assay was carried out to determine the cytotoxicity of CC-671 in
both parental and drug-resistant cells. It was observed that the anti-
proliferative effect of CC-671 was not affected by overexpression of
ABCG2 and nontoxic concentration can be equally achieved in both

parental and drug-resistant cells. Subsequently, reversal studies were

undertaken by combining CC-671, as a potential reversal agent, with
an ABCG2 substrate, mitoxantrone or topotecan. We found that
CC-671, at nanomolar concentrations, was able to sensitize ABCG2-
overexpressing NSCLC cells to mitoxantrone or topotecan, suggesting
CC-671 could be an effective reversal agent of ABCG2-mediated MDR.

It has been suggested that ABCG2 polymorphism can alter the
drug efflux profile and the most well-established residue to be in-
volved in the transportation of ABCG2 substrates is arginine 482
(R482) in the transmembrane domain.?¢#%%” R482 was confirmed
as the WT sequence, and R482G and R482T were identified as mu-
tant variants of ABCG2. Previous work has shown that the R482
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mutation can affect to the substrate specificity of ABCG2.“8 Most
of the ABCG2 substrates can be effectively transported by both
WT and mutant ABCG2, such as mitoxantrone, doxorubicin, or
Hoechst 33342. However, rhodamine 123 and daunorubicin can
be transported only by mutant ABCG2, whereas methotrexate can
be transported only by WT ABCG2.%%%? The mutants R482G and
R482T were shown to render cancer cells with higher resistance
to several substrates than the WT ABCG2, suggesting a more ac-
tive efflux activity in the mutants.>® Recently, it was reported that
venetoclax can inhibit the efflux function of WT ABCG2 but not
mutant ABCG2, suggesting that the R482 mutants might also de-
termine the effect of reversal agents.51 Therefore, it is important
to investigate whether CC-671 can effectively inhibit substrate
efflux in both WT and mutant ABCG2. By undertaking MTT as-
says in ABCG2-transfected cell lines, we confirmed that CC-671 can
effectively reverse both WT and mutant ABCG2-mediated MDR.
Of note, the reversal effect was not observed when CC-671 was
combined with cisplatin, which is not a substrate drug of ABCG2.
As the reversal effect was reproducible in both drug-selected and
gene-transfected ABCG2-overexpressing cells, it provides evidence
to show the reversal mechanism of CC-671 is indeed targeting the
ABCG2 transporter. In addition, we also evaluated the reversal
effect of CC-671 on ABCB1-mediated MDR. CC-671 maintained
the same cytotoxicity in ABCB1-overexpressing cells as in paren-
tal cells but showed no significant reversal effect at the highest
nontoxic concentration. Therefore, these results suggest that CC-
671 can be a potential reversal agent that selectively antagonizes
ABCG2-mediated MDR. Future studies could focus on other MDR-
associated ABC transporters, such as ABCC1’ and ABCC10,? to
further evaluate the specificity of CC-671 as a reversal agent.

Subsequently, we investigated several mechanisms by which
CC-671 might act to reverse MDR: alteration of ABCG2 protein ex-
pression level, cell surface localization of ABCG2, and/or drug efflux
function of ABCG2. ABCG2 downregulation has been reported as
a reversal mechanism for several agents.*#>3% Using western blot
analysis, we found no significant change of ABCG2 protein expres-
sion level after cells were incubated with CC-671 in 2 drug-resis-
tant lung cancer cell lines for up to 72 hours. In contrast, ABCG2 is
a membrane-bound efflux pump that localized on the cell surface
to pump out its substrates. A possible reversal mechanism is to
translocate ABCG2 into the cytoplasm, which might inactivate the
efflux function of ABCG2. To investigate this potential mechanism,
immunofluorescence assay was carried out to visualize the localiza-
tion of ABCG2 after CC-671 treatment. Our result showed that the
expression of ABCG2 remained on the cell surface of H460/MX20
cells after 72 hours of CC-671 treatment. These results suggest that
neither alteration of ABCG2 expression level nor ABCG2 cell surface
localization may be responsible for the reversal effect. It should be
noted that the question whether CC-671 can affect ABCG2 expres-
sion or cell surface localization after long-term treatment remained
inconclusive and deserves further investigation.

To evaluate whether CC-671 can interfere with the efflux func-

tion of ABCG2, mitoxantrone accumulation assay was carried out.

Because mitoxantrone is a substrate of ABCG2, the intracellular
accumulation of mitoxantrone was significantly lower in 2 mitox-
antrone-resistant lung cancer cell lines than in their parental cell
lines, as a large proportion of mitoxantrone was pumped out from
the resistant cells. CC-671, when combined with mitoxantrone,
was able to significantly increase the intracellular accumulation
of mitoxantrone only in drug-resistant cells in a concentration-
dependent manner. Therefore, the substrate efflux process was
attenuated in resistant cells after treatment with CC-671. As
ABCG2 overexpression is the major factor that leads to decreased
mitoxantrone accumulation in resistant cells, this result provides
strong evidence to confirm the reversal effect of CC-671 is due to
inhibition of ABCG2 efflux function. Previous studies have shown
that reversal agents that inhibit substrate efflux can be either
ATPase inhibitors that hinder ATP hydrolysis and energy produc-
tion, or ATPase stimulators that act as transported substrates and
stimulate the ATPase activity of ABCG2. Therefore, we measured
the ABCG2-mediated ATPase hydrolysis in the presence of CC-
671. The data showed that CC-671 can stimulate the activity of
ABCG2 ATPase activity in a concentration-dependent manner, in-
dicating CC-671 can interact with ABCG2 transporter. Combining
the results from our mechanistic studies, we postulated CC-671
can reverse drug resistance be interacting with ABCG2 at the
drug-binding site, thereby inhibiting the substrate efflux process.

Computational molecular docking analysis has been extensively
applied in the field of structural molecular biology, which provides
a useful tool to predict the interaction between the small mole-
cules and protein binding sites.”® As we hypothesized CC-671 can
bind to the drug-binding cavity of ABCG2, we undertook molecular
docking to further validate our hypothesis. The cryo-EM structure
of ABCG2 bound with a well-known ABCG2 inhibitor, Ko143, was
utilized to investigate the interaction between reversal agents and
ABCG?2 transporter.®® The docking scores are predicted values of
the free energy of protein-ligand binding, and a higher absolute
value represents a higher affinity. CC-671 obtained a docking score
of -12.318 kcal/mol. Furthermore, the docking score of CC-671 is
comparable to other reported ABCG2 reversal agents such as sel-
onsertib (-11.094 kcal/mol),>® voruciclib (-10.304 kcal/mol),>” and
ZM323881 (-11.509 kcal/mol).>® Of note, the molecular docking is
not meant to be an accurate affinity predictor, thereby the bound
conformation might not represent the actual binding situation®
and is therefore used as a reference in this study.

Overall, our study reveals a new reversal agent of ABCG2 and
provides the rational basis of using CC-671 to overcome ABCG2-

mediated MDR in cancer patients.
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