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Simple Summary: ABC transporters comprise a large group of ATP binding plasma membrane
proteins, classified into subfamilies A-G, that transport substrates out of cells to maintain homeostasis.
Prolonged exposure to chemotherapeutic drugs leads to increased expression of ABC transporters in
cancer cells, resulting in increased efflux and decreased efficacy of anti-neoplastic agents. We found that
BMS-599626, at 300 nM, inhibited the function of ABCG2, thereby increasing the efficacy of substrate
chemotherapeutic drugs in wild-type as well as mutant ABCG2 overexpressing cells. In addition,
BMS-599626 did not alter the expression or intracellular localization of ABCG2 but produced its reversal
effect by decreasing efflux and increasing the intracellular accumulation of substrate chemotherapeutic
drugs. Finally, BMS-5999626 also inhibited ABCG2 mediated ATP hydrolysis. Overall, our results
show that administration of BMS-599626 along with chemotherapeutic drugs can improve the efficacy
of chemotherapy in ABC transporter overexpressing cancer cells.

Abstract: Multidrug resistance (MDR) associated with the overexpression of ABC transporters is
one of the key causes of chemotherapy failure. Various compounds blocking the function and/or
downregulating the expression of these transporters have been developed over the last few decades.
However, their potency and toxicity have always been a concern. In this report, we found that
BMS-599626 is a highly potent inhibitor of the ABCG2 transporter, inhibiting its efflux function
at 300 nM. Our study repositioned BMS-599626, a highly selective pan-HER kinase inhibitor, as a
chemosensitizer in ABCG2-overexpressing cell lines. As shown by the cytotoxicity assay results,
BMS-599626, at noncytotoxic concentrations, sensitizes ABCG2-overexpressing cells to topotecan and
mitoxantrone, two well-known substrates of ABCG2. The results of our radioactive drug accumulation
experiment show that the ABCG2-overexpressing cells, treated with BMS-599626, had an increase
in the accumulation of substrate chemotherapeutic drugs, as compared to their parental subline
cells. Moreover, BMS-599626 did not change the protein expression or cell surface localization of
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ABCG2 and inhibited its ATPase activity. Our in-silico docking study also supports the interaction
of BMS-599626 with the substrate-binding site of ABCG2. Taken together, these results suggest
that administration of chemotherapeutic drugs, along with nanomolar concentrations (300 nM) of
BMS-599626, may be effective against ABCG2-mediated MDR in clinical settings.

Keywords: BMS-599626; ABC transporters; ABCG2; multidrug resistance; chemotherapy; HER
kinase inhibitor

1. Introduction

For the last several decades, chemotherapeutic agents have remained the most successful drugs
for the treatment of solid and blood malignancies [1–5]. However, chronic use of these agents leads
to a decreased sensitivity of cancer cells to these drugs; this is referred to as multidrug resistance
(MDR) [2,3,6]. Thus, continuous treatment with chemotherapeutic drugs leads to the development of
certain mechanisms in cancer cells, making them less sensitive to treatment with the same drugs [2,7–9].
MDR is the principal factor leading to the failure of chemotherapy and therefore, overcoming MDR
remains a major obstacle to effective treatment with chemotherapeutic drugs [4,6,10].

Several extrinsic and intrinsic mechanisms causing MDR have been identified [6,11–14]. Amongst
these, the increased cell surface expression of ATP-binding cassette transporters (ABC transporters)
causing efflux of chemotherapeutic agents is a major cause [1–3,6,13,15–17]. There are 49 ABC transporters,
divided into subfamilies from A to G [2]. ABCG2, also known as breast cancer resistance protein (BCRP)
and mitoxantrone resistance (MXR) transporter, is one of these 49 transporters, and remains one of the
most extensively studied transporters [18,19]. It is a 72 kDa protein with the highest concentrations in the
brain, kidneys, intestines, placenta, and colon. Its function is to efflux harmful and toxic chemicals out of
cells in these vital organs [2,3,18,20]. Long-term treatment with chemotherapeutic agents may lead to an
increase in the expression of ABCG2 in cancer cells, causing an increase in the efflux and decrease in the
intracellular accumulation of its substrates, thereby causing MDR [21–24].

In the past four decades, various drugs inhibiting the function of ABC transporters have been
developed, thereby circumventing ABC transporter-mediated MDR [23]. BMS-599626 is a very potent
pan-HER kinase inhibitor [13]. It is a pyrrolotriazine-based compound which inhibits HER-1 and HER-2
with an IC50 of 20 to 30 nM [25]. It also inhibits HER-3 to a lesser extent. Heterodimerization of HER1/HER2
is inhibited by BMS-599626, which further blocks downstream signaling [25]. However, the ability of
BMS-599626 to overcome ABC transporter-mediated MDR and chemosensitize ABCG2-overexpressing
cells has not been explored. Here, we report that BMS599626 inhibits the efflux activity of ABCG2 at
nontoxic, low nanomolar concentrations, thereby increasing the chemosensitivity of cancer cells to their
substrate chemotherapeutic agents.

2. Results

2.1. Cytotoxicity Study of BMS-599626 in Parental and ABCB1-, ABCG2-, ABCC1-, and
ABCC10-Overexpressing Cells

Before studying BMS-599626 (chemical structure in Figure 1A) for its chemosensitizing function, we
evaluated the cytotoxicity of this compound using an MTT assay in parental and ABCG2-overexpressing
wild-type and mutant cell lines. In addition, cytotoxicity studies were also performed on SW620 and
ABCB1-overexpressing SW620/AD300 cell lines, KB-3-1 and ABCC1-overexpressing KB-CV60 cell
lines, and HEK293/pcDNA3.1 and ABCC10-overexpressing HEK293/ABCC10 cell lines. As shown
in Figure 1B–F, BMS-599626 is non-cytotoxic (cell survival more than 80% in all cell lines) at 100 and
300 nM. These concentrations were used for further studies.
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Figure 1. Structure and cytotoxicity curves of BMS-599626 in parental and ABCB1-, ABCG2-, ABCC1-, 
and ABCC10-overexpressing cells. (A) Two-dimensional structure of BMS-599626: [4-[[1-(3-
fluorophenyl)methyl]-1H-indazol5-ylamino]-5-methylpyrrolo [2,1-f][1,2,4]triazin6-yl]carbamic acid, 
(3S)-3-morpholinylmethyl ester, (B) cell viability vs. concentration curve of NCI-H460 and resistant 
NCI-H460/MX20 cells, (C) cell viability vs. concentration curve of HEK293/pcDNA3.1 and wild type 
ABCG2-expressing HEK/ABCG2-R482, and its mutants HEK/ABCG2-R482G, and HEK/ABCG2-
R482T cells, (D) cell viability vs. concentration curve of SW620 and resistant SW620/AD300 cells, (E) 
cell viability vs. concentration curve of KB-3-1 and resistant KB-CV-60 cells and (F) cell viability vs. 
concentration curve of HEK293/pcDNA3.1 and resistant HEK293/ABCC10 cells. Mean values from 
three independent experiments are given and error bars indicate SD. 
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The chemosensitizing activity of BMS-599626 was evaluated by the MTT cell survival assay. 
Mitoxantrone and topotecan were used as ABCG2 substrates, and since cisplatin is not a substrate of 
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of mitoxantrone and topotecan in ABCG2-overexpressing cells were higher than those of the parental 
cells. Upon treatment with 100 and 300 nM BMS-599626, there was a significant reduction in the IC50 
values of substrate drugs in ABCG2-overexpressing cells, but the IC50 remained unchanged in the 
parental NCI-H460 cells. These findings are comparable to Ko143, which is a known inhibitor of 
ABCG2 [26,27]. There was no change in the IC50 values of cisplatin upon treatment with 100 and 300 
nM BMS-599626 or 300 nM Ko143. 
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Figure 1. Structure and cytotoxicity curves of BMS-599626 in parental and ABCB1-, ABCG2-,
ABCC1-, and ABCC10-overexpressing cells. (A) Two-dimensional structure of BMS-599626: [4-[[1-(3-
fluorophenyl)methyl]-1H-indazol5-ylamino]-5-methylpyrrolo [2,1-f][1,2,4]triazin6-yl]carbamic acid,
(3S)-3-morpholinylmethyl ester, (B) cell viability vs. concentration curve of NCI-H460 and resistant
NCI-H460/MX20 cells, (C) cell viability vs. concentration curve of HEK293/pcDNA3.1 and wild type
ABCG2-expressing HEK/ABCG2-R482, and its mutants HEK/ABCG2-R482G, and HEK/ABCG2-R482T
cells, (D) cell viability vs. concentration curve of SW620 and resistant SW620/AD300 cells, (E) cell viability
vs. concentration curve of KB-3-1 and resistant KB-CV-60 cells and (F) cell viability vs. concentration
curve of HEK293/pcDNA3.1 and resistant HEK293/ABCC10 cells. Mean values from three independent
experiments are given and error bars indicate SD.

2.2. BMS-599626 Increases the Sensitivity of ABCG2-Overexpressing Cells to the Substrates of ABCG2

The chemosensitizing activity of BMS-599626 was evaluated by the MTT cell survival assay.
Mitoxantrone and topotecan were used as ABCG2 substrates, and since cisplatin is not a substrate of
ABCG2, it was considered a negative control anticancer agent. As shown in Figure 2, the IC50 values of
mitoxantrone and topotecan in ABCG2-overexpressing cells were higher than those of the parental cells.
Upon treatment with 100 and 300 nM BMS-599626, there was a significant reduction in the IC50 values
of substrate drugs in ABCG2-overexpressing cells, but the IC50 remained unchanged in the parental
NCI-H460 cells. These findings are comparable to Ko143, which is a known inhibitor of ABCG2 [26,27].
There was no change in the IC50 values of cisplatin upon treatment with 100 and 300 nM BMS-599626 or
300 nM Ko143.

2.3. BMS-599626 Increases the Sensitivity of ABCG2-Overexpressing Transfected Cells to the Substrates
of ABCG2

Polymorphisms and mutations of ABCG2 might change the mechanism and substrate recognition
of this transporter [28–30]. This can lead to alterations in substrate specificity and transporter activity.
Mutations in R482 in the ABCG2 primary sequence significantly modify substrate specificity [28,31,32].
To study the specificity of BMS-599626, its ability to block the efflux function of ABCG2 in R482 and its
variants, R482G and R482T, was evaluated. As shown in Figure 3, there was a significant decrease in
the IC50 values of substrate drugs upon treatment with BMS-599626 in wild-type HEK/ABCG2-R482
and variants HEK/ABCG2-R482G and HEK/ABCG2-R482T cells, suggesting decreased drug resistance
and increased sensitivity of these cells to ABCG2 substrates.
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Figure 2. Effect of BMS-599626 on multidrug resistance (MDR) in parental and ABCG2-overexpressing
cells. (A) The IC50 of mitoxantrone in NCI-H460 and NCI-H460/MX20 cells with or without BMS-599626
and Ko143, (B) the IC50 of topotecan in NCI-H460 and NCI-H460/MX20 cells with or without BMS-599626
and Ko143, (C) the IC50 of cisplatin in NCI-H460 and NCI-H460/MX20 cells with or without BMS-599626
and Ko143. Mean values from three independent experiments are given and error bars indicate SD. (*)
indicates p < 0.05 compared to control group.
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To further evaluate the selectivity of BMS-599626 to ABCG2, we studied its inhibitory activity 
on cells overexpressing ABCB1, ABCC1, and ABCC10 transporters. Doxorubicin was used as a 
substrate of ABCB1 and vincristine was used as a substrate of ABCC1 and ABCC10. Verapamil, 
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Figure 3. Effect of BMS-599626 on MDR in transfected cell lines overexpressing mutant ABCG2. (A) The
IC50 of mitoxantrone in HEK293/pcDNA3.1 and wild-type HEK/ABCG2-R482, mutant HEK/ABCG2-
R482G, and HEK/ABCG2-R482T cells with or without BMS-599626 or Ko143, (B) the IC50 of topotecan in
HEK293/pcDNA3.1 and wild-type HEK/ABCG2-R482, mutants HEK/ABCG2-R482G, and HEK/ABCG2-
R482T cells with or without BMS-599626 or Ko143, (C) the IC50 of cisplatin in HEK293/pcDNA3.1
and wild-type HEK/ABCG2-R482, mutant HEK/ABCG2-R482G, and HEK/ABCG2-R482T cells with or
without BMS-599626 or Ko143. Mean values from three independent experiments are given and error
bars indicate SD. (*) indicates p < 0.05 compared to control group.
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2.4. BMS-599626 Does Not Sensitize ABCB1- or ABCC1-Overexpressing Cells to Their Respective
Chemotherapeutic Agents, but Partially Sensitizes ABCC10-Overexpressing Cells

To further evaluate the selectivity of BMS-599626 to ABCG2, we studied its inhibitory activity on
cells overexpressing ABCB1, ABCC1, and ABCC10 transporters. Doxorubicin was used as a substrate
of ABCB1 and vincristine was used as a substrate of ABCC1 and ABCC10. Verapamil, MK571, and
cepharanthine were used as positive controls for ABCB1, ABCC1, and ABCC10, respectively. As shown
in Table 1, there was no significant reduction in the IC50 values of doxorubicin in ABCB1-overexpressing
cells or vincristine in ABCC1-overexpressing cells upon treatment with BMS-599626, at 100 and 300 nM.
On the other hand, BMS-599626 produced a partial decrease in the IC50 of vincristine in cells
overexpressing ABCC10, suggesting that BMS-599626 partially sensitizes ABCC10-overexpressing cells
to their substrate.

Table 1. The effect of BMS-599626 on reversal of ABCB1, ABCC1, and ABCC10-mediated MDR.

Treatment
IC50 ± SD a (µM) (FR b)

SW620 SW620/AD300

Doxorubicin 0.09 ± 0.006 (1) 20.58 ± 2.11 (228.67)
+100 nM BMS-599626 0.09 ± 0.009 (1) 19.85 ± 1.08 (220.55)
+300 nM BMS-599626 0.09 ± 0.008 (1) 17.67 ± 2.01 (196.33)
+300 nM Verapamil 0.09 ± 0.009 (1) 5.95 ± 0.06 (66.11) *

Treatment
IC50 ± SD a (µM) (FR b)

KB-3-1 KB-CV60

Vincristine 0.09 ± 0.009 (1) 41.99 ± 4.23 (446.55)
+100 nM BMS-599626 0.09 ± 0.004 (1) 31.57 ± 3.27 (350.77)
+300 nM BMS-599626 0.08 ± 0.006 (0.89) 29.82 ± 3.01 (331.33)

+25 µM MK571 0.09 ± 0.008 (1) 3.09 ± 0.04 (34.33) *

Treatment
IC50 ± SD a (µM) (FR b)

HEK293/pcDNA3.1 HEK293/ABCC10

Vincristine 0.08 ± 0.009 (1) 1.09 ± 0.02 (13.62)
+100 nM BMS-599626 0.09 ± 0.10 (1.1) 0.61 ± 0.005 (7.62)
+300 nM BMS-599626 0.07 ± 0.008 (0.87) 0.50 ± 0.007 (6.25)

+300 nM Cepharathine 0.07 ± 0.006 (0.87) 0.23 ± 0.003 (2.87) *
a IC50 values are represented as mean ± SD of at least three independent experiments performed in triplicates. b FR:
Resistance fold is the ratio of the IC50 values of substrates in the presence or absence of inhibitor to the IC50 of
parental cells without inhibitor. (*) specifies p < 0.05 compared to control group.

2.5. BMS-599626 Increases the Intracellular Accumulation of [3H]-Mitoxantrone in ABCG2-Overexpressing
Cell Sublines

The effect of treatment with 100 and 300 nM BMS-599626 on the accumulation of [3H]-mitoxantrone
in parental and ABCG2-overexpressing cells was evaluated. As shown in Figure 4A,B, there was
a concentration-dependent increase in the intracellular accumulation of [3H]-mitoxantrone upon
treatment with 100 and 300 nM BMS-599626 in ABCG2-overexpressing cells as compared to control. The
increase in the accumulation of [3H]-mitoxantrone was higher upon treatment with 300 nM BMS-599626
compared with Ko143 in the NCI-H460/MX20-resistant cell line. In addition, in HEK/ABCG2-R482 cells,
the accumulation of [3H]-mitoxantrone upon treatment with 300 nM BMS-599626 was comparable to
that of Ko143.

2.6. BMS-599626 Decreases the Efflux of [3H]-Mitoxantrone in ABCG2-Overexpressing Cells

To determine whether the increase in the intracellular accumulation of [3H]-mitoxantrone was due
to a decrease in the efflux function of ABCG2, the efflux activity of ABCG2 was evaluated in the presence
of BMS-599626. Figure 5 shows that prior to treatment with BMS-599626, ABCG2-overexpressing cell
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lines showed a significantly higher efflux activity compared to parental cell lines. Upon treatment
with 100 and 300 nM BMS-599626, there was a greater inhibition of the efflux of [3H]-mitoxantrone at
300 nM, compared with Ko143 in ABCG2-overexpressing cell lines.
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Figure 4. Effect of BMS-599626 on the intracellular accumulation of [3H]-mitoxantrone in parental cells and
cells overexpressing wild type and mutant ABCG2. Effect of BMS-599626 on the intracellular accumulation
of [3H]-mitoxantrone in (A) NCI-H460 and NCI-H460/MX20 cells and (B) HEK293/pcDNA3.1 and
HEK/ABCG2-R482 cells. Mean values from three independent experiments are given and error bars
indicate SD. (*) indicates p < 0.05 compared to the control group.

Cancers 2020, 12, x 6 of 15 

 

accumulation of [3H]-mitoxantrone in (A) NCI-H460 and NCI-H460/MX20 cells and (B) 
HEK293/pcDNA3.1 and HEK/ABCG2-R482 cells. Mean values from three independent experiments 
are given and error bars indicate SD. (*) indicates p < 0.05 compared to the control group. 

2.6. BMS-599626 Decreases the Efflux of [3H]-Mitoxantrone in ABCG2-Overexpressing Cells 

To determine whether the increase in the intracellular accumulation of [3H]-mitoxantrone was 
due to a decrease in the efflux function of ABCG2, the efflux activity of ABCG2 was evaluated in the 
presence of BMS-599626. Figure 5 shows that prior to treatment with BMS-599626, ABCG2-
overexpressing cell lines showed a significantly higher efflux activity compared to parental cell lines. 
Upon treatment with 100 and 300 nM BMS-599626, there was a greater inhibition of the efflux of [3H]-
mitoxantrone at 300 nM, compared with Ko143 in ABCG2-overexpressing cell lines. 

 
Figure 5. Effect of BMS-599626 on the efflux of [3H]-mitoxantrone. The time course (0, 30, 60 and 120 
min) vs. percent of intracellular [3H]-mitoxantrone in (A) NCI-H460 cells, (B) NCI-H460/MX20 cells, 
(C) HEK293/pcDNA3.1 cells, and (D) HEK/ABCG2-R482 cells. Ko143 was used as a positive control. 
Mean values from three independent experiments are given and error bars indicate SD. (*) indicates 
p < 0.05 compared to control group. 

2.7. BMS-599626 Does not Change the Total or Cell Membrane Expression of ABCG2 

Expression levels of ABCG2 upon treatment with BMS-599626 were determined. Our results 
indicate that the expression level of ABCG2 in the resistant NCI-H460/MX20 (Figure 6A,C) and 
HEK/ABCG2-R482 (Figure 6B,D) cells remained unchanged upon treatment with 300 nM BMS-
599626 for 72 h. Whole uncut blots are shown in Figure S1. 

We further evaluated whether BMS-599626 changed the expression and cellular localization of 
ABCG2 using the immunofluorescence assay. The cells were treated with 300 nM BMS-599626 at 
different time points. As demonstrated in Figure 6E, the ABCG2 transporters are localized on the cell 
membrane of the resistant NCI-H460/MX20 cells. On incubating the cells with 300 nM BMS-599626, 
there was no significant alteration in the subcellular distribution of ABCG2 when examined at 
different time points (0, 24, 48 and 72 h). The effect of long-term treatment of BMS-599626 on protein 
expression or sub-cellular localization warrants further investigation. 

 

Figure 5. Effect of BMS-599626 on the efflux of [3H]-mitoxantrone. The time course (0, 30, 60 and
120 min) vs. percent of intracellular [3H]-mitoxantrone in (A) NCI-H460 cells, (B) NCI-H460/MX20
cells, (C) HEK293/pcDNA3.1 cells, and (D) HEK/ABCG2-R482 cells. Ko143 was used as a positive
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2.7. BMS-599626 Does not Change the Total or Cell Membrane Expression of ABCG2

Expression levels of ABCG2 upon treatment with BMS-599626 were determined. Our results
indicate that the expression level of ABCG2 in the resistant NCI-H460/MX20 (Figure 6A,C) and
HEK/ABCG2-R482 (Figure 6B,D) cells remained unchanged upon treatment with 300 nM BMS-599626
for 72 h. Whole uncut blots are shown in Figure S1.
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Figure 6. Effect of BMS-599626 on the protein expression and subcellular localization of ABCG2. Effect
on the expression of ABCG2 protein after treatment with 300 nM BMS-599626 at different time points
(0, 24, 48 and 72 h) in (A) NCI-H460/MX20 and (B) HEK/ABCG2-R482 cells. GAPDH was used as a
loading control and equal amounts of protein were loaded for each sample. (C,D) Quantification of the
protein expression was done by gray scale values. Error bars are representative of mean ± SD from 3
independent experiments. (E) ABCG2 protein expression in NCI-H460 and NCI-H460/MX20 cells after
incubation with 300 nM BMS-599626 for different time periods (0, 24, 48 and 72 h). DAPI was used to
counterstain the nuclei. Images have been modified by Photoshop software for merged comparison.

We further evaluated whether BMS-599626 changed the expression and cellular localization of
ABCG2 using the immunofluorescence assay. The cells were treated with 300 nM BMS-599626 at
different time points. As demonstrated in Figure 6E, the ABCG2 transporters are localized on the cell
membrane of the resistant NCI-H460/MX20 cells. On incubating the cells with 300 nM BMS-599626,
there was no significant alteration in the subcellular distribution of ABCG2 when examined at different
time points (0, 24, 48 and 72 h). The effect of long-term treatment of BMS-599626 on protein expression
or sub-cellular localization warrants further investigation.

2.8. BMS-599626 Inhibits the ATPase of ABCG2

To ascertain whether BMS-599626 inhibits the ATPase activity of ABCG2, we evaluated the effect
of BMS-599626 on ABCG2-mediated ATP hydrolysis. Our results show that BMS-599626 inhibits the
vanadate-sensitive ATPase activity of ABCG2 (Figure 7) in a concentration-dependent manner with
7.6-fold inhibition of basal activity.
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depict SD obtained from the average of at least three independent experiments.

2.9. Molecular Docking Analysis of the Interaction between BMS-599626 and ABCG2: BMS-599626 Inhibits
the ATPase Activity of ABCG2

The best docking pose of BMS-599626 with human ABCG2 (induced-fit docking (IFD) Glide
gscore: −12.886 kcal/mol) is shown in Figure 8A,B. The predicted ABCG2–BMS-599626 complex
showed that the position of BMS-599626 was most stable at the transmembrane domain of ABCG2 [31].
Hydrogen-bonding interactions mostly occurred between Asn436 in chain B of ABCG2 and the nitrogen
atoms in the morpholine ring, as well as in the carbamoyl group of BMS-599626. In addition, π-π
stacking interactions with the nearby aromatic residues Phe432 and Phe439 on chain A of ABCG2
were predicted, involving the fluorophenyl ring and the indazole group in BMS-599626, respectively.
BMS-599626 was predicted to be stabilized in the drug-binding site of human ABCG2 by hydrophobic
interactions with residues Phe431, Phe432, Phe439, Val546, and Met549 at chain A, and Val401, Leu405,
Phe431, Phe439, Pro485, Phe489, Val546, and Met549 at chain B. Moreover, our results show that the
predicted binding site of BMS-599626 is identical to that of Ko143 at the transmembrane (TM) ligand
binding cavity, with similar hydrophobic interactions with ABCG2 TM helixes TM1b of chain B as
well as TM2 and TM5 of both chains (Figure 8C). This indicates that BMS-599626, similar to Ko143,
can inhibit ABCG2 by blocking access for substrates and hindering conformational changes, thereby
reducing ATPase activity.
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Figure 8. Induced-fit docking (IFD) predicted the best-scored binding pose of BMS-599626 in human
ABCG2 model. (A) Overview of the binding location of BMS-599626 (with crimson surface) in human
ABCG2 (cyan ribbon diagram) and the detailed bonding interactions are shown. The location of
BMS-599626 within the drug-binding cavity shown as a ball and stick model with the following colors:
carbon, orange; hydrogen, white; oxygen, red; nitrogen, blue; and fluorine, green. Important amino
acids are depicted as sticks in the same scheme except with carbon as grey. Dotted yellow lines
and dotted blue lines are indicative of hydrogen-bonding interactions and π-π stacking interactions,
respectively. Values of the relevant distances are provided in Å. (B) The two-dimensional ligand-receptor
interaction diagram of BMS-599626 and human ABCG2. The amino acids within 4 Å are shown as
colored bubbles, polar residues are shown in blue color, and hydrophobic residues are indicated in
green color. Hydrogen bonds and π-π stacking aromatic interactions are shown by the purple arrow and
green lines, respectively. (C) The docked conformations of BMS-599626 (orange) and Ko143 molecules
(purple) into human ABCG2 (6ETI) as stick model is magnified for better view. Important interacting
TMs of ABCG2 are labeled.

3. Discussion

One of the major obstacles in cancer pharmacology is that, with chronic exposure, some tumors
develop resistance to chemotherapeutic agents. This drug resistance cannot be reversed even with
administration of higher doses of these drugs. There is much evidence that overexpression of ABC
transporters leads to MDR [2,4,6,33,34], and that this phenomenon results in increased morbidity
and mortality in cancer patients [14,22,24]. This drug resistance can be circumvented by using
chemotherapeutic agents that are not substrates of ABC transporters, which unfortunately most of
the clinically available first-line chemotherapeutic drugs are. Therefore, using small molecules called
“chemosensitizers”, which inhibit ABC transporters, along with the substrate drugs, may be a potential
treatment strategy which could bypass MDR [33]. Over the last several decades, various compounds
that increase the efficacy of chemotherapeutic agents by inhibiting the activity of ABC transporters
have been reported [11,18,35].

BMS-599626 is highly selective and a very potent pan-HER kinase inhibitor, inhibiting HER1
with an IC50 of 20 nM and HER2 with an IC50 of 30 nM [25]. However, its potential to reverse
ABCG2-mediated MDR has not been reported. The majority of the compounds developed and tested
for reversing ABC transporters exhibit their activity in the micromolar range [8,10,18]. One of the key
and novel findings of this study is the ability of BMS-599626, at concentrations as low as 100 and 300 nM,
to sensitize wild-type and mutant cells overexpressing ABCG2 to substrate drugs. We determined
the non-cytotoxic concentrations of BMS-599626 to be 100 and 300 nM, which were then used for our
reversal experiments. As evident from our reversal studies, treatment with BMS-599626 at 100 and
300 nM significantly reduced the IC50 values of mitoxantrone and topotecan in NCI-H460/MX20, which
are ABCG2-overexpressing cells. The positive control inhibitor, Ko143, showed comparable inhibition.
Studies in the past have shown such comparable inhibition of ABCG2 drug efflux activity [11,36].
Although BMS-599626 sensitized the NCI-H460/MX20 cell line to substrate chemotherapeutic drugs, it
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did not significantly sensitize SW620/AD300 cells (cells overexpressing ABCB1) or KB-CV60 cells (cells
overexpressing ABCC1) to doxorubicin and vincristine, respectively. Moreover, BMS-599626 partially
increased the sensitivity of HEK293/ABCC10 cells to vincristine, suggesting a partial inhibitory effect
on ABCC10. These results indicate that BMS-599626 specifically inhibits ABCG2.

Position 482 is important for the function of the ABCG2 transporter to identify and recognize
drug substrates [29,37]. Polymorphisms in this position can alter the drug specificity, drug and
substrate recognition, and transport function of ABCG2 [37]. While overcoming ABCG2-mediated
MDR in wild-type ABCG2-overexpressing cells is achievable, inhibition of mutant forms of ABCG2 is a
challenge. Recently, the compound venetoclax blocked the function of only wild-type ABCG2 and not
the mutant ABCG2 [8]. This shows that mutations in ABCG2 might result in a change in the transporter
function. Therefore, it was important to examine whether BMS-599626 sensitized the mutant cell lines
to the substrates of ABCG2. Our results demonstrate that BMS-599626 inhibits wild-type ABCG2 as
well as its mutant cell lines HEK/ABCG2-R482G and HEK/ABCG2-R482T, as shown by an increase in
the sensitivity of cell lines to mitoxantrone and topotecan. In addition, BMS-599626 did not sensitize
the parental or ABCG2-overexpressing cell lines to cisplatin.

We further determined the mechanism by which BMS-599626 potently inhibits ABCG2. It is evident
from our accumulation and efflux studies that BMS599626 shows a concentration-dependent increase in
accumulation caused by a decrease in efflux of [3H]-mitoxantrone, consistent with BMS-599626 blocking
the transporter. There are various mechanisms by which inhibitors of ABC transporters exhibit their
inhibitory effects [38]. To rule out the possibility of a decrease in the protein expression of ABCG2,
we carried out immunoblotting, the results of which show that upon treatment with BMS-599626,
the expression of ABCG2 over time (72 h) remained unchanged. Furthermore, there was no change
in the localization of ABCG2 transporter from the cell membrane to the cytoplasm, suggesting that
BMS-599626 does not show its reversal effect by decreasing the expression of ABCG2 protein or altering
its cellular localization, but by inhibiting its efflux function.

ABC transporters function by utilizing the energy obtained by ATP hydrolysis [2,3,12]. The
presence of a substrate or an inhibitor can alter the activity of this enzyme. Previous studies have shown
that inhibitors of ABC transporters can either inhibit or promote ATPase activity [8,11,18]. BMS-599626
at a concentration of 3 µM produced a 7.6-fold inhibition of ATPase activity, indicating an interaction of
BMS-599626 with the drug-binding site of ABCG2. The concentration for the inhibition of ATPase is 10
times higher compared to the chemosensitizing effect of BMS-599626, due to the difference in the models
for both the experiments. While the chemosensitizing effect of BMS-599626 was determined in drug
resistant cell lines, the ATPase assay was performed using membrane vesicles prepared from ABCG2
expressing High-five insect cells. Lastly, our in-silico study indicates that hydrophobic interactions
lead to the stability of BMS-599626 at the drug binding site at the transmembrane domain of ABCG2.
In addition, the low IFD Glide gscore corresponds to stronger binding affinity. In fact, BMS-599626
presented an IFD Glide gscore of −12.886 kcal/mol, which is better than that of other previously reported
reversal compounds [10,11,18]. Thus, in aggregate, our results suggest that BMS-599626 potently inhibits
the efflux function of ABCG2.

4. Materials and Methods

4.1. Reagents

BMS-599626 was provided by Chemie-Tek (Indianapolis, IN, USA). Cell culture reagents: Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin and trypsin were
acquired from Hyclone (GE Healthcare Life Science, Pittsburgh, PA, USA). Monoclonal antibodies
against ABCG2 and GAPDH were obtained from Cell Signaling Technology (Danvers, MA, USA).
Alexa Fluor 488 conjugated goat anti-rabbit IgG secondary antibody was purchased from Thermo
Fisher Scientific Inc. (Rockford, IL, USA). Cisplatin, mitoxantrone and topotecan and positive control
inhibitor of ABCG2 Ko143 were procured from Sigma-Aldrich (St. Louis, MO, USA). [3H]-mitoxantrone
(2.5 Ci/mmol) was a product of Moravek Biochemicals, Inc (Brea, CA, USA).
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4.2. Cell Lines and Cell Culture

The cancer cell line NCI-H460, and its mitoxantrone-selected drug-resistant sublines
NCI-H460/MX20 and HEK293 cells transfected with either pcDNA3.1 empty vector (HEK293/pcDNA3.1)
or wild-type ABCG2 (HEK/ABCG2-R482)-containing vector or its mutant ABCG2 (HEK/ABCG2-R482G
and HEK/ABCG2-R482T) were used for current study of ABCG2 [16]. ABCB1 reversal study was
carried out on the colorectal carcinoma cell line SW620 and its doxorubicin-resistant SW620/AD300 cell
line, whereas the human epidermoid carcinoma cell subline KB-3-1 and its high ABCC1-expressing
KB-CV60 cell subline were used for the ABCC1 reversal study, and HEK293/pcDNA3.1 and
ABCC10-overexpressing HEK293/ABCC10 cells were used for the ABCC10 reversal study [18,39,40].
The HEK293 transfected cells were maintained in media containing G418 (2 mg/mL). All the other cell
lines were cultured in DMEM containing FBS (10%) and penicillin-streptomycin (1%). The cell lines
were incubated at 37 ◦C and 5% CO2.

4.3. Cytotoxicity Assay

The MTT assay was carried out to determine the cytotoxicity of BMS-599626 in parental and
ABCB1-, ABCG2-, ABCC1- and ABCC10-overexpressing sublines. Cells were trypsinized, resuspended
and 5 × 103 cells per well were seeded in a 96-well plate. After 24 h, the cells were incubated with
or without drugs for 72 h preceded by a 2 h treatment with either BMS-599626 or Ko143. MTT
(3 mg/mL) was added to the cells and the cells were further incubated for another 4 h. Subsequently,
the supernatant was removed and dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals. The absorbance was read in an Opsys microplate reader (Dynex Technologies, Chantilly, VA)
at an absorbance of 570 nm. The concentration at which 50% of cell growth was inhibited (IC50) was
determined as illustrated previously [8,18]. The ratio of the IC50 of the resistant cells to the IC50 of
sensitive cells yielded the resistant folds (Rf). The concentrations of BMS-599626 used for the reversal
studies were 100 and 300 nM. Ko143 was used as positive control for inhibition of ABCG2. Cytotoxicity
assays were conducted in triplicates and each assay was run at least three times.

4.4. [3H]-Mitoxantrone Accumulation Assay

The parental and ABCG2-overexpressing cells were incubated with 0.01 µM radiolabeled-
mitoxantrone for 2 h preceded by incubation with or without BMS-599626 at 100 or 300 nM or
Ko143 at 300 nM. This was followed by washing the cells with PBS and lysing them with lysis buffer.
The lysed cells were added to 5 mL scintillation fluid in scintillation vials. Radioactivity was detected
using a Packard TRI-CARB 1900CA liquid scintillation analyzer.

4.5. [3H]-Mitoxantrone Efflux Assay

The reduction in efflux of radiolabeled mitoxantrone due to the inhibition of ABCG2 was
determined by treating the cells with 0.01 µM [3H]-mitoxantrone for 2 h. The cells were then washed
twice with cold PBS followed by incubation in DMEM with or without BMS-599626 at 100 or 300 nM or
Ko143 at 300 nM. Subsequently, fractions of cell suspensions were collected at various time periods (0,
30, 60, and 120 min). The cells were then lysed with lysis buffer and analyzed as listed in Section 4.4.

4.6. Immunoblotting

Western blotting was performed to determine the change in the expression of ABCG2 upon
treatment with the inhibitor. The cells were lysed following treatment with or without BMS-599626 at
100 or 300 nM and Ko143 at 300 nM at 0, 24, 48 and 72 h. After determining the protein content, equal
60 µg protein aliquots were loaded and resolved by SDS-PAGE and transferred to a PVDF membrane.
The membrane was left for overnight incubation at 4 ◦C with primary monoclonal antibodies against
ABCG2 (1:500 dilution) and GAPDH (1:1000). The membrane was then incubated with horseradish
peroxide (HRP)-conjugated secondary antibody (1:1000) at room temperature for 2 h. Bands were
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detected using an ECL detection system, followed by analysis using ImageJ software (NIH, Bethesda,
MD, USA).

4.7. Immunofluorescence Assay

The parental and ABCG2-overexpressing cells were seeded at a density of 1×104 cells per well
in 24-well plates and the effect of BMS-599626 on the cell surface expression of ABCG2 was assessed
using the immunofluorescence assay as illustrated previously [15,18].

4.8. ATPase Assay

The membrane vesicles of insect cells containing ABCG2 were treated with BMS-599626 (0–40 µM
final concentration) and the ATPase activity was measured as illustrated previously [11,41].

4.9. Molecular Docking Analysis

All molecular docking simulations were carried out in Maestro v11.1 (Schrödinger, LLC, New
York, NY, USA) on a 6-core Xeon processor with a MacOS. The ligand and protein were prepared as
described previously [36]. The cryo-EM structure of human ABCG2 (PDB ID: 6ETI) was used in this
study, and the molecular modeling grid was generated at the drug interacting site by choosing primary
residues (including Ala397, Val401, Leu405, Leu539, Ile547) [14]. The binding poses of BMS-599626
in human ABCG2 from Glide docking (Glide v 7.4, extra precision) were ranked by the Glide E
model value to pick a best docked pose, which was then subject to induced-fit docking (IFD) to get
a more accurate binding simulation. The best scored docking pose simulated by IFD was analyzed.
The molecular modeling hits were measured and represented as kcal/mol.

4.10. Statistical Analysis

The experimental results are presented as the mean of three or more individual experiments.
Deviations from the mean are presented as mean ± SD. ANOVA was used to determine a statistical
significance of p < 0.05.

5. Conclusions

BMS-599626, a pan-HER kinase inhibitor, is currently being investigated in patients with advanced
solid malignancies. The findings of our study, for the first time, show that BMS-599626, at concentrations
as low as 300 nM, antagonizes ABCG2-mediated MDR. Our results demonstrate that BMS-599626
increases the sensitivity of ABCG2-overexpressing cells to the substrates of ABCG2 and enhances the
drug accumulation of ABCG2 substrates. BMS-599626 was found to inhibit the drug efflux activity
of ABCG2 without altering the expression of ABCG2 protein or its cellular localization. We hereby
propose that BMS-599626 be considered for use in combination with substrates of ABCG2 to improve
cancer therapy.
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Author Contributions: Conceptualization, Y.V.A., J.Z., P.G. and Z.-S.C.; methodology, Y.V.A., J.Z., P.G., Q.-X.T.,
Z.-N.L. and S.L.; resources, S.L. and S.V.A.; writing—original draft preparation, Y.V.A.; writing—review and
editing, P.G., S.E.R., J.W. and Z.-S.C.; supervision, S.E.R. and Z.-S.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by Department of Pharmaceutical Sciences, St. John’s University.
S.L and S.V.A were supported by The Intramural Research Program of the National Institute of Health, National
Cancer Institute, Center for Cancer Research.

Acknowledgments: The authors are thankful to Susan E. Bates (Columbia University, NY, USA) and Robert W.
Robey (NIH, MD, USA) for providing SW620, SW620/AD300, NCI-H460/MX20, and ABCG2-transfected cell lines.
We would like to extend our gratitude to Shin-Ichi Akiyama for providing KB-3-1 and KB-CV60 cell lines and to

http://www.mdpi.com/2072-6694/12/9/2502/s1


Cancers 2020, 12, 2502 13 of 15

Mark F. Rosenberg (University of Manchester, Manchester, UK) and Zsolt Bikádi (Virtua Drug Ltd., Budapest,
Hungary) for providing coordinates for the ABCG2 homology model. Our sincere thanks to Tanaji T. Talele
(St. John’s University, New York, NY, USA) for providing the computing resources for docking analysis. We thank
Chemie-Tek (Indianapolis, IN, USA) for providing us with a free sample of BMS-599626.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Amawi, H.; Sim, H.-M.; Tiwari, A.K.; Ambudkar, S.V.; Shukla, S. ABC Transporter-Mediated
Multidrug-Resistant Cancer. In Drug Transporters in Drug Disposition, Effects and Toxicity; Liu, X., Pan, G.,
Eds.; Springer: Singapore, 2019; Volume 1141, pp. 549–580. ISBN 9789811376467.

2. Kathawala, R.J.; Gupta, P.; Ashby, C.R.; Chen, Z.-S. The modulation of ABC transporter-mediated multidrug
resistance in cancer: A review of the past decade. Drug Resist. Updates 2015, 18, 1–17. [CrossRef] [PubMed]

3. Robey, R.W.; Pluchino, K.M.; Hall, M.D.; Fojo, A.T.; Bates, S.E.; Gottesman, M.M. Revisiting the role of ABC
transporters in multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452–464. [CrossRef] [PubMed]

4. Ceballos, M.P.; Rigalli, J.P.; Ceré, L.I.; Semeniuk, M.; Catania, V.A.; Ruiz, M.L. ABC Transporters: Regulation
and Association with Multidrug Resistance in Hepatocellular Carcinoma and Colorectal Carcinoma.
Curr. Med. Chem. 2019, 26, 1224–1250. [CrossRef] [PubMed]

5. Nielsen, D.L.; Palshof, J.; Brünner, N.; Stenvang, J.; Viuff, B.M. Implications of ABCG2 Expression on
Irinotecan Treatment of Colorectal Cancer Patients: A Review. Int. J. Mol. Sci. 2017, 18, 1926. [CrossRef]

6. Beretta, G.L.; Cassinelli, G.; Pennati, M.; Zuco, V.; Gatti, L. Overcoming ABC transporter-mediated multidrug
resistance: The dual role of tyrosine kinase inhibitors as multitargeting agents. Eur. J. Med. Chem. 2017, 142,
271–289. [CrossRef]

7. Wen, Y.; Zhao, R.; Gupta, P.; Fan, Y.; Zhang, Y.; Huang, Z.; Li, X.; Su, Y.; Liao, L.; Xie, Y.-A.; et al. The
epigallocatechin gallate derivative Y6 reverses drug resistance mediated by the ABCB1 transporter both
in vitro and in vivo. Acta Pharm. Sin. B 2019, 9, 316–323. [CrossRef]

8. Wang, J.-Q.; Li, J.Y.; Teng, Q.-X.; Lei, Z.-N.; Ji, N.; Cui, Q.; Zeng, L.; Pan, Y.; Yang, D.-H.; Chen, Z.-S.
Venetoclax, a BCL-2 Inhibitor, Enhances the Efficacy of Chemotherapeutic Agents in Wild-Type
ABCG2-Overexpression-Mediated MDR Cancer Cells. Cancers 2020, 12, 466. [CrossRef]

9. Cui, Q.; Cai, C.-Y.; Gao, H.-L.; Ren, L.; Ji, N.; Gupta, P.; Yang, Y.; Shukla, S.; Ambudkar, S.V.; Yang, D.-H.; et al.
Glesatinib, a c-MET/SMO Dual Inhibitor, Antagonizes P-glycoprotein Mediated Multidrug Resistance in
Cancer Cells. Front. Oncol. 2019, 9, 313. [CrossRef]

10. Gupta, P.; Gao, H.-L.; Ashar, Y.; Karadkhelkar, N.; Yoganathan, S.; Chen, Z.-S. Ciprofloxacin Enhances the
Chemosensitivity of Cancer Cells to ABCB1 Substrates. Int. J. Mol. Sci. 2019, 20, 268. [CrossRef]

11. Zhang, W.; Fan, Y.-F.; Cai, C.-Y.; Wang, J.-Q.; Teng, Q.-X.; Lei, Z.-N.; Zeng, L.; Gupta, P.; Chen, Z.-S. Olmutinib
(BI1482694/HM61713), a Novel Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor, Reverses
ABCG2-Mediated Multidrug Resistance in Cancer Cells. Front. Pharmacol. 2018, 9, 1097. [CrossRef]

12. Pasello, M.; Giudice, A.M.; Scotlandi, K. The ABC subfamily a transporters: Multifaceted players with
incipient potentialities in cancer. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2020;
Volume 60, pp. 57–71. [CrossRef]

13. Gavai, A.V.; Fink, B.E.; Fairfax, D.J.; Martin, G.S.; Rossiter, L.M.; Holst, C.L.; Kim, S.-H.; Leavitt, K.J.;
Mastalerz, H.; Han, W.-C.; et al. Discovery and preclinical evaluation of [4-[[1-(3-fluorophenyl) methyl]-1
H-indazol-5-ylamino]-5-methylpyrrolo [2, 1-f][1,2,4] triazin-6-yl] carbamic Acid,(3 S)-3-Morpholinylmethyl
Ester (BMS-599626), a selective and orally efficacious inhibitor of human epidermal growth factor receptor 1
and 2 kinases. J. Med. Chem. 2009, 52, 6527–6530. [CrossRef]

14. Jackson, S.M.; Manolaridis, I.; Kowal, J.; Zechner, M.; Taylor, N.M.I.; Bause, M.; Bauer, S.; Bartholomaeus, R.;
Bernhardt, G.; Koenig, B.; et al. Structural basis of small-molecule inhibition of human multidrug transporter
ABCG2. Nat. Struct. Mol. Biol. 2018, 25, 333–340. [CrossRef] [PubMed]

15. Ji, N.; Yang, Y.; Cai, C.-Y.; Lei, Z.-N.; Wang, J.-Q.; Gupta, P.; Shukla, S.; Ambudkar, S.V.; Kong, D.;
Chen, Z.-S. Selonsertib (GS-4997), an ASK1 inhibitor, antagonizes multidrug resistance in ABCB1- and
ABCG2-overexpressing cancer cells. Cancer Lett. 2019, 440–441, 82–93. [CrossRef] [PubMed]

16. Zhang, G.-N.; Zhang, Y.-K.; Wang, Y.-J.; Gupta, P.; Ashby, C.R.; Alqahtani, S.; Deng, T.; Bates, S.E.;
Kaddoumi, A.; Wurpel, J.N.D.; et al. Epidermal growth factor receptor (EGFR) inhibitor PD153035 reverses
ABCG2-mediated multidrug resistance in non-small cell lung cancer: In vitro and in vivo. Cancer Lett. 2018,
424, 19–29. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.drup.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25554624
http://dx.doi.org/10.1038/s41568-018-0005-8
http://www.ncbi.nlm.nih.gov/pubmed/29643473
http://dx.doi.org/10.2174/0929867325666180105103637
http://www.ncbi.nlm.nih.gov/pubmed/29303075
http://dx.doi.org/10.3390/ijms18091926
http://dx.doi.org/10.1016/j.ejmech.2017.07.062
http://dx.doi.org/10.1016/j.apsb.2018.10.001
http://dx.doi.org/10.3390/cancers12020466
http://dx.doi.org/10.3389/fonc.2019.00313
http://dx.doi.org/10.3390/ijms20020268
http://dx.doi.org/10.3389/fphar.2018.01097
http://dx.doi.org/10.1016/j.semcancer.2019.10.004
http://dx.doi.org/10.1021/jm9010065
http://dx.doi.org/10.1038/s41594-018-0049-1
http://www.ncbi.nlm.nih.gov/pubmed/29610494
http://dx.doi.org/10.1016/j.canlet.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30315846
http://dx.doi.org/10.1016/j.canlet.2018.02.040
http://www.ncbi.nlm.nih.gov/pubmed/29518481


Cancers 2020, 12, 2502 14 of 15

17. Xu, L.; Huang, J.; Liu, J.; Xi, Y.; Zheng, Z.; To, K.K.W.; Chen, Z.; Wang, F.; Zhang, Y.; Fu, L. CM082 Enhances
the Efficacy of Chemotherapeutic Drugs by Inhibiting the Drug Efflux Function of ABCG2. Mol. Ther.
Oncolytics 2020, 16, 100–110. [CrossRef] [PubMed]

18. Gupta, P.; Zhang, Y.-K.; Zhang, X.-Y.; Wang, Y.-J.; Lu, K.W.; Hall, T.; Peng, R.; Yang, D.-H.; Xie, N.; Chen, Z.-S.
Voruciclib, a Potent CDK4/6 Inhibitor, Antagonizes ABCB1 and ABCG2-Mediated Multi-Drug Resistance in
Cancer Cells. Cell. Physiol. Biochem. 2018, 45, 1515–1528. [CrossRef] [PubMed]

19. Ambjørner, S.E.B.; Wiese, M.; Köhler, S.C.; Svindt, J.; Lund, X.L.; Gajhede, M.; Saaby, L.; Brodin, B.; Rump, S.;
Weigt, H.; et al. The Pyrazolo [3, 4-d] pyrimidine Derivative, SCO-201, Reverses Multidrug Resistance
Mediated by ABCG2/BCRP. Cells 2020, 9, 613. [CrossRef]

20. Zhang, Y.-K.; Wang, Y.-J.; Gupta, P.; Chen, Z.-S. Multidrug Resistance Proteins (MRPs) and Cancer Therapy.
AAPS J. 2015, 17, 802–812. [CrossRef]

21. Caetano-Pinto, P.; Jansen, J.; Assaraf, Y.G.; Masereeuw, R. The importance of breast cancer resistance protein
to the kidneys excretory function and chemotherapeutic resistance. Drug Resist. Updates 2017, 30, 15–27.
[CrossRef]

22. Hasanabady, M.H.; Kalalinia, F. ABCG2 inhibition as a therapeutic approach for overcoming multidrug
resistance in cancer. J. Biosci. 2016, 41, 313–324. [CrossRef]

23. Yousaf, M.; Ali, M. Modulation of ABCG2 surface expression by Rab5 and Rab21 to overcome multidrug
resistance in cancer cells. Xenobiotica 2020, 988–996. [CrossRef] [PubMed]

24. Khot, M.I.; Downey, C.L.; Armstrong, G.; Svavarsdottir, H.S.; Jarral, F.; Andrew, H.; Jayne, D.G. The role of
ABCG2 in modulating responses to anti-cancer photodynamic therapy. Photodiagn. Photodyn. Ther. 2020, 29,
101579. [CrossRef] [PubMed]

25. Wong, T.W.; Lee, F.Y.; Yu, C.; Luo, F.R.; Oppenheimer, S.; Zhang, H.; Smykla, R.A.; Mastalerz, H.; Fink, B.E.;
Hunt, J.T.; et al. Preclinical Antitumor Activity of BMS-599626, a pan-HER Kinase Inhibitor That Inhibits
HER1/HER2 Homodimer and Heterodimer Signaling. Clin. Cancer Res. 2006, 12, 6186–6193. [CrossRef]
[PubMed]

26. Wu, Z.; Yang, Y.; Wang, G.; Wang, J.; Teng, Q.; Sun, L.; Lei, Z.; Lin, L.; Chen, Z.; Zou, C. Dual TTK/CLK2
inhibitor, CC-671, selectively antagonizes ABCG2-mediated multidrug resistance in lung cancer cells. Cancer
Sci. 2020, 111, 2872–2882. [CrossRef]

27. Ahmed-Belkacem, A.; Pozza, A.; Macalou, S.; Boumendjel, A.; Di Pietro, A. Inhibitors of cancer cell multidrug
resistance mediated by breast cancer resistance protein (BCRP/ABCG2). Anti Cancer Drugs 2006, 17, 239–243.
[CrossRef]

28. Eckenstaler, R.; Benndorf, R.A. 3D structure of the transporter ABCG2—What’s new? Br. J. Pharmacol. 2020,
177, 1485–1496. [CrossRef]

29. Shafran, A.; Ifergan, I.; Bram, E.; Jansen, G.; Kathmann, I.; Peters, G.J.; Robey, R.W.; Bates, S.E.; Assaraf, Y.G.
ABCG2 Harboring the Gly482 Mutation Confers High-Level Resistance to Various Hydrophilic Antifolates.
Cancer Res. 2005, 65, 8414–8422. [CrossRef]

30. Taylor, N.M.I.; Manolaridis, I.; Jackson, S.M.; Kowal, J.; Stahlberg, H.; Locher, K.P. Structure of the human
multidrug transporter ABCG2. Nature 2017, 546, 504–509. [CrossRef]

31. Ripperger, A.; Krischer, A.; Robaa, D.; Sippl, W.; Benndorf, R.A. Pharmacogenetic Aspects of the Interaction
of AT1 Receptor Antagonists with ATP-Binding Cassette Transporter ABCG2. Front. Pharmacol. 2018, 9, 463.
[CrossRef]

32. Zámbó, B.; Bartos, Z.; Mózner, O.; Szabó, E.; Várady, G.; Poór, G.; Pálinkás, M.; Andrikovics, H.; Hegedűs, T.;
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