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Bafetinib (INNO-406) reverses
“multidrug resistance by inhibiting
‘the efflux function of ABCB1 and
s ABCG2 transporters
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© ATP-Binding Cassette transporters are involved in the efflux of xenobiotic compounds and are
responsible for decreasing drug accumulation in multidrug resistant (MDR) cells. Discovered by

© structure-based virtual screening algorithms, bafetinib, a Bcr-Abl/Lyn tyrosine kinase inhibitor,

. was found to have inhibitory effects on both ABCB1- and ABCG2-mediated MDR in this in-vitro

. investigation. Bafetinib significantly sensitized ABCB1 and ABCG2 overexpressing MDR cells to their
anticancer substrates and increased the intracellular accumulation of anticancer drugs, particularly

. doxorubicin and [°H]-paclitaxel in ABCB1 overexpressing cells; mitoxantrone and [*H]-mitoxantrone in

© ABCG2 overexpressing cells, respectively. Bafetinib stimulated ABCB1 ATPase activities while inhibited

. ABCG2 ATPase activities. There were no significant changes in the expression level or the subcellular

. distribution of ABCB1 and ABCG2 in the cells exposed to 3 uM of bafetinib. Overall, our study indicated

. that bafetinib reversed ABCB1- and ABCG2-mediated MDR by blocking the drug efflux function of

. these transporters. These findings might be useful in developing combination therapy for MDR cancer

. treatment.

Cancer cells may involve several mechanisms of drug resistance such as efflux transporters, apoptosis regulation,
. autophagy regulation, DNA repair, and epigenetic regulation to become multi-drug resistance (MDR)'. Among
© these factors, the most prominent one is the increased efflux of chemotherapeutic drug mediated by transmem-
. brane transporters. ATP-binding cassette (ABC) transporters present on plasma membranes are the superfamily
. of 49 members. The energy derived from ATP hydrolysis drives the transport of various endogenous ligands
and exogenous drugs®. ABC transporters share several common structural features including transmembrane
. domains (TMDs) for ligand recognition and transport, as well as nucleotide-binding domains (NBDs) for ATP
* binding and hydrolysis at cytoplasmic site’. It is well established that these ABC transporters, particularly the
. ABC transporter subfamily B member 1 (ABCB1) and -subfamily G member 2 (ABCG2), play an important
: role in inducing MDR in cancer cells*®. Overexpressions of ABCB1 and ABCG2 have been shown to produce
© MDR in various kinds of cancers, such as breast, colon, lung, ovarian cancers and melanomas®-®. Substrates
. of ABCBI included anthracyclines, vinca alkaloid, taxanes, epipodophyllotoxins and so on, while ABCG2 was
. known to transport organic anion conjugates, nucleoside analogues, anthracyclines, methotrexate and flavopir-
: idols’. Hence, it is essential to develop inhibitors of these transporters in order to overcome MDR and retrieve
. the effectiveness of conventional anticancer drugs. Moreover, since ABCB1 and ABCG2 can both be expressed in
: MDR cancer cells', it is more favorable to develop an inhibitor which target at both ABCB1 and ABCG2.
Recently, a number of small molecule kinase inhibitors have been found to interact with ABC transporters
These inhibitors were usually originally designed for other targets in cell-signal network and were found to be
active towards several ABC transporters. These inhibitors were either clinically approved or under evaluation
in clinical trials, such as ibrutinib, icotinib and nilotinib'*-!*. These inhibitors provided a fertile ground for the
discovery of new ABC transporter inhibitors. Computational models constitute a fast and low-cost alternative to
detect potential active compounds. Several pharmacophoric based or quantitative structure activity relationship
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Figure 1. (A) Schematic view of virtual screening workflow on human ABCBI1 and human ABCG2.

(B) The sensitization effects of virtual screened compounds on SW620/Ad300 towards doxorubicin. (C) The
sensitization effects of virtual screened compounds on NCI-H460/MX20 cells towards mitoxantrone.

(D) Chemical structure of bafetinib. (E) Binding geometry of bafetinib into the ABCB1 binding pocket by the
Glide docking algorithms. Residues of the binding pocket are highlighted in red according to their per-residue
interaction scores. Residue labels are omitted for better view except important residues suggested by per-residue
interaction or residues contributed in polar interactions. Carbon atoms of bafetinib are highlighted in orange.
Values of the relevant distances are given in A. (F) Binding geometry of bafetinib into ABCG2 binding pocket.
Color scheme is same as that in panel (E).

(QSAR) based in silico studies on ABCB1 and ABCG2 in recent years have successfully discovered common fea-
tures for ABC transporter binding'>~"”. On the other hand, a large hydrophobic drug binding pocket of ABCB1
inside the TMD was previous illustrated through co-crystallization of mice ABCB1 and its bound inhibitor!®1°.
Several druggable sites on ABCG2 were also reported through mutational experiments?>*!. A recent docking
model reported by Klepsch and collaborators was able to predict ABCB1 inhibitor with accuracy of 76%%2.
Therefore, there is a potential of applying computational models to prescreen potential inhibitors among large
inhibitors library. Though the crystal structure of human ABCB1 and ABCG2 is still lacking, with the help of the
two previously established homology models available to us, we performed a structure-based prescreening of
2571 inhibitors from Selleck Chemicals on ABCB1 and ABCG2. Eight ‘hits’ from virtual screening were evaluated
in vitro. From the presumptive screening results, bafetinib (INNO-406) was identified as a potential inhibitor
simultaneously on both ABCB1 and ABCG2.

Bafetinib (INNO-406) is a novel tyrosine kinase inhibitor designed based on chemical structure of imati-
nib for treating Ber-Abl+ leukemia®?*. It is a potent dual function Ber-Abl kinase and Src family kinase Lyn
inhibitor?. Previously it is reported that bafetinib is a substrate of ABCB1 by stating bafetinib is less effective in
ABCBI1-overexpressing K562/D1-9 cells?*. However, there is no published data indicating the effect of bafetinib
on solid tumor cell lines that do not have Bcr-Abl. Herein in this study, through our in silico screening, we
reported for the first time that bafetinib would be used to augment the effect of chemotherapeutical agents in
ABCBI- and ABCG2-overexpressed tumor cells. The purpose of this study was to demonstrate the MDR reversal
effects of bafetinib and elucidate its potential mechanism.

Results

Bafetinib as a potential ABCB1 and ABCG2 inhibitor through virtual screening. Based on our
previous knowledge that cell signaling inhibitors, such as tyrosine kinase inhibitors, could be possible ABC trans-
porter inhibitors, we performed a virtual screening using inhibitor library of Selleck Chemicals provided by ZINC
database. As shown in Fig. 1A, the 2571 ligands were prepared and docked into both human ABCB1 and ABCG2
homology models previously developed by our group. Seventy-nine matched ligands, whose SP docking results
were in top range in both ABCBI1 and ABCG2 model, were selected and re-docked into ABCB1 model using
Glide XP method. The top 10 ligands from the XP run were dynasore, NVP-BHG712, flunarizine, fexofenadine,
sirtinol, eprosartan, imatinib, baicalin, bafetinib and PRT062607. Among these, NVP-BHG712 and imatinib were
excluded since their effects on ABCB1 and ABCG2 had been previously reported elsewhere. Flunarizine, baicalin
and bafetinib were previously reported as ABCBI1 substrates. Other inhibitors were purchased and examined
for cytotoxicity. All inhibitors have IC,, values larger than 3 uM (Data not shown) therefore their reversal effects
were tested at 3 )M by MTT assay (Fig. 1B,C). Only bafetinib (Fig. 1D) showed significant reversal effects on both
ABCBI- and ABCG2-mediated MDR, and was then used for further study.
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IC,, value £ SD*
SW620 SW620/Ad300 HEK293/pcDNA3.1 HEK/ABCB1
Treatment (1M, Resistance Fold®) | (1M, Resistance Fold®) | (nM, Resistance Fold®) | (nM, Resistance Fold®)

Doxorubicin 0.11+0.02 (1.0) 46.2+2.7 (421.3) 67.9+4.1(1.0) 814.6+ 122.1 (12.0)
+ Bafetinib 1 pM 0.11+0.03 (1.0) 11.34+1.9(103.6)* 53.1+£9.3(0.8) 537.6+119.3(7.9)*
& Bafetinib 3pM 0.08+0.02 (0.7) 1.7+0.3 (15.4)* 787463 (1.2) 81.4+35.2(1.2)"

+ Verapamil 3uM 0.09+0.02 (0.8) 2.3£0.2(21.0)* 72.1+£7.0(1.1) 137.4427.1 (2.0)*
Paclitaxel 0.07 £ 0.01 (1.0) 14.6 2.3 (208.6) 33.8+2.7(1.0) 1352.2 4 42.2 (40.0)
1 Bafetinib 1 pM 0.08+0.01 (1.1) 554 0.8 (78.6)* 37.9+3.5(1.1) 412.2427.9 (122)*
-+ Bafetinib 3uM 0.08+0.02 (1.1) 0.3+0.06 (4.3)* 44.7+3.3(1.3) 58.0+2.6 (1.7)*

+ Verapamil 3pM 0.09+0.02 (1.3) 0.840.1 (11.4)* 35242.3(1.0) 78.6+ 11.8 (2.3)*
Cisplatin 1.8+0.3 (1.0) 1.740.2(0.9) 817.9+96.2 (1.0) 1153.54170.6 (1.4)
+ Bafetinib 1 pM 1.340.1(0.7) 1.8£0.1 (1.0) 8653+ 73.7 (1.1) 971.34+72.5(1.2)
+ Bafetinib 3pM 1.5+0.1 (0.8) 1.7+ 0.2 (0.9) 840.1+68.2 (1.0) 9333+66.4 (1.1)
+ Verapamil 3pM 17402 (0.9) 20405 (1.1) 8225+ 69.6 (1.0) 936.7+£51.3 (1.1)

Table 1. Bafetinib reverses the ABCB1-mediated drug resistance to doxorubicin and paclitaxel in ABCB1-
overexpressing cell lines. *IC, values are represented as mean = SD of three independent experiments
performed in triplicate. ®Resistance fold was calculated by dividing the ICs, values of substrates in the presence
or absence of inhibitor by the ICs, of parental cells without inhibitor. "p < 0.05 versus no inhibitor group.

Bafetinib exhibited a Glide score of —11.8kcal/mol on human ABCBI model. As shown in Fig. 1E, bafetinib
was predicted to bind into the large drug-binding cavity inside TMD of human ABCBI through hydrophobic
interaction with nearby residues. Also, two m-m stacking interactions were predicted between the two pyrimi-
dine rings and phenyl ring of Phe 303. The NH linker formed a hydrogen bond with carbonyl group of GIn990
(-NH--OC-GIn990, 1.8 A). The trifluoromethyl group formed a halogen bond with phenolic group of Tyr310
(-CF;---HO-Tyr310, 2.4 A). Per-residue interactions simulation predicted the importance of Tyr310, Phe336,
Phe983, Met986, Ala987 and GIn990 as shown in Fig. 1E.

Similarly, bafetinib was found to be stabilized into TMD of human ABCG2 mainly through hydrophobic
interactions with a Glide XP score of —9.6 kcal/mol. Moreover, a cation-T interaction was found between the
pyrrolidine nitrogen atom and imidazole ring of His630. The N, atom of pyrimidine ring formed a hydrogen
bond with phenolic group of Tyr570 (-N;--HO-Tyr570, 2.1 A). The NH linker formed another hydrogen bond
with hydroxyl oxygen of Ser486 (-NH---OH-Ser486, 1.9 A). Per-residue interaction simulation predicted the
importance of Ser486, Phe489 and Leu581 as shown in Fig. 1E.

Bafetinib sensitized ABCB1-overexpressing cells to ABCB1 substrate chemotherapeutic
drugs. A non-toxic concentration of bafetinib (3 pM) was selected to evaluate its reversal effects
(Supplementary Information). Doxorubicin-selected SW620/Ad300 cells had a much higher ICj, value to doxo-
rubicin as well as to another ABCBI1-substrate paclitaxel than that in parental SW620 cells. Significant reduction
in IC;, values were observed followed by treatment of 1 pM or 3 uM bafetinib in SW620/Ad300 cells as shown
in Table 1. Meanwhile, treatment of bafetinib did not significantly change the IC, values of doxorubicin and
paclitaxel in parental SW620 cells. Similarly, significant decrease of IC, values of doxorubicin and paclitaxel were
also observed in bafetinib-treated group of transfected HEK/ABCB1 cells as compared to non-treatment group.
Cisplatin, which is not a substrate of ABCB1, was used as a negative control. Verapamil at 3 1M was used as a
positive control to evaluate the effects of bafetinib. Reversal effects of bafetinib at 3 .M were comparable to that
of 3pM of verapamil.

Bafetinib sensitized both wild-type and mutant ABCG2-overexpressing cells to ABCG2 sub-
strate chemotherapeutic drugs. It has been previously reported that mutations at Arg482 in ABCG2
might alter the substrate and inhibitor specificity of ABCG2. Therefore, we examined both wild-type (R482)
and mutant (R482G and R482T) ABCG2 in the present study. As shown in Table 2, bafetinib significantly
decreased the ICs, values of mitoxantrone and SN-38 in HEK/ABCG2-R482, HEK/ABCG2-R482G and HEK/
ABCG2-R482T cells in a concentration dependent pattern. In addition, the reversal effect was also analyzed in
parental NCI-H460 and ABCG2-overexpressing NCI-H460/MX20 cells. A similar reversal effect was noticed in
NCI-H460/MX20 cells as shown in Table 3. Effects of bafetinib at 3 .M were found to be more potent than that
of 3uM FTC, which is used as a positive control. Decreases in ICs, values were also observed in NCI-H460 cells
after treatment of 3 pM bafetinib and FTC.

Bafetinib increased intracellular accumulation of doxorubicin or mitoxantrone in ABCB1- or
ABCG2- overexpressing cells. In order to investigate the potential mechanism by which bafetinib sensi-
tized ABCB1- or ABCG2-overexpressing cells, we determined the intracellular accumulation level of doxorubicin
or mitoxantrone based on their own fluorescence. As shown in Fig. 2A,B, doxorubicin-associated fluorescence
occurred mainly in the nuclei of SW620 and HEK293/pcDNA3.1 cells. The fluorescences of doxorubicin in resist-
ant SW620/Ad300 and HEK/ABCBI cells were weaker than that in parental cells while no significant nuclei
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Mitoxantrone 59.14+7.2 (1.0) 310.1423.7 (5.2) 677.670.8 (11.5) 470.7+21.6 (7.9)
+ Bafetinib 1 pM 53.745.5(0.9) 122.04+14.9 (2.1)* 186.9+31.8 (3.2)* 105.2412.7 (1.8)*
+ Bafetinib 3pM 57.445.2(0.9) 82.5+4.9 (1.4)* 65.84+3.4 (L.1)* 52.6+ 6.8 (0.9)*
+ FTC3pM 76.249.1(1.3) 94.247.8 (1.6)* 73.84+7.3 (1.3)* 64.14+4.9 (1.1)*
SN-38 224+0.3(1.0) 251424 (11.4) 21.743.6 (9.9) 253445 (11.5)
+ Bafetinib 1 pM 2.840.5(1.3) 14.94+0.9 (6.8)* 115409 (5.2)* 12.7+2.3 (5.8)
+ Bafetinib 3pM 2.540.1 (L.1) 2.8+0.3(1.3)* 27402 (1.2)* 3.640.5 (1.6)*
+ FTC3pM 2.140.2(1.0) 2.240.3 (1.0)* 2440.1 (L1)* 2.340.3 (1.0)*
Cisplatin 864.3477.2 (1.0) 849.5+97.8 (1.0) 889.94 117.5 (1.0) 887.3+78.3 (1.0)

+ Bafetinib 1 pM

885.5+123.6 (1.0)

857.6 107.7 (1.0)

845.5+75.3 (1.0)

849.5+68.1 (1.0)

-+ Bafetinib 3uM

959.6+133.7 (1.1)

933.0£119.4 (1.1)

877.6+83.9 (1.0)

925.54+102.9 (1.1)

+ FTC3pM

808.5+88.7 (0.9)

846.8+ 87.8 (1.0)

815.2482.5(0.9)

801.14 1121 (0.9)

Table 2. Bafetinib reverse the ABCG2-mediated drug resistance to mitoxantrone and SN-38 in wild-type
and mutant ABCG2-transfected cell lines. *IC;, values are represented as mean + SD of three independent
experiments performed in triplicate. ®: Resistance fold was calculated by dividing the IC;, values of substrates in
the presence or absence of inhibitor by the IC, of parental cells without inhibitor. p < 0.05 versus no inhibitor
group.

Mitoxantrone

0.06 £ 0.01 (1.0)

35.445.4(590.1)

+ Bafetinib 1 pM

0.0540.01 (1.3)

1.6+0.5(26.7)*

+ Bafetinib 3pM

0.04 £ 0.003 (0.7)*

0.7£0.1 (11.7)*

+ FTC3pM 0.04 4 0.007 (0.7)* 14402 (233)*
SN-38 0.0740.01 (1.0) 8.7+ 1.7 (124.7)
+ Bafetinib 1 pM 0.0840.01 (1.1) 2.340.6 (32.9)*
+ Bafetinib 3pM 0.04 4 0.005 (0.6)* 0.440.1(5.7)*
+ FTC 3uM 0.05 - 0.003 (0.7)* 0.940.2 (12.9)*
Cisplatin 12402 (1.0) 1.14+0.3 (1.0)

+ Bafetinib 1 pM 1.1+0.1(0.9) 1.1+0.2(1.0)
+ Bafetinib 3pM 1.3+0.1(1.1) 13+02(1.2)
+ FTC3uM 1.1+0.3(0.9) 14+03(1.3)

Table 3. Bafetinib reverses the ABCG2-mediated drug resistance to mitoxantrone and SN-38 in parental
and drug-selected ABCG2-overexpressing cell lines. *IC;, values are represented as mean + SD of three
independent experiments performed in triplicate. "Resistance fold was calculated by dividing the ICs, values of
substrates in the presence or absence of inhibitor by the ICs, of parental cells without inhibitor. ‘p < 0.05 versus
no inhibitor group.

accumulation was observed, several fluorescence spots were observed on the cell membranes. Pretreatment of the
resistant cells with bafetinib increased the fluorescence intensity in resistant cells. The intracellular localization
of doxorubicin in bafetinib-pretreated resistant cells was the same as that in the parental cells. Bafetinib had no
significant effects on the intracellular accumulation or distribution of doxorubicin in the parental cells.

Similarly as shown in Fig. 2C,D, the mitoxantrone-associated fluorescence was distributed in the cytoplasm
and the nuclei of parental NCI-H460 and HEK293/pcDNA3.1 cells. In contrast, fluorescence signals showed
that low level of mitoxantrone was accumulated in resistant NCI-H460/MX20 and HEK/ABCG2-R482 cells.
Furthermore, a membrane distribution pattern was shown in HEK/ABCG2-R482 cells. Pretreatment of the resist-
ance cells with bafetinib also significantly increased the fluorescence intensity in resistant cells, but not significant
change the intracellular accumulation pattern in the parental cells.

Effects of bafetinib on the cellular accumulation of [*H]-paclitaxel or [*H]-mitoxantrone.
[*H]-paclitaxel was used to further access and compare the quantitative accumulation of paclitaxel in parental
and ABCB1-mediated MDR cells with or without inhibitor. As shown in Fig. 2E, intracellular [*H]-paclitaxel
level in SW620/Ad300 cells was approximately 50-fold lower than that in the SW620 cells after 2h incubation.
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Figure 2. Doxorubicin accumulation fluorescence in (A) SW620 and SW620/Ad300 cells, (B) HEK293/
pcDNA3.1 and HEK/ABCBI cells pretreated or non-pretreated with bafetinib at 3 .M. Mitoxantrone
accumulation fluorescence in (C) NCI-H460 and NCI-H460/MX20 cells, (D) HEK293/pcDNA3.1 and HEK/
ABCG2-R482 cells pretreated or non-pretreated with bafetinib at 3 uM. Scale bar, 10 pm. The effects of bafetinib
on accumulation of [*H]-paclitaxel in (E) SW620 and SW620/Ad300 cells, (F) HEK293/pcDNA3.1 and HEK/
ABCBI cells. Effects of bafetinib on accumulation of [*H]-mitoxantrone in (G) NCI-H460 and NCI-H460/
MX20 cells, (H) HEK293/pcDNA3.1 and HEK/ABCG2-R482 cells. Error bars represent the SD. *p < 0.05
versus the control group. Verapamil 3 uM or FTC 3 pM is used as positive control for ABCB1- or ABCG2-
overexpressing cells respectively.

Pretreatment of 1 .M bafetinib increased the intracellular [*H]-paclitaxel by 2-fold; while pretreatment of 3 uM
bafetinib increased the intracellular [*H]-paclitaxel by 15.5-fold. Verapamil at 3 .M increased the intracellular
[*H]-paclitaxel by 9.9-fold and was used as positive control. Similar trend was observed in HEK293/pcDNA3.1
and HEK/ABCBI pair of cells as shown in Fig. 2F.

Similarly, after 2 h of accumulation, intracellular [*H]-mitoxantrone in NCI-H460/MX20 cells was at around
33.9% of that accumulated in NCI-H460 cells. Pretreatment of bafetinib increased the intracellular level of
[*H]-mitoxantrone in a concentration-dependent pattern; pretreatment of 3 .M bafetinib increased the intracel-
lular level of [*H]-mitoxantrone in MDR cells to 83.7% of that in parental cells. FTC at 3uM was used as positive
control inhibitor for ABCG2. Consistent pattern was observed in transfected HEK/ABCG2-R482 and its paren-
tal HEK293/pcDNA3.1 cells. Bafetinib and FTC also increased the accumulation level of [*H]-mitoxantrone in
NCI-H460 cells but not in HEK293/pcDNA3.1 cells.
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Figure 3. Time courses verses percentage of intracellular [*H]-paclitaxel remaining was plotted to show effects
of bafetinib in (A) SW620, (B) SW620/Ad300, (C) HEK293/pcDNA3.1 and (D) HEK/ABCBI cells. Time
courses verses percentage of intracellular [*H]-mitoxantrone remaining was plotted in treated and non-treated
(E) NCI-H460, (F) NCI-H460/MX20, (G) HEK293/pcDNA3.1 and (H) HEK/ABCG2-R482 cells. *p < 0.05
versus the control group. Verapamil 3pM or FTC 3 1M is used as positive control for ABCB1- or ABCG2-
overexpressing cells respectively.

Effects of bafetinib on the efflux time-course of [*H]-paclitaxel or [*H]-mitoxantrone.
[*H]-paclitaxel efflux occurred in the MDR and parental cells after removal of [*H]-paclitaxel from the culture
medium. As shown in Fig. 3A, SW620 cells lost 22% of the normalized intracellular [*H]-paclitaxel at the end of
2h efflux. Meanwhile, more than 90% loss of normalized [*H]-paclitaxel accumulation was observed in SW620/
Ad300 cells (Fig. 3B). Consistently, only less than a 20% loss of normalized [*H]-paclitaxel occurred in HEK293/
pcDNA3.1 cells (Fig. 3C). In contrast, HEK/ABCBI cells lost more than 60% of accumulated [*H]-paclitaxel
(Fig. 3D). Treatment with bafetinib or ABCBI inhibitor verapamil increased the retention of [*H]-paclitaxel in
ABCBI1-overexpressing cells. Effects of bafetinib followed a concentration-dependent pattern and 3 pM bafetinib
exhibited 54% or 62% of [*H]-paclitaxel retention in SW620/Ad300 cells or HEK/ABCBI cells, respectively.
Neither bafetinib nor verapamil significantly altered eftlux pattern in parental cells.

Furthermore, as shown in Fig. 3E,F, untreated NCI-H460/MX20 cells lost 49% of the normalized intracel-
lular [*H]-mitoxantrone, while its parental NCI-H460 lost 22% of the normalized [*H]-mitoxantrone. With the
treatment of 3 pM bafetinib, only 19% of intracellular accumulated [*H]-mitoxantrone was lost after same time
of efflux as compared to non-treated group. Consistently as shown in Fig. 3G,H, treatment with 3 .M bafetinib
significantly increased the [*H]-mitoxantrone retention in HEK/ABCG2-R482 cells however not in HEK293/
pcDNA3.1 cells. FTC at 3uM was used to evaluate inhibitory effects of bafetinib on ABCG2 as a positive control.

Bafetinib did not change the expression level and the intracellular localization of ABCB1 or
ABCG2 in cells overexpressing ABCB1 or ABCG2 respectively. ABCBI and ABCG2 expression levels
were demonstrated with Western blotting analysis. As previously reported, the monoclonal antibody C219 spe-
cifically detects a 170-kDa ABCB1 in SW620/Ad300 cells and the monoclonal antibody BXP-21 detects a 72-kDa
ABCG2 in NCI-H460/MX20 cells®. Samples were taken at a 24 h interval after exposure to 3 uM bafetinib. As
shown in Fig. 4A,B, the treatment of 3 uM bafetinib up to 72 hours did not significantly change the expression
level of ABCBI or ABCG2 in SW620/Ad300 or NCI-H460/MX20 cells respectively at any time points. Beta-actin
at 42kDa was used as loading control for Western blotting analysis.

As shown in Fig. 4C,D by immunofluorescence staining, ABCBI transporters showed a membrane-located
pattern in SW620/Ad300 and HEK/ABCBI cells. The incubation of these cells with 3 uM bafetinib did not sig-
nificantly alter the subcellular distribution pattern of ABCB1 when compared to control at any time point at 24h
interval. ABCG2 transporters showed a similar membrane-located pattern in NCI-H460/MX20 cells (Fig. 4E)
and HEK/ABCG2-R482 cells (Fig. 4F), while few transporters are located in the cytoplasm near nuclei. These
distribution patterns are not altered by treatment of 3 pM bafetinib.
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Figure 4. (A) The effect of bafetinib at 3;u\M on the expression levels of ABCB1 in SW620/Ad300 cells for 24,
48 and 72 h. (B) The effect of bafetinib at 3 1M on the expression level of ABCG2 in NCI-H460/MX20 cells for
24, 48 and 72 h. Equal amounts of total cell lysate were used for each sample. The effect of bafetinib at 3 .M on
the subcellular localization of ABCBI in ABCB1-overexpressing (C) SW620/Ad300 cells and (D) HEK/ABCB1
cells for 24, 48 and 72 h. The effect of bafetinib at 3 pM on the subcellular localization of ABCG2 in ABCG2-
overexpressing (E) NCI-H460/MX20 cells and (F) HEK/ABCG2-R482 cells. Scale bar, 10 pm. PI (propidium
Todide, red) counterstains the nuclei.

Bafetinib stimulated ATPase activity of ABCB1 and inhibited ATPase activity of ABCG2.
ABCBI- or ABCG2-mediated ATP hydrolysis in the presence of bafetinib at various concentrations from 0 to
40 M was measured to assess the effect of bafetinib on the ATPase activity of ABCB1 or ABCG2, respectively.
Bafetinib stimulated the ATPase activity of ABCB1 in a concentration-dependent manner, with a maximal stimu-
lation of 2-fold of the basal activity as shown in Fig. 5A,B. Interestingly, bafetinib inhibited the ATPase activity of
ABCG2 in a concentration-dependent manner, with a maximal inhibition of 47% of the basal activity (Fig. 5C,D).
Figure 5 demonstrates that the concentration of bafetinib required to obtain 50% of maximal stimulation or inhi-
bition is 0.64 pM or 2.97 uM for ABCB1 or ABCG2 respectively.

Discussion

As previously reported, several small molecule cell signaling inhibitors, particularly tyrosine kinase inhibitors,
are potent inhibitors of ABC transporters>'?. Therefore, it is of great value and interest to us to discover novel
inhibitors of ABC transporter from these kinase inhibitors. As cancer cells may develop MDR via different types
of ABC transporters, inhibitor for single ABC transporter may not be effective. For example colon cancer cell
may become MDR via ABCB1 (SW620/Ad300 cells) or via ABCG2 (S1-M1-80 cells). Therefore, in this study, we
aimed to find the ‘hits’ for both ABCB1 and ABCG2. With the 3D structures of human homology ABCB1 and
ABCG2, we were able to perform a structure-based in silico screening to filter possible inhibitors through large
ligand database. Our top scoring ligands screened through our virtual screening protocol included previously
reported potent ABCB1 and ABCG2 inhibitors imatinib® and a weak inhibitor NVP-BHG712%. flunarizine®,
and ABCBI substrate baicalin®!. These results indicated great potential and validity of our screening protocol.
Among the candidates, bafetinib at its non-toxic concentration of 3 uM was demonstrated as a potent inhibitor
for both ABCB1 and ABCG2.
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Figure 5. Effect of bafetinib on orthovanadate (Vi)-sensitive ABCB1 ATPase activity with increased
concentration of bafetinib (0-40 pM). Concentration of bafetinib was plotted at (A) linear or (B) log scale.
Effect of bafetinib on Vi-sensitive ABCG2 ATPase activity with increased concentration of bafetinib (0-40 uM).
Concentration of bafetinib was plotted at (C) linear or (D) log scale.

Our MTT assays showed that doxorubicin-selected SW620/Ad300 cells also acquired resistance towards pacl-
itaxel. This MDR cells had shown to be sensitized toward doxorubicin or paclitaxel by pre-incubation of bafetinib
in a concentration-dependent manner. Beside the fact that bafetinib is reported as a potential ABCBI substrate,
the effects of bafetinib were clearly related to the ABCB1 overexpressed in SW620/Ad300 through our study for
the following reasons. First, bafetinib, at its non-toxic concentration, did not alter the ICs, values of doxorubicin
or paclitaxel on parental SW620 cells, in which ABCB1 is not expressed®**. Second, bafetinib at its non-toxic
concentration did not sensitize SW620/Ad300 cells towards cisplatin, which is not a substrate of ABCBI. Last,
bafetinib exhibited similar reversal effects on ABCB1-transfected HEK/ABCBI cells, in which ABCBI1 is the sole
contributor for multidrug resistance. Therefore, bafetinib reversed MDR in SW620/Ad300 and HEK/ABCBI cells
by targeting at ABCB1 transporters.

Likewise, effect of bafetinib on ABCG2-overexpressing MDR cells NCI-H460/MX20 was related to the
ABCG2 transporter. The decreases of ICy, values in parental NCI-H460 cells may due to moderate level expres-
sion of ABCG?2 as previously reported***. Moreover, site-mutation on target might produce significant differ-
ences in the effectiveness of inhibitor, such as T315I mutation will inactive bafetinib at Bcr-Abl??. Mutation at
position 482 in ABCG2 has been previously demonstrated for affecting inhibitor efficacy such as novobiocin®.
Our results showed that bafetinib could inhibit the activity of both wild-type (R482) and two mutant variant
(R482G and R482T) of ABCG2. Also, our docking simulation of bafetinib at ABCG2 did not predict great con-
tribution of Arg 482 in bafetinib binding.

Furthermore, our study indicated a trend of correlation exists between the potency of doxorubicin or mitox-
antrone and the intracellular accumulation of the compounds. Consistent with previous report, doxorubicin was
mainly accumulated in the cellular nuclei in parental SW620 and HEK293/pcDNA3.1 cells®. The low level of
doxorubicin accumulated in MDR cells may account for its higher ICs, values. Also, light fluorescence detected
doxorubicin near cellular membrane suggested that doxorubicin was pumped out of the cells. Bafetinib treat-
ment significantly increased the intracellular doxorubicin accumulation, providing clues for the mechanisms of
its reversal effects. The level of doxorubicin accumulation was further confirmed and quantified using another
ABCBI substrate [*H]-paclitaxel. Moreover, by plotting the efflux time-course, it is clear that the resistance in
MDR cells is on account of an accelerated efflux and bafetinib, as well as verapamil, acts by inhibiting the drug
efflux. Similarly, mitoxantrone distributed in both cellular nuclei and cytoplasm in parental NCI-H460 and
HEK293/pcDNA3.1 cells¥. The membrane accumulated pattern of mitoxantrone in the MDR cells, especially
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transfected HEK/ABCG2-R482, suggested a process of drug efflux. Treatment of bafetinib in MDR cells was
able to reverse the intracellular mitoxantrone accumulation to the level which is similar within the parental cells.
Therefore, we concluded that bafetinib reversed the ABCB1- or ABCG2-mediated MDR by inhibiting the trans-
ported mediated drug efflux, thereby increasing the intracellular drug accumulation.

Connections between ABC transporters and other cell signaling transducer proteins, such as PKA and PKC,
have been previously reported®. As membrane-bound transporter, ABCB1 or ABCG2 might lose their func-
tion by being down-regulated or translocated into the cytoplasm upon treatment, which could have potentiated
the reversal effects of bafetinib. These hypotheses were examined by our Western blotting and immunofluores-
cence studies. No change in protein expression level or in subcellular location was observed when ABCB1- or
ABCG2-overexpressing cells were treated with bafetinib at 3 M for 24, 48 and 72 h, respectively. Overall, the
reversal effects of bafetinib on ABCBI1 or ABCG2 is therefore related to its direct inhibition of function of these
ABC transporters. It was hypothesized that bafetinib could interact with the ATP-binding pocket in NBD of
ABC transporters, similar to its binding to the ATP-binding pocket on the BCR-Abl kinase. Although inhibi-
tory ATPase activity on ABCG2 as increasing concentration of bafetinib was observed, our docking simulation
predicted low score of bafetinib at ABCG2 ATP binding site (—5.660 kcal/mol)**. On the other hand, increased
ATPase activity on ABCB1 upon increasing concentration of bafetinib suggested that bafetinib might competi-
tively inhibit ABCBI by binding to the drug-binding pocket in TMD. Since NBDs of ABCB1 and ABCG2 exhib-
ited high levels of sequence homology and possessed the similar conserved secondary structure topology as
previous reported®, it is believed that bafetinib bound and stabilized with TMD of ABCG?2 instead of being
transported. Therefore, bafetinib may serve as an actual inhibitor of ABCG2 while as an competitive substrate of
ABCBI. The difference in TMDs of ABCB1 and ABCG2 accounts for their difference in substrates recognition as
well as their responses to bafetinib binding.

In conclusion, this study report that bafetinib reverse ABCB1- and ABCG2-mediated MDR by directly inhib-
iting their efflux functions. These results tentatively suggest that bafetinib could be used in patients with MDR to
augment the clinical response to chemotherapeutic agents that are substrates of ABCB1 and ABCG2.

Materials and Methods

Reagents. Bafetinib, dynasore, fexofenadine, sirtinol, eprosartan mesylate and PRT062607 were pur-
chased or provided as samples from Selleck Chemicals (Houston, USA). Dulbecco’s modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin and trypsin 0.25% were purchased from Hyclone
(GE Healthcare Life Science, Pittsburgh, PA). Bovine Serum Albumin (BSA), monoclonal antibody C219
(against ABCB1), monoclonal antibody BA3R (against beta-actin), Alexa Fluor 488 conjugated goat anti-mouse
IgG secondary antibody, RNase A and SN-38 were purchased from Thermo Fisher Scientific Inc. (Rockford,
IL). Monoclonal antibody BXP-21 (against BCRP) was purchased from GeneTex (Irvine, CA). HRP-labeled
rabbit anti-mouse secondary IgG was purchased from Santa Cruz Biotechnology (Dallas, TX). Monoclonal
antibody P7965 (against ABCB1), paclitaxel, doxorubicin, cisplatin, mitoxantrone, verapamil, 3-(4,5-dimethylth-
iazol-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethylsulfoxide (DMSO), Triton X-100, propidium iodide
and paraformaldehyde were products from Sigma-Aldrich (St. Louis, MO). [*H]-paclitaxel (15 Ci/mmol) and
[*H]-mitoxantrone (2.5 Ci/mmol) were purchased from Moravek Biochemicals, Inc (Brea, CA). The chemicals
used in ATPase assay not included in the kit were same as those in our previous study*. Fumitremorgin C (FTC)
was a gift from Dr. Susan Bates (NIH, Bethsda, MD).

Cell lines and cell culture. Human colon cancer cell line SW620 and its doxorubicin-selected
ABCBI-overexpressing SW620/Ad300 cell line were used for ABCB1 reversal study, non-small cell lung can-
cer cell line NCI-H460 and its mitoxantrone-selected ABCG2-overexpressing NCI-H460/MX20 cells were
used in ABCG2 reversal study. These cells were kindly provided by Drs. Susan Bates and Robert Robey (NIH,
Bethesda, MD). HEK293/pcDNA3.1, HEK/ABCB1, HEK/ABCG2-482R, HEK/ABCG2-R482G and HEK/
ABCG2-R482T were established by transfecting HEK293 cells with either empty pcDNA3.1 vector (HEK293/
pcDNA3.1) or vector containing full length ABCB1 (HEK/ABCB1), wild type ABCG2 (HEK/ABCG2-R482) or
mutant ABCG2 (HEK/ABCG2-R482G and HEK/ABCG2-R482T), and were cultured in a medium containing
2mg/mL of G418. ABCB1-transfected cell lines are provided by Dr. Suresh V. Ambudkar (NIH, Bethesda, MD)
and ABCG2-transfected cell lines are provided by Drs. Susan Bates and Robert Robey (NIH, Bethesda, MD).
All the cell lines were grown as adherent monolayers in flasks with DMEM supplemented with 10% FBS and
1% penicillin/streptomycin in a humidified incubator containing of 5% CO, at 37 °C. All cells were tested every
12 weeks for detection of mycoplasma contamination.

Virtual screening and molecular docking.  Selleck chemicals ligand 2D structures database was down-
loaded from ZINC*! (San Francisco, CA) and were prepared using our previous molecular modeling protocols®.
The human ABCBI homology model based on refined mouse ABCB1 (RCSB ID: 4M1M) was kindly provided
by S. Aller and the grid of 25 A was refined as previously described'®. Our previous grid on human homology
ABCG2 on centroid of Arg482 was used for docking on ABCG2*. Glide HT'VS (high throughput virtual screen-
ing) docking protocol was followed to dock all prepared 5076 structures into ABCB1 and ABCG2 (Schrodinger,
LLC, New York, NY). Top scoring (Glide score) 10% ligands of ABCB1 or ABCG2 were selected respectively and
were subjected to Glide SP (standard precision) docking. Ligands with Glide SP score more than —8.0 kcal/mol
or —7.0kcal/mol were kept respectively for ABCB1 and ABCG2. 79 ligands were selected as overlaps between
ABCBI1 and ABCG2 SP docking results and then submitted to Glide XP (extra precision) docking (Schrodinger,
LLC, New York, NY). The top 10 results were examined visually and 8 compounds were acquired for reversal
MTT assays. All computations were carried out on a 6-core Intel Xeon Processor with a Mac OS. A schematic
view of virtual screening processes was shown in Fig. 1A.
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Cytotoxicity by MTT assay. Modified MTT colorimetric assay was used to detect the cytotoxic-
ity of anticancer drugs with or without modulator agents. 5 x 10° cells were seeded evenly into each well in
96-well microplates and cultured overnight. Bafetinib and parallel control modulators were added 1h prior.
Chemotherapeutic drugs were then added into the designated wells by concentration gradient. After 72h of incu-
bation, 20 pL of MTT solution (4 mg/mL) was added into each well, then the microplate was further incubated
for 4h. Subsequently, the medium was aspirated and 100 pL of DMSO was added to dissolve the formazan crystal
in each well. The absorbance was determined at 570 nm by the OPSYS microplate reader (Dynex Technology,
Chantilly, VA). The ICj, values were calculated from the survival curves using modified Bliss method. Verapamil
was used as a positive control for ABCB1 overexpressing cell lines. FTC was used as a positive control for ABCG2
overexpressing cell lines.

Doxorubicin or mitoxantrone intracellular accumulation and effects of bafetinib.  Cells were
seeded on sterile coated coverslips and were allowed to grow overnight. On the following day, cells were washed
with phosphate-buffered saline (PBS), incubated with or without 3 uM of Bafetinib for 1 h before being treated
with 5uM doxorubicin or mitoxantrone for 2 h, and then examined using fluorescence microscopy. SW620,
HEK293/pcDNA3.1, SW620/Ad300, and HEK/ABCBI cells received doxorubicin treatment. NCI-H460,
HEK293/pcDNA3.1, NCI-H460/MX20 and HEK/ABCG2-R482 were tested for mitoxantrone accumulation.

[3H]-paclitaxel or [3H]-mitoxantrone accumulation assay. The accumulation of [*H]-paclitaxel
in SW620, SW620/Ad300, HEK293/pcDNA3.1 and HEK/ABCB1 was measured in the presence or absence of
inhibitors. Cells were trypsinized, resuspended and pre-incubated with either PBS, bafetinib (1 wM and 3 pM)
or verapamil (3 M) for 1 h. Subsequently, cells were incubated in the medium containing 0.1 pM [*H]-paclitaxel
for 2h in the presence of above treatment. After washing three times with ice cold PBS, the cells were lysised
and placed in 5mL scintillation fluid. Radioactivity was measured in the Packard TRI-CARB 1900CA liquid
scintillation analyzer (Packard Instrument, Downers Grove, IL). Same protocol was followed by using 0.01 pM
[*H]-mitoxantrone in NCI-H460, NCI-H460/MX20, HEK293/pcDNA3.1 and HEK293/ABCG2-R482 cells.

[3H]-paclitaxel or [*H]-mitoxantrone efflux assay. To measure the [*H]-paclitaxel drug efflux, cells
were incubated sequentially with medium with 0.1 wM [*H]-paclitaxel for 2h (accumulation phase), and then
[*H]-paclitaxel-free medium for 2h (efflux phase). Serial aliquots at 0, 30, 60 and 120 min in efflux phase were
taken and analyzed as previously described®. To study the effect of bafetinib on the time course of [*H]-paclitaxel
efflux, cells were pre-exposed to 1 wM or 3 uM bafetinib for 1 hour before being treated with [*H]-paclitaxel con-
taining medium. Then bafetinib and paralled control inhibitor were also added to each phase, respectively. Same
protocol was followed by using 0.01 pM [*H]-mitoxantrone to study ABCG2-mediated drug efflux.

Preparation of total cell lysates and Western blotting. Cell extracts were prepared by incubating
on ice with lysis buffer (10 mM Tris, 1 mM EDTA, 0.1% SDS, 150 mM NaCl, 1% Triton-X and protease inhibi-
tor cocktail) for 20 min, followed by centrifugation at 12,000 x g at 4 °C for 5min. The supernatant containing
total cell lysate was collected and protein concentration was determined by bicinchoninic acid (BCA™) based
protein assay (Thermo Scientific, Rockford, IL). Equal amount of total cell lysates were loaded and separated
by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane. For
ABCBI1-overexpressing cells, the blot was then probed with the primary antibody C219 (dilution 1:200) and
primary antibody BA3R (dilution 1:500). For ABCG2-overexpressing cells, the blot was probed with primary
antibody BXP-21 (dilution 1:500) and primary antibody BA3R (dilution 1:500). Membranes were then further
incubated with HRP-conjugated secondary antibody. The signal was detected using enhanced chemilumines-
cence and exposure of X-ray film.

ABCB1 and ABCG2 ATPase assays. The ABCB1- and ABCG2-associated ATPase activities were meas-
ured by PREDEASY ATPase Kits with modified protocols. Basically, the ABCB1- or ABCG2-membranes were
thawed and diluted. Sodium orthovanadate (Na;VO,) was used as an ATPase inhibitor. Various concentrations
of bafetinib were incubated with membranes for 5min, then the ATPase reactions were initiated by adding
5mM Mg?* ATP. After incubation at 37 for 40 min with brief mixing, luminescence signals of Pi were initiated
and measured. The changes of relative light units were determined by comparing Na;VO,-treated samples with
bafetinib-treated groups.

Immunofluorescence of ABCB1 or ABCG2. Cells were seeded on sterile coated coverslips and were
allowed to grow overnight, followed by treatment with 3 M bafetinib for 24, 48 and 72 h respectively. The cells
were then washed with ice-cold PBS, fixed in 4% paraformaldehyde, permeatabilized by 0.1% Triton X-100 and
then blocked by 6% BSA for 1h. Subsequently, cells were incubated with either monoclonal antibody P7965
against ABCB1 (1:400, for SW620/Ad300 and HEK/ABCBI cells) or monoclonal antibody BXP-21 against
ABCG?2 (1:400, for NCI-H460/MX20 and HEK/ABCG2-R482) overnight, followed by Alexa Fluor 488 conju-
gated secondary antibody (1:2000) for 1h. Propidium iodide/RNase solution was applied to counterstain the
nuclei. Cells were mounted onto glass slides and then examined under fluorescence microscopy.

Fluorescence microscopy. Images were collected using a Nikon TE-2000S fluorescence microscope with
an APO 60x oil immersion lens (Nikon). Propidium iodide, mitoxantrone and doxorubicin fluorescence were
excited and collected with Nikon TRITC HYQ excitation filter combination. The fluorescence of mitoxantrone
was represented using pseudo color (blue) to represent the physical blue color of mitoxantrone liquid. Alexa Fluor
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488 fluorescence was excited and collected with Nikon B1-E filter combinations. The same fluorescence settings
(excitation, lamp power, detector gain and exposure time) were used to image different samples.

Statistics. All data are expressed as mean =+ S.D. from three or more experiments and statistically evaluated
by one-way ANOVA. Differences were considered significant when p < 0.05.

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
. Robey, R. W. et al. Mutations at amino-acid 482 in the ABCG2 gene affect substrate and antagonist specificity. Br ] Cancer 89,

21.
22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

Wu, Q, Yang, Z., Nie, Y., Shi, Y. & Fan, D. Multi-drug resistance in cancer chemotherapeutics: mechanisms and lab approaches.
Cancer Lett 347, 159-166, doi: 10.1016/j.canlet.2014.03.013 (2014).

Dean, M. & Annilo, T. Evolution of the ATP-binding cassette (ABC) transporter superfamily in vertebrates. Annu Rev Genomics
Hum Genet 6, 123-142, doi: 10.1146/annurev.genom.6.080604.162122 (2005).

Zhang, Y. K., Wang, Y. ., Gupta, P. & Chen, Z. S. Multidrug Resistance Proteins (MRPs) and Cancer Therapy. AAPS ] 17, 802-812,
doi: 10.1208/s12248-015-9757-1 (2015).

. Borst, P. & Elferink, R. O. Mammalian ABC transporters in health and disease. Annu Rev Biochem 71, 537-592, doi: 10.1146/

annurev.biochem.71.102301.093055 (2002).

. Fojo, T. & Coley, H. M. The role of efflux pumps in drug-resistant metastatic breast cancer: new insights and treatment strategies.

Clin Breast Cancer 7, 749-756, doi: 10.3816/CBC.2007.n.035 (2007).

. Han, J. Y. et al. Associations of ABCB1, ABCC2, and ABCG2 polymorphisms with irinotecan-pharmacokinetics and clinical

outcome in patients with advanced non-small cell lung cancer. Cancer 110, 138-147, doi: 10.1002/cncr.22760 (2007).

. Matsuo, K. et al. Multidrug resistance gene (MDR-1) and risk of brain metastasis in epithelial ovarian, fallopian tube, and peritoneal

cancer. Am ] Clin Oncol 34, 488-493, doi: 10.1097/COC.0b013e3181ec5f4b (2011).

. Gao, B. et al. Paclitaxel sensitivity in relation to ABCB1 expression, efflux and single nucleotide polymorphisms in ovarian cancer.

Sci Rep 4, 4669, doi: 10.1038/srep04669 (2014).

. Sarkadi, B., Homolya, L., Szakacs, G. & Varadi, A. Human multidrug resistance ABCB and ABCG transporters: participation in a

chemoimmunity defense system. Physiol Rev 86, 1179-1236, doi: 10.1152/physrev.00037.2005 (2006).

Wilson, C. S. et al. Gene expression profiling of adult acute myeloid leukemia identifies novel biologic clusters for risk classification
and outcome prediction. Blood 108, 685-696, doi: 10.1182/blood-2004-12-4633 (2006).

Wang, Y. J., Zhang, Y. K., Kathawala, R. J. & Chen, Z. S. Repositioning of Tyrosine Kinase Inhibitors as Antagonists of ATP-Binding
Cassette Transporters in Anticancer Drug Resistance. Cancers (Basel) 6, 1925-1952, doi: 10.3390/cancers6041925 (2014).

Tiwari, A. K. et al. Nilotinib (AMN107, Tasigna) reverses multidrug resistance by inhibiting the activity of the ABCB1/Pgp and
ABCG2/BCRP/MXR transporters. Biochem Pharmacol 78, 153-161, doi: 10.1016/j.bcp.2009.04.002 (2009).

Wang, D. S. et al. Icotinib antagonizes ABCG2-mediated multidrug resistance, but not the pemetrexed resistance mediated by
thymidylate synthase and ABCG2. Oncotarget 5, 4529-4542, doi: 10.18632/oncotarget.2102 (2014).

Zhang, H. et al. In vitro, in vivo and ex vivo characterization of ibrutinib: a potent inhibitor of the efflux function of the transporter
MRP1. Br ] Pharmacol 171, 5845-5857, doi: 10.1111/bph.12889 (2014).

Nicolle, E. et al. Breast cancer resistance protein (BCRP/ABCG2): new inhibitors and QSAR studies by a 3D linear solvation energy
approach. Eur ] Pharm Sci 38, 39-46, doi: 10.1016/j.€jps.2009.05.012 (2009).

Chen, L, Li, Y., Yu, H., Zhang, L. & Hou, T. Computational models for predicting substrates or inhibitors of P-glycoprotein. Drug
Discov Today 17, 343-351, doi: 10.1016/j.drudis.2011.11.003 (2012).

Ishikawa, T. et al. Quantitative structure-activity relationship (QSAR) analysis to predict drug-drug interactions of ABC transporter
ABCG2. Mini Rev Med Chem 12, 505-514 (2012).

Aller, S. G. et al. Structure of P-glycoprotein reveals a molecular basis for poly-specific drug binding. Science 323, 1718-1722, doi:
10.1126/science.1168750 (2009).

Li, J., Jaimes, K. E & Aller, S. G. Refined structures of mouse P-glycoprotein. Protein Sci 23, 34-46, doi: 10.1002/pro.2387 (2014).

1971-1978, doi: 10.1038/sj.bjc.6601370 (2003).

Algawi, O., Bates, S. & Georges, E. Arginine482 to threonine mutation in the breast cancer resistance protein ABCG?2 inhibits
rhodamine 123 transport while increasing binding. Biochem ] 382, 711-716, doi: 10.1042/BJ20040355 (2004).

Klepsch, E, Vasanthanathan, P. & Ecker, G. E. Ligand and structure-based classification models for prediction of P-glycoprotein
inhibitors. ] Chem Inf Model 54, 218-229, doi: 10.1021/ci400289j (2014).

Santos, F. P, Kantarjian, H., Cortes, J. & Quintas-Cardama, A. Bafetinib, a dual Bcr-Abl/Lyn tyrosine kinase inhibitor for the
potential treatment of leukemia. Curr Opin Investig Drugs 11, 1450-1465 (2010).

Portnow, J. et al. A neuropharmacokinetic assessment of bafetinib, a second generation dual BCR-Abl/Lyn tyrosine kinase inhibitor,
in patients with recurrent high-grade gliomas. Eur J Cancer 49, 1634-1640, doi: 10.1016/j.ejca.2013.01.001 (2013).

Yokota, A. et al. INNO-406, a novel BCR-ABL/Lyn dual tyrosine kinase inhibitor, suppresses the growth of Ph+- leukemia cells in
the central nervous system, and cyclosporine A augments its in vivo activity. Blood 109, 306-314, doi: 10.1182/blood-2006-03-013250
(2007).

Wang, Y. J. et al. Motesanib (AMG706), a potent multikinase inhibitor, antagonizes multidrug resistance by inhibiting the efflux
activity of the ABCB1. Biochem Pharmacol 90, 367-378, doi: 10.1016/j.bcp.2014.06.006 (2014).

Anreddy, N. et al. Tyrosine kinase inhibitors as reversal agents for ABC transporter mediated drug resistance. Molecules 19,
13848-13877, doi: 10.3390/molecules190913848 (2014).

Shen, T. et al. Imatinib and nilotinib reverse multidrug resistance in cancer cells by inhibiting the efflux activity of the MRP7
(ABCC10). Plos One 4, €7520, doi: 10.1371/journal.pone.0007520 (2009).

Kathawala, R. J. et al. The small molecule tyrosine kinase inhibitor NVP-BHG712 antagonizes ABCC10-mediated paclitaxel
resistance: a preclinical and pharmacokinetic study. Oncotarget 6, 510-521 (2015).

Castellino, S. M. et al. Flunarizine enhancement of melphalan activity against drug-sensitive/resistant rhabdomyosarcoma. Br J
Cancer 71, 1181-1187 (1995).

Efferth, T. et al. Activity of drugs from traditional Chinese medicine toward sensitive and MDR1- or MRP1-overexpressing
multidrug-resistant human CCRF-CEM leukemia cells. Blood Cells Mol Dis 28, 160-168 (2002).

Wang, Y. J. et al. Tea nanoparticle, a safe and biocompatible nanocarrier, greatly potentiates the anticancer activity of doxorubicin.
Oncotarget, doi: 10.18632/oncotarget.6711 (2015).

Zhang, Y. K. et al. Semi-synthetic ocotillol analogues as selective ABCB1-mediated drug resistance reversal agents. Oncotarget 6,
24277-24290, doi: 10.18632/oncotarget.4493 (2015).

Galetti, M. et al. Effect of ABCG2/BCRP Expression on Efflux and Uptake of Gefitinib in NSCLC Cell Lines. Plos One 10, €0141795,
doi: 10.1371/journal.pone.0141795 (2015).

Mao, Q. & Unadkat, J. D. Role of the breast cancer resistance protein (ABCG2) in drug transport. AAPS ] 7, E118-133, doi: 10.1208/
aapsj070112 (2005).

Cutts, S. M., Swift, L. P,, Rephaeli, A., Nudelman, A. & Phillips, D. R. Sequence specificity of adriamycin-DNA adducts in human
tumor cells. Mol Cancer Ther 2, 661-670 (2003).

SCIENTIFICREPORTS | 6:25694 | DOI: 10.1038/srep25694 11



www.nature.com/scientificreports/

37. Shen, F. et al. Dynamic assessment of mitoxantrone resistance and modulation of multidrug resistance by valspodar (PSC833) in
multidrug resistance human cancer cells. J Pharmacol Exp Ther 330, 423-429, doi: 10.1124/jpet.109.153551 (2009).

38. Germann, U. A. et al. Characterization of phosphorylation-defective mutants of human P-glycoprotein expressed in mammalian
cells. J Biol Chem 271, 1708-1716 (1996).

39. Zhang, H. et al. WHI-P154 enhances the chemotherapeutic effect of anticancer agents in ABCG2-overexpressing cells. Cancer Sci
105, 1071-1078, doi: 10.1111/cas.12462 (2014).

40. Mares-Samano, S., Badhan, R. & Penny, J. Identification of putative steroid-binding sites in human ABCB1 and ABCG2. Eur ] Med
Chem 44, 3601-3611, doi: 10.1016/j.ejmech.2009.02.027 (2009).

41. Irwin, J. J., Sterling, T., Mysinger, M. M., Bolstad, E. S. & Coleman, R. G. ZINC: a free tool to discover chemistry for biology. ] Chem
Inf Model 52, 1757-1768, doi: 10.1021/¢i3001277 (2012).

42. Huang, X. C. et al. Lamellarin O, a pyrrole alkaloid from an Australian marine sponge, Ianthella sp., reverses BCRP mediated drug
resistance in cancer cells. Mar Drugs 12, 3818-3837, doi: 10.3390/md12073818 (2014).

Acknowledgements

We are thankful to Dr. Susan E. Bates and Robert W. Robey (NIH, USA) for FTC, SW620, doxorubicin-selected
SW620/Ad300, ABCG2-transfected cell lines, and mitoxantrone selected NCI-H460/MX20 cell lines, Dr.
Suresh V. Ambudkar (NIH, USA) for ABCBI-transfected HEK/ABCBI cell line. We thank Dr. Stephen Aller
(The University of Alabama at Birmingham, Birmingham, US) for kindly providing human ABCB1 homology
model. We thank Dr. Mark F. Rosenberg (University of Manchester, Manchester, UK) and Dr. Zsolt Bikadi
(Virtua Drug Ltd., Budapest, Hungary) for providing coordinates of ABCG2 homology model. We thank Selleck
Chemicals (Houston, USA) for providing free samples of dynasore, fexofenadine, sirtinol, eprosartan mesylate
and PRT062607. This work was supported by funds from NIH (No. 1R15CA143701) and St. John’s University
Research Seed Grant (No. 579-1110-7002) to Z.S. Chen.

Author Contributions

Y.-K.Z. and Z.-S.C. designed the experiments. Y.-K.Z., G.-N.Z. and Y.-].W. performed experiments. Y.-K.Z., B.A.P.
and T.T.T. performed and analyzed molecular modeling. Y.-K.Z. and D.-H.Y. performed microscopy. Y.-K.Z.
wrote the manuscript. All authors discussed the results and implications and commented on the manuscript at
all stages.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhang, Y.-K. et al. Bafetinib (INNO-406) reverses multidrug resistance by inhibiting
the efflux function of ABCB1 and ABCG2 transporters. Sci. Rep. 6, 25694; doi: 10.1038/srep25694 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the material. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:25694 | DOI: 10.1038/srep25694 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Bafetinib (INNO-406) reverses multidrug resistance by inhibiting the efflux function of ABCB1 and ABCG2 transporters
	Introduction
	Results
	Bafetinib as a potential ABCB1 and ABCG2 inhibitor through virtual screening
	Bafetinib sensitized ABCB1-overexpressing cells to ABCB1 substrate chemotherapeutic drugs
	Bafetinib sensitized both wild-type and mutant ABCG2-overexpressing cells to ABCG2 substrate chemotherapeutic drugs
	Bafetinib increased intracellular accumulation of doxorubicin or mitoxantrone in ABCB1- or ABCG2- overexpressing cells
	Effects of bafetinib on the cellular accumulation of [3H]-paclitaxel or [3H]-mitoxantrone
	Effects of bafetinib on the efflux time-course of [3H]-paclitaxel or [3H]-mitoxantrone
	Bafetinib did not change the expression level and the intracellular localization of ABCB1 or ABCG2 in cells overexpressing ABCB1 or ABCG2 respectively
	Bafetinib stimulated ATPase activity of ABCB1 and inhibited ATPase activity of ABCG2

	Discussion
	Materials and Methods
	Reagents
	Cell lines and cell culture
	Virtual screening and molecular docking
	Cytotoxicity by MTT assay
	Doxorubicin or mitoxantrone intracellular accumulation and effects of bafetinib
	[3H]-paclitaxel or [3H]-mitoxantrone accumulation assay
	[3H]-paclitaxel or [3H]-mitoxantrone efflux assay
	Preparation of total cell lysates and Western blotting
	ABCB1 and ABCG2 ATPase assays
	Immunofluorescence of ABCB1 or ABCG2
	Fluorescence microscopy
	Statistics

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Bafetinib (INNO-406) reverses multidrug resistance by inhibiting the efflux function of ABCB1 and ABCG2 transporters
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25694
            
         
          
             
                Yun-Kai Zhang
                Guan-Nan Zhang
                Yi-Jun Wang
                Bhargav A. Patel
                Tanaji T. Talele
                Dong-Hua Yang
                Zhe-Sheng Chen
            
         
          doi:10.1038/srep25694
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25694
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25694
            
         
      
       
          
          
          
             
                doi:10.1038/srep25694
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25694
            
         
          
          
      
       
       
          True
      
   




