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Abstract

Background: One of the major concerns of cancer therapy is the emergence of multidrug resistance (MDR). The MDR-associated ATP-
binding cassette sub-family B member 1 (ABCB1) transporter is established to mediate resistance against numerous anticancer drugs. In
this study, we demonstrated that theUbiquitin-likemodifier activating enzyme 1 (UBA1) inhibitor TAK-243 is transported by theABCB1.
Methods: MTT assay was performed to evaluate the cytotoxicity of TAK-243. Western blot was carried out to investigate if TAK-243
affect to ABCB1 protein expression in cancer cells. High Performance Liquid Chromatography (HPLC) and ATPase assay were carried
out to confirm TAK-243 as an ABCB1 substrate. [3H]-paclitaxel accumulation assay was used to determine the MDR reversal effect of
TAK-243. Computational docking analysis was performed to investigate the drug-transporter binding position. Results: The cytotoxicity
profile showed that TAK-243 was less effective in ABCB1-overexpressing cells than in the parental cells, but pharmacological inhibition
or knockout the gene of ABCB1 was able to reverse TAK-243 resistance. Furthermore, TAK-243 potently stimulated ABCB1 ATPase
activity and the HPLC analysis revealed that TAK-243 accumulation was significantly reduced in ABCB1-overexpressing cells. Finally,
the computational docking analysis indicates a high binding affinity between TAK-243 and human ABCB1 transporter. Conclusions:
Our in vitro data characterized TAK-243 as a substrate of ABCB1, which may predict limited anticancer effect of this compound in drug
resistant tumors.
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1. Introduction
ATP-binding cassette (ABC) transporters are

membrane-bound transporters and some of the mem-
bers of this superfamily play an important role in the
energy-dependent efflux of substrate drugs [1]. The well-
established ABC transporters responsible for multidrug
resistance (MDR) are ABCB1/P-gp, ABCG2/BCRP, and
ABCC1/MRP1 [2], which are capable of protecting cancer
cells from a wide range of structurally and mechanistically
unrelated anticancer drugs. These ABC transporters
may also affect to the pharmacokinetics and toxicities
of clinically used anticancer drugs [3,4]. ABCB1 is the
most studied ABC transporter, which was first discov-
ered in 1976 [5]. ABCB1 extrudes neutral or positively
charged hydrophobic chemicals and xenobiotics from
the cells, serving as a protective mechanism in normal
tissues [6]. However, studies on ABCB1 have revealed
that chemotherapeutic agents such as taxanes, vinca
alkaloids and anthracyclines as well as tyrosine kinase
inhibitors (TKIs) such as dasatinib [7], ricolinostat [8] and
GSK-1070916 are substrates of ABCB1 [9]. ABCG2 also
has a diverse substrate profile, including mitoxantrone,
irinotecan, methotrexate, doxorubicin, and TKIs [10,11].

ABCC1 was first identified from a doxorubicin-selected
human small cell lung cancer cell line [12]. Compared with
ABCB1, the substrates of ABCC1 are mostly amphipathic
organic acids with more diverse structures including vinca
alkaloids, anthracyclines and antiandrogens [13,14].

TKIs are small molecular drugs that target spe-
cific oncogenic tyrosine kinase to inhibit the proliferation,
metastasis, invasion, and angiogenesis of cancer cells [15].
Recent studies have shown that some TKIs can reverse
MDRby inhibiting theMDR-relatedABC transporters [16–
19]. Most of the TKIs reverse MDR by downregulating the
expression or blocking the efflux function of ABC trans-
porters, which increase the amount of substrate drugs in
cancer cells [20,21]. Therefore, repurposing TKIs as MDR
modulators may be a potential strategy to combat MDR.
However, it is worth noting that TKIs also are transported
by ABCB1 or ABCG2, leading to suboptimal anticancer ef-
fect in drug resistant tumors [22–25].

TAK-243 is a first-in-class ubiquitin activating en-
zyme (UAE)/UBA1 inhibitor currently under clinical de-
velopment [26,27]. The anticancer effect of TAK-243 is
being evaluated in a clinical trial involving patients with
leukemia (NCT03816319). Both UAE and UBA6 are
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known as E1 enzymes that regulate ubiquitin conjugation
in mammals. UAE, encoded by UBA1 gene, regulates the
charging of over 99% of cellular ubiquitin while UBA6
charges less than 1% of cellular ubiquitin [28]. The protein
ubiquitylation is triggered when UAE catalyzes ubiquitin-
charging for E2 enzymes, which in turns cooperate with
cellular E3 ligases [29]. The clinical success of protea-
some inhibitors gave rise to the development of small-
molecule inhibitors targeting the E1, E2, and E3 units. Sev-
eral inhibitors are currently in clinical development, in-
cluding pevonedistat, CGM097, avadomide, and indisu-
lam [30]. Despite that the preclinical studies have estab-
lished TAK-243 as a potent UBA1 inhibitor, drug resis-
tance remains to be a major concern for targeted therapy.
Several TKIs that target the ubiquitin pathway may in-
teract with MDR-related ABC transporters. Besse et al.
[31] showed that ABCB1 overexpression contributes to
the reduced proteasome-inhibiting effect of carfilzomib but
not bortezomib. MLN4924 was identified as an ABCG2
substrate in previous studies [23,32]. Lenalidomide is a
weak substrate of ABCB1 but not ABCG2 or ABCC1 [33].
PYR41 was shown to prevent the reduction of ABCB1 pro-
tein expression and transport activity levels [34]. There-
fore, it is critical to investigate the potential factors that
predict TAK-243 sensitivity, which provides direction for
the clinical usage. Yasuhisa et al. [35] confirmed that
SLFN11 regulates the sensitivity of leukemia cells to TAK-
243. In SLFN11-KO cells, TAK-243 produced stronger
protein ubiquitylation inhibition than in wide-type cells.
Zhuang et al. [36] suggested that TAK-243 is more effec-
tive in bortezomib- and carfilzomib- resistant cell models.
The significant cytotoxicity was also demonstrated in pri-
mary cells that acquired resistance to doxorubicin, melpha-
lan, or dexamethasone.

While TAK-243 was demonstrated as a transported
substrate of ABCG2 in previous studies [37,38], it is incon-
clusive whether ABCB1 or ABCC1 can interact with TAK-
243. Our results showed that the cytotoxicity of TAK-243
was attenuated in ABCB1-overexpressing cells but not in
ABCC1-overexpressing cells, suggesting that it is a trans-
ported substrate of ABCB1.

2. Materials and methods
2.1 Cell lines

The parental cells and drug-resistant sublines
overexpressing MDR transporters were used in this
study, including human epidermoid carcinoma KB-
3-1, its ABCB1-overexpressing KB-C2 subline and
ABCC1-overexpressing KB-CV60 subline [39,40], human
colon cancer SW620 and its ABCB1-overexpressing
SW620/Ad300 subline [41]. HEK293 with stable
pcDNA3.1- and ABCB1-transfected cell lines were in-
cluded. ABCB1 knockout cell lines SW620-ABCB1ko
and SW620/Ad300-ABCB1ko were established by
CRISPR/CRISPR-associated (Cas) 9 system (unpublished

data). All media were supplemented with 10% of fetal
bovine serum (FBS) and 1% of penicillin-streptomycin.

2.2 Cellular toxicity assay

MTT assay was conducted in accordance with the pre-
vious study [42]. Briefly, cells were harvested, counted,
and seeded at 5 × 103 cells/well in 96-well plates for 24
h. Then cells were treated with different concentrations of
the sample and further incubated for 72 h. After that, MTT
solution was added and incubated for 4 h. Lastly, the so-
lution was removed and DMSO was added to dissolve the
formazan. OD750 value was read on an AccuSkan™ GO
UV/VisMicroplate Spectrophotometer (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA).

2.3 Membrane ATPase assay

The effect of TAK-243 on the vanadate-sensitive AT-
Pase activity of ABCB1 in cell membrane prepared from
High-Five insect cells was measured using the protocol as
previous described [43]. Tepotinib was used as a reference
ABCB1 ATPase inhibitor to evaluate the combination ef-
fect on ABCB1 ATPase activity [16].

2.4 Determination of ABCB1 protein expression level

ABCB1-overexpressing KB-C2 cells were incubated
with TAK-243 for up to 10 days. The total soluble pro-
tein lysates were prepared, subjected to SDS-PAGE, and
transferred to PVDF membranes [44]. To quantify the ex-
pression level of ABCB1, membranes were probed with
anti-ABCB1 monoclonal antibody (C219) (MA1-26528,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The
loading control GAPDH was probed by anti-GAPDH
monoclonal antibody (GA1R) (MA5-15738-D680, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Mouse IgG
HRP conjugates (#7076, Cell Signaling Technology Inc.,
Danvers, MA, USA) were used as secondary antibody.
To visualize the bands, ECL detection reagents were used
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The
protein band densitometry wasmeasured using ImageJ soft-
ware (NIH, MD, USA).

2.5 Quantitative measurement of intracellular TAK-243 by
HPLC

The sample preparation and HPLC setting follows
the previous mentioned protocol with modifications [38].
Cells were harvested, counted, and separated into micro-
centrifuge tubes (1× 106 cell/tubes) and incubated with 20
µM of TAK-243 with or without verapamil for 2 h. Sub-
sequently, samples were collected in 0.5% SDS with ace-
tonitrile and centrifuged at 14,000 rpm for 10 min. The su-
pernatants were collected, purified and subjected to HPLC
analysis.
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2.6 [3H]-paclitaxel accumulation assay

The interaction of TAK-243 and ABCB1 substrate
drug paclitaxel was determined by [3H]-paclitaxel accu-
mulation assay [45]. Briefly, cells were seeded into 24-
well plates overnight. Then, cells were incubated with
plain medium or medium containing TAK-243 or Vera-
pamil. Subsequently, 5 nM of [3H]-paclitaxel was added to
eachwell and incubated for 2 h. At the end, the radioactivity
of samples was quantified by a liquid scintillation analyzer
(Packard Instrument, Downers Grove, IL, USA).

2.7 Computational drug-protein docking analysis

The three-dimensional structure of TAK-243 was con-
structed to perform docking simulation with a human
ABCB1 model 6QEX (obtained from RCSB Protein Data
Bank) as previously described [46,47]. Docking calcula-
tions were performed using AutoDock Vina (version 1.1.2,
Scripps Research, San Diego, CA, USA) and AutoDock-
Tools (ADT, version 1.5.4, Scripps Research, San Diego,
CA, USA) [48]. The top-scoring pose was selected for data
analysis and visualization.

2.8 Statistical analysis

Data are collected from three independent experi-
ments and presented as mean± SD. One-way ANOVAwas
selected for the experimental analysis. The statistical anal-
ysis was performed in GraphPad Prism 8.1 (GraphPad Soft-
ware, Inc, San Diego, CA, USA). A p value below 0.05 was
considered to be statistically significant.

3. Results

3.1 The cytotoxic effect of TAK-243 was attenuated in
ABCB1-overexpressing cells but not
ABCC1-overexpressing cells

To characterize the interaction between TAK-243 and
ABCB1 or ABCC1 transporters, MTT assay was performed
to generate the cytotoxicity profiles (presented in Fig. 1)
and the calculated IC50 values are summarized in Ta-
ble 1. Compared to the parental KB-3-1 cells, ABCB1-
overexpressing KB-C2 cells demonstrated a 37.45-fold re-
sistance to TAK-243 while ABCC1-overexpressing KB-
CV60 cells maintained sensitivity to same level as the
parental KB-3-1 cells. We further confirmed these re-
sults in additional two pairs of ABCB1-overexpressing cell
lines. HEK293/ABCB1 cells showed 10.62-fold resistance
to TAK-243 compared to the parental HEK293/pcDNA3.1
cells. Similarly, drug-resistant SW620/Ad300 cells were
highly (28.46-fold) resistant to TAK-243 compared to
parental SW620 cells. Therefore, our results suggest that
overexpression of ABCB1 but not ABCC1 affects the cy-
totoxic effect of TAK-243 in cancer cells.

3.2 Pharmacological inhibition and knock-out of ABCB1
restore the sensitivity of MDR cells to TAK-243

Since overexpression of ABCB1 resulted in resistance
to TAK-243, reversal studies were conducted to evalu-
ate whether inhibiting ABCB1 can restore the cytotoxic-
ity of TAK-243 in MDR cells. Verapamil, a known sub-
strate of ABCB1 when used as a competitive inhibitor,
was able to significantly enhances the cytotoxic effect
of TAK-243 in ABCB1-overexpressing cells (Fig. 1A,C).
When TAK-243 was co-incubated with verapamil, the fold-
resistance to TAK-243 significantly decreased from 37.45-
to 3.15-fold in KB-C2 cells, and from 10.62- to 1.88-fold
in HEK293/ABCB1 cells. Furthermore, the cytotoxicity of
TAK-243 was not affected in parental cells when combined
with verapamil. The ABCC1 inhibitor MK-571 did not en-
hance TAK-243 cytotoxicity in parental and drug-resistant
cells (Fig. 1B), suggesting TAK-243 is not a substrate of
ABCC1. As shown in Fig. 1D, knockout of ABCB1 gene
also restored the sensitivity of SW620/Ad300 cell to TAK-
243. Furthermore, verapamil did not change the IC50 values
of TAK-243 in ABCB1 knockout cells, suggesting that the
sensitization effect is due solely to ABCB1 inhibition.

3.3 TAK-243 stimulated the ABCB1 ATPase activity

The interaction between ABCB1 and TAK-243 was
evaluated in High-Five insect cell total membrane vesicles
containing the ABCB1 transporter. As shown in Fig. 2A,
TAK-243 in a concentration-dependent manner increased
the ATP hydrolysis mediated by ABCB1. The ABCB1
ATPase activity reached a maximum of 181.3% stimula-
tion when incubated with 20 µM of TAK-243. To further
verify that TAK-243 specifically stimulates ABCB1 AT-
Pase activity, tepotinib was included as an ABCB1 AT-
Pase inhibitor. When the membrane vesicles were incu-
bated with both TAK-243 and tepotinib, the stimulatory ef-
fect of TAK-243 was significantly diminished (stimulation
was decreased from 81.3% to 20.8%). This result shows
that TAK-243 can specifically stimulate ABCB1 ATPase
activity. The cytotoxicity and ATPase data strongly indi-
cate that it is a substrate of ABCB1 transporter.

3.4 Overexpression of ABCB1 reduced the intracellular
accumulation of TAK-243

As an MDR transporter, ABCB1 protects can-
cer cells by extruding substrate drugs into extracel-
lular matrix. To this end, we measured the intra-
cellular TAK-243 accumulation in empty vector trans-
fectant HEK293/pcDNA3.1 cells and gene transfectant
HEK293/ABCB1 and HEK293/ABCC1 cell lines. While
drug-selected cancer cells may acquire other drug resis-
tance mechanisms, the gene-transfected cells ensured that
overexpression of ABC transporters is the sole contribu-
tor to MDR in HEK/ABCB1 and HEK293/ABCC1 cells.
The cells were incubated with TAK-243 for 2 h, followed
by HPLC analysis. Our results demonstrated that the in-
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Fig. 1. The cytotoxic profile of TAK-243 in parental and drug-resistant cell lines. Cell viability curves for (A) KB-3-1 and KB-
C2 cells, (B) KB-3-1 and KB-CV60 cells, (C) HEK293/pcDNA3.1, HEK293/ABCB1, and HEK293/ABCC1 cells, and (D) SW620,
SW620/Ad300, SW620-ABCB1ko, and SW620/Ad300-ABCB1ko cells. Verapamil and MK571 were used as inhibitor of ABCB1 and
ABCC1, respectively. Data are expressed as mean ± SD from three independent experiments.

Fig. 2. TAK-243 stimulated the ABCB1 ATPase activity and was accumulated significantly less in ABCB1-overexpressing
cells. (A) The effect of TAK-243 on ABCB1-mediated ATPase activity at concentration range from 0–20 µM. Tepotinib (5 µM) was
used as an ABCB1 ATPase inhibitor. (B) The intracellular concentration of TAK-243 in HEK293/pcDNA3.1, HEK293/ABCB1 and
HEK293/ABCC1 cells. Verapamil is an ABCB1 inhibitor and MK571 is an ABCC1 inhibitor. Data are expressed as mean ± SD derived
from three independent experiments. *p < 0.05 versus the control group.

tracellular concentration of TAK-243 was 3.7-fold lower in
HEK293/ABCB1 than in HEK293/pcDNA3.1 cells. In ad-
dition, verapamil was able to significantly increase TAK-
243 concentration in HEK293/ABCB1 cells but not in the

HEK293/pcDNA3.1 cells. In contrast, the TAK-243 con-
centrations were similar between HEK293/pcDNA3.1 and
HEK293/ABCC1 cells, and ABCC1 inhibitor MK571 did
not affect the drug accumulation. Therefore, it suggests that
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Table 1. The IC50 of TAK-243 in ABCB1-overexpressing cells.

Treatment
IC_50 value ± SDa (mM, Resistance foldb)

TAK-243 TAK-243+ VPM 5 mM

KB-3-1 0.163 ± 0.043 (1.00) 0.137 ± 0.045 (0.84)

KB-C2 6.096 ± 0.580 (37.45)∗ 0.514 ± 0.228 (3.15)∗

SW620 0.070 ± 0.006 (1.00) 0.064 ± 0.015 (0.92)

SW620/Ad300 1.991 ± 0.225 (28.46)∗ 0.065 ± 0.023 (0.93)

SW620-ABCB1ko 0.030 ± 0.002 (1.00) 0.036 ± 0.002 (1.19)

SW620/Ad300-ABCB1ko 0.035 ± 0.001 (1.14) 0.034 ± 0.002 (1.11)

HEK293/pcDNA3.1 0.042 ± 0.016 (1.00) 0.032 ± 0.006 (0.77)

HEK293/ABCB1 0.441 ± 0.130 (10.62)∗ 0.079 ± 0.026 (1.88)
a IC50 values are represented as mean± SD from three independent exper-
iments.
b Rf: Resistance fold was calculated by dividing the IC50 values of TAK-
243 in drug-resistant cells by the IC50 of TAK-243 in parental cells.
∗ p < 0.05 versus the control.

ABCB1 is able to pump out TAK-243 from ABCB1 over-
expressing cells, and this process can be inhibited by vera-
pamil.

3.5 TAK-243 did not upregulate ABCB1 expression level

Some ABCB1 substrates have been shown to up-
regulate the protein expression level of ABCB1 trans-
porter, therefore Western blot was performed to evalu-
ate ABCB1 expression level after TAK-243 treatment.
ABCB1-overexpressing cancer cells KB-C2 were incu-
bated with 1 µM of TAK-243 for 10 consecutive days. As
shown in Fig. 3A, the ABCB1 protein level remained con-
stant during the incubation period. Therefore, TAK-243
may not affect the expression of ABCB1 in cancer cells.

3.6 TAK-243 did not competitively inhibit the efflux of
paclitaxel mediated by ABCB1

To determine whether TAK-243 can competitively in-
hibit ABCB1 efflux activity, [3H]-paclitaxel accumulation
assay was carried out using KB-3-1 and KB-C2 cells. As
shown in Fig. 3B, compared to KB-3-1 cells, the accumu-
lation of [3H]-paclitaxel was 10-fold lower in KB-C2 cells,
indicating the active efflux function of ABCB1. Verapamil,
a substrate of ABCB1 by competing for the binding site, in-
hibited the efflux and, significantly restored the paclitaxel
accumulation in KB-C2 cells to the same level as that in
KB-3-1 cells. However, TAK-243 did not demonstrate any
effect on the efflux of paclitaxel in KB-C2 cells with con-
centrations around IC50 and IC85. Therefore, the results
suggest that TAK-243 may not affect paclitaxel efflux by
ABCB1.

3.7 Docking of TAK-243 in the drug-binding pocket of
human ABCB1

Since we identified TAK-243 as a substrate of
ABCB1, protein-ligand docking was carried out to under-
stand the potential binding pattern of TAK-243 with human
ABCB1. Our results showed that the TAK-243 bound to
ABCB1 with a –8.023 kcal/mol affinity score. The ligand-
receptor interactions are highlighted in Fig. 4B,C. TAK-
243 was stabilized in the ABCB1 substrate-binding site by
both polar and hydrophobic interactions. Specifically, the
pyrazolo-pyrimidine group in TAK-243 was stabilized by
π–π stacking with Trp232, and the sulfamate groupwas sta-
bilized by multiple hydrogen bonds formed with Gln195,
Gln347 and Glu875, respectively

4. Discussion
In this study, we performed in vitro assays to deter-

mine the influence of two MDR-related ABC transporters
ABCB1 and ABCC1 on the cytotoxic effect of TAK-243
in cancer cells. TAK-243 is a first-in-class inhibitor of
the ubiquitin-activating enzyme UBA1 to induce cancer
cell death. TAK-243 was demonstrated to be effective
against solid tumors including colon cancer and breast
cancer in preclinical study, which distinguished it from
proteasome inhibitors such as bortezomib and carfilzomib
[26,49]. Many clinically used anticancer drugs were identi-
fied as substrates of MDR-related ABC transporters. These
ABC transporters are drug efflux transporters that decrease
the accumulation of anticancer drugs in cancer cells and
therefore attenuate their cytotoxic effect. Clinical data have
suggested that expression of ABCB1 and ABCG2 signif-
icantly affects the response of chronic myeloid leukemia
(CML) patients to nilotinib and imatinib [50–52]. The clin-
ical significance of ABCC1 was also demonstrated in many
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Fig. 3. TAK-243 did not affect ABCB1 transporter protein expression level, and did not inhibit paclitaxel efflux. (A) The effect
of TAK-243 on ABCB1 expression level in KB-C2 cells after 10 days treatment. (B) The intracellular accumulation of [3H]-paclitaxel
in KB-3-1 and KB-C2 cells after co-incubated with 5 or 10 µM of TAK-243. Verapamil was used as an ABCB1 inhibitor. Data are
expressed as mean ± SD derived from three independent experiments. *p < 0.05 versus the control group.

studies. High expression of ABCC1 could predict poor re-
sponse to chemotherapy or induce drug resistance in pa-
tients with breast cancer, ovarian cancer, and prostate can-
cer [53]. Therefore, it is critical to determine the interaction
between TAK-243 and the MDR-related ABC transporters,
which provides future direction for the development of a
drug that can be used in the clinic. Evidence shown that
ABCG2 actively extrudes TAK-243 and confers drug resis-
tance in cancer cells [37,38].

The most significant finding of our study was that
the cytotoxic effect of TAK-243 was inhibited in ABCB1-
but not ABCC1-overexpressing cells. The survival curves
and IC50 values of TAK-243 were same between ABCC1-
overexpressing KB-CV60 cells and the parental cells.
In contrast, the IC50 values of TAK-243 were sig-
nificantly higher in ABCB1-overexpressing KB-C2 and
SW620/Ad300 cells compared to the parental KB-3-1 and
SW620 cells, respectively, suggesting the overexpression
of ABCB1 may contribute to TAK-243 resistance. Because
the MDR cancer cells may employ multiple drug resistance
mechanisms, both ABCB1 gene transfected and ABCB1
gene knockout cell models were used to further validate
our finding. In gene transfected HEK293/ABCB1 cells,
the cytotoxicity of TAK-243 was decreased as well. Fur-
thermore, inhibition of ABCB1 function by gene knockout
or ABCB1 substrate verapamil were able to sensitize MDR
cancer cells to TAK-243. While in parental cells, ABCB1
knockout or verapamil did not enhance the cytotoxicity of
TAK-243, suggesting that TAK-243 is a transported sub-
strate of ABCB1.

To further characterize the interaction of TAK-243
with ABCB1, the ATPase activity in the presence of TAK-
243 was measured. The ABCB1 efflux function is driven
by the energy derived from ATP-binding and hydroly-
sis, which is catalyzed by its nucleotide-binding domains

(NBDs). Our results showed that TAK-243 potently stim-
ulated the ATPase activity of ABCB1. Furthermore, the
co-incubation with ABCB1 ATPase inhibitor tepotinib de-
creased the stimulated ATPase activity, suggesting TAK-
243 is an ABCB1 substrate. Another important evidence
is that the accumulation of TAK-243 was significantly de-
creased in ABCB1-overexpressing cells. After 2 h incu-
bation with 20 µM of TAK-243, only 30% of the drug re-
mained in the HEK293/ABCB1 cells as compared to the
HEK293/pcDNA3.1 cells. In addition, verapamil increased
the intracellular level of TAK-243 inHEK293/ABCB1 cells
but the effect was limited, which may be due to the insuf-
ficient incubation time of verapamil with the drug-resistant
cells. Together, our results confirmed that TAK-243 is a
transported substrate of ABCB1 and the cytotoxicity may
be attenuated because of decreased TAK-243 accumulation
in MDR cells.

Subsequently, two potential interactions between sub-
strate and ABCB1 were explored. Some substrate drugs,
such as paclitaxel and imatinib, are able to upregulate the
expression of ABCB1 [51,54]. Our Western blot results
showed that incubating ABCB1-overexpressing cells with
TAK-243 for consecutive 10 days did not change the ex-
pression of ABCB1, suggesting that TAK-243 is unlikely
to induce ABCB1 expression level. However, the effect of
higher concentration of TAK-243 or longer incubation of
TAK-243 should be further evaluated in parental and drug
resistant cells. Another potential interaction is the compet-
itive inhibition of ABCB1 efflux activity. Substrate drugs
like gefitinib and nilotinib are able to modulate the efflux
function of ABCB1 and reverse ABCB1-mediated drug re-
sistance [55,56]. To this end, [3H]-paclitaxel accumulation
assay was performed to determine whether TAK-243 can
inhibit drug efflux activity of ABCB1. Direct determina-
tion of [3H]-paclitaxel showed that the intracellular pacli-
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Fig. 4. Docking of TAK-243 in the drug-binding pocket of human ABCB1 protein model. (A) Overview of the best-scoring pose
of TAK-243 in the drug-binding pocket of ABCB1 protein (6QEX). ABCB1 was displayed as colored tubes (helix: red; strand: blue;
coil: white). TAK-243 was displayed as colored sticks. Carbon: cyan; oxygen: red; nitrogen: blue, hydrogen: white. (B) Details of the
interaction between TAK-243 and ABCB1 binding pocket. ABCB1 helices were displayed as colored tubes (helix: red; strand: blue;
coil: white). Important residues were displayed as colored sticks (carbon: red; oxygen: red; nitrogen: blue; hydrogen: white). TAK-243
was displayed as colored sticks (same as in (A). Hydrogen bonds were displayed as yellow dash lines. π–π stacking interactions were
displayed as green dash lines. (C) 2D diagram of the interaction between TAK-243 and ABCB1 binding pocket. Important amino acids
within 3 Å from the ligand were displayed as colored bubbles (green: hydrophobic; blue: polar). Purple solid lines with arrow indicate
hydrogen bonds. Green solid lines indicate π–π stacking interactions.

taxel concentration was significantly lower in KB-C2 cells
compared to the KB-3-1 cells. While verapamil was able
to inhibit paclitaxel efflux and completely restore pacli-
taxel accumulation in drug-resistant cells, TAK-243 failed
to demonstrate any inhibition effect on the accumulation
of paclitaxel. Therefore, our data suggests that TAK-243
does not serve as a reversal inhibitor of ABCB1. How-
ever, recent study has shown that ABCB1 may have mul-
tiple substrate-binding sites in the transmembrane domains
that allows the binding of different substrates [57]. It is pos-
sible that TAK-243 may limit the efflux of some ABCB1
substrates that have the overlapping binding sites.

Lastly, the docking simulation analysis was carried
out to predict the binding mode of TAK-243 with ABCB1.
The computational analysis has been applied to the screen-
ing of substrate drugs with high accuracy, though the pre-
dicted interaction may not represent the actual binding

mode [58]. The actual binding position should be further
evaluated by cryogenic electron microscopy. The docking
analysis showed that TAK-243 can form chemical bonds
with Trp232, Gln195, Gln347 and Glu875 in the ABCB1
substrate-binding pocket with a high affinity score.

5. Conclusions
In summary, here we have shown that the ABCB1 ac-

tively transported TAK-243 and limited its cytotoxic effect
in MDR cancer cells. Using an ABCB1 inhibitor or knock-
out of ABCB1 gene was able to significantly abolish the
TAK-243 resistance in MDR cancer cells. Thus, further in
vivo studies with the animal models are necessary to vali-
date these results. Therefore, if the results can be validated
in vivo, it suggests that TAK-243 should be used in com-
bination with an ABCB1 inhibitor in patients with MDR
tumors to achieve optimal therapeutic effect.
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