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Multidrug resistance (MDR) has been shown to reduce the eﬀectiveness of chemotherapy. Strategies to overcoming MDR have been widely explored in the last decades, leading to a generation of numerous small molecules
targeting ABC and MRP transporters. Among the ABC family, ABCB1 plays key roles in the development of drug
resistance and is the most well studied. In this work, we report the discovery of a non-toxic [1,2,4]triazolo[1,5-a]
pyrimidin-7-one (WS-10) from our structurally diverse in-house compound collection that selectively modulates
ABCB1-mediated multidrug resistance. WS-10 enhanced the intracellular accumulation of paclitaxel in SW620/
Ad300 cells, but did not aﬀect the expression of ABCB1 Protein and ABCB1 localization. The cellular thermal
shift assay (CETSA) showed that WS-10 was able to bind to ABCB1, which could be responsible for the reversal
eﬀect of WS-10 toward paclitaxel and doxorubicin in SW620/Ad300 cells. Docking simulations were performed
to show the possible binding modes of WS-10 within ABCB1 transporter. To conclude, WS-10 could be used as a
template for designing new ABCB1 modulators to overcome ABCB1-mediated multidrug resistance.

1. Introduction
There are many chemotherapeutic agents used as ﬁrst-line anticancer drugs, such as paclitaxel and doxorubicin.1 However, the multidrug resistance (MDR) arising during chemotherapy could result in
tumor recurrence and metastasis.2,3 Overexpression of the ATP-Binding
Cassette (ABC) transporters could be responsible for the MDR.4 The
ABC transporters utilize the energy generated by ATP hydrolysis to
transport various substrates across cellular membranes, therefore
leading to elevated drug eﬄux in cancer cells.5,6 The most well studied
ABC transporter in humans is ABCB1 (also known as P-gp/MDR1),
which has been found to be essential in mediating the eﬄux of chemotherapeutic drugs like paclitaxel.7,8
It is believed that the inhibitors of transporters which either decrease the expression of ABC proteins or inhibit the eﬄux function of

ABC transporters could enhance chemosensitivity toward multidrug
resistant cancer cells.9 Although numerous inhibitors of ABCB1 have
been identiﬁed,10–16 most of them such as some kinase inhibitors are
cytotoxic. Therefore, the identiﬁcation of non-toxic ABCB1 modulators
is still urgently needed.10,17 Following our previous work on the identiﬁcation of ABCB1 inhibitors,18 we herein report the discovery of a
non-toxic compound from our in-house molecular library, WS-10,
which is able to modulate ABCB1-mediated multidrug resistance
(MDR). WS-10 could hence be used as a new template to develop nontoxic ABCB1 modulators.
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Fig. 1. (A) Venn diagram showing the intersection
among ABCB1 inhibitors, approved drugs, ChEMBL
and our in-house library. (B) Distribution of the
maximum pairwise Tanimoto similarity of Morgan
ﬁngerprint between each compound in our in-house
library and all compounds in other libraries. Intragroup similarity of in-house library (blue). The
structural similarity between the in-house library
and approved drugs (gray), ABCB1 inhibitors (pIC50
(M) > 5: red; pIC50 (M) ≤5: green), ChEMBL 24
(yellow). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to
the web version of this article.)

2. Results and discussion

(2) Chemical space analysis

2.1. Chemical space analysis of our in-house library

Chemical space can be visualized as 2D/3D scatter plot in which
distances between data points correspond to their structural or physicochemical similarities. Here two types of descriptors were used: physicochemical properties and Morgan ﬁngerprints.21 Physicochemical
property analysis (Fig. 3A) shows that the in-house compound library
has a relatively concentrated drug-like physicochemical property space
(the XLOGP3 and MW values of in-house compounds within the 95%
conﬁdence ellipse are in the range of about 0–7 and 250–550, respectively) and composites a special subset of approved drugs and published
active ABCB1 inhibitors. Another interesting point is that ABCB1 inhibitors and our in-house compounds tend to be more hydrophobic and
have a bigger molecular weight (Fig. 3A), which were able to bind to
the hydrophobic pockets of ABCB1 protein.
What can be seen in structural space (Fig. 3B) is that the structure
diversity of the library employed in this work is signiﬁcantly larger than
those of both approved drugs and reported ABCB1 inhibitors. Additionally the structure–property space of inactive (pIC50 (M) ≤5) and
active (pIC50 (M) > 5) ABCB1 inhibitors are partially overlapping
(Fig. 3C, D); However, the majority of very active ABCB1 inhibitors
(with higher pIC50 values, displayed in red) are located in a relatively
distinct, and more hydrophobic chemical space. Therefore, improving
the lipophilicity of WS-10 (XLOGP3 = 3.65) may be a potential way for
the optimization.

The in-house screening collection utilized in this work includes
about 10,000 compounds selected from multiple commercial vendors
based upon in-house developed ﬁlters for lead-like molecules, as well as
compounds synthesized in the lab from Zhengzhou University.
Cheminformatics approaches were applied to provide complementary
information on our in-house compound screening library, enabling
identiﬁcation of unexplored regions of chemical space with potential
biological relevance.
2.1.1. Compound library intersection and similarity analysis
The structure overlap among our in-house compound library and
other compound libraries were analyzed (Fig. 1A), showing that our
compound set does not overlap with current reported ABCB1 inhibitors
(ABCB1Is) in ChEMBL and approved drugs, while about 9% (915
compounds) of our in-house compounds were present in the ChEMBL
database. It can be seen in Fig. 1B that our in-house library is more
structurally similar to ABCB1 inhibitors than approved drugs. Furthermore, the intra-group of the in-house compound set is relatively
high because some compounds are synthesized by similar synthetic
routes and starting materials.
2.1.2. Structure and physicochemical properties analysis

(3) Chemical fragment space
(1) Exploratory data analysis

“Fragment Space” is smaller than “Chemical Space” and can be
more eﬀectively probed with a relatively small library. Analysis of
scaﬀolds provides an opportunity to identify gaps in current libraries.
Comparing to ChEMBL (1671107 compounds), our in-house library
(10000 compounds) has excellent fragment diversity, including 412
(4857, ChEMBL) aromatic rings, 2527 (98074) unique ring systems,
7740 (497509) Bemis-Murcko frameworks,22 5994 (194519) Murcko
generic scaﬀolds, 6511 (445009) RECAP fragments,23 3954 (285748)
BRICS fragments.24 Here we analyzed in more detail the diﬀerence of
fragment space between active (pIC50 (M) > 5) and inactive (pIC50
(M)≤5) ABCB1 inhibitors (Table 1). RECAP analysis shows that polymethoxy phenyl containing fragments, especially the 3,4,5-trimethoxy
phenyl containing fragments, with signiﬁcant higher relative frequency
(0.64–2.43%) in active ABCB1 inhibitors comparing to the ﬁgure of the
inactive (below 0.1%). Murcko scaﬀold analysis shows that Flavonoid/
Flavan (3.07%) may be a good scaﬀold of ABCB1 inhibitors. And we
also found that 2/3-membered fused ring systems, linked to another
rings by 2–4 bond-length linkers, is a most common scaﬀold pattern in
this table. These linkers include ester, acrylate, acrylamide group and
butyl. WS-10 (Scheme 1) also contains similar scaﬀold pattern with a 2-

The quality of a compound collection can be deﬁned in many different ways but very often, physicochemical properties and the presence of some unwanted chemical groups are used in the ﬁeld at the
beginning of the project. We found that 97.1% of the compounds in the
in-house library displayed drug-like properties according to Lipinski's
rule of ﬁve.19 On the other hand, 98.3% of the compounds are within
the Veber rule’s boundaries,20 which indicates a high probability of
good oral bioavailability. And more importantly, as shown in the distribution analysis of physicochemical properties (Fig. 2a–f), our compound set has similar property distribution with both ABCB1 inhibitors
and approved drugs, but the values of XLOGP3, Molecular Weight
(MW), Number of Rotatable Bonds (nRotB), and Topological Polar
Surface (TPSA) of both ABCB1 inhibitors and in-house library are relatively higher than those of approved drugs; And our compound set is
more similar to ABCB1 inhibitors than approved drugs in terms of this
feature. The compound WS-10 identiﬁed from the in-house library also
has drug-like properties: MW = 374.09, XLOGP3 = 3.65, Number of HBond Donor (nHBDon) = 2, Number of H-Bond Acceptor (nHBAcc) =
7, nRotB = 4, TPSA = 113.79 Å2.
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Fig. 2. Distributions of the molecular descriptors for in-house compounds (gray bars), ABCB1 inhibitors (pIC50 (M) > 5: red line) and approved drugs (blue line). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Cisplatin) or in combination with WS-10 were almost equal to that of
verapamil. However, WS-10 concentration-dependently decreased resistance to paclitaxel and doxorubicin (DOX) in SW620/Ad300 cells.
WS-10 at 20 μM exerted similar reversible eﬀect on the drug resistance
with verapamil (4.0 μM) in SW620/Ad300 cells. Co-treatment of
SW620/Ad300 cells with paclitaxel or doxorubicin and WS-10 (20 μM)
caused remarkable cytotoxicity with the IC50 values less than 1.0 μM,
showing the synergistic eﬀect. However, WS-10 (20 μM) and verapamil
(4.0 μM) did not increase the cytotoxicity of Cisplatin toward SW620/
Ad300 cells. The diﬀerence could be explained by the fact that paclitaxel and DOX are ABCB1 substrates, while Cisplatin is non-ABCB1
substrate.26 This ﬁnding is consistent with previous report by Richardson et al.27
The SW620/Ad300 cells are resistant to some therapeutic agents
through multiple mechanisms, not solely due to the overexpression of
ABCB1. To further elucidate the mechanisms of WS-10 that modulates
the MDR of cancer cells, we used the ABCB1-tansfected HEK293T/
ABCB1 cell line and its parental HEK293T/NC cell line to further
evaluate the eﬀect of WS-10 on the cell viability using the verapamil as
the control. As shown in Table 3, like verapamil, treatment of WS-10
did not signiﬁcantly improve the sensitivity to paclitaxel and Cisplatin
in HEK293T/ABCB1 and HEK293T/NC cells, while WS-10 concentration-dependently enhanced sensitivity of HEK293T/ABCB1 cells to DOX
with an IC50 value of 0.29 μM (treated with DOX and 20 μM of WS-10),
equal to that of the group treated with DOX and verapamil (4 μM).
Similar reversible eﬀects were also observed in the group treated with
paclitaxel and WS-10. The data further conﬁrm that DOX is an ABCB1
substrate and WS-10 could increase sensitivity of HEK293T/ABCB1 to
DOX and paclitaxel.

membered fused ring ([1,2,4]-triazolo[1,5-a]pyrimidin-7-one) linked to
another 2-membered fused ring (1H-benzo[d]imidazole) though 2bond-length linker (eSeCH2e). These fragments may provide useful
structural information for further design of ABCB1 inhibitors.
2.2. Chemistry
WS-10 (also known as compound 4) identiﬁed from our in-house
molecular library was resynthesized according to our previously reported methods (Scheme 1).25 Treatment of 3-amino-5-mercapto-1,2,4triazole (2) with 2-chloromethylbenzimidazole (2) in acetone in the
presence of Na2CO3 resulted in compound 3, which then reacted with
ethyl 3-oxo-3-phenylpropanoate in acetic acid under reﬂux, producing
compound 4 in an overall yield of 21% within two steps.
2.3. WS-10 exerted reversal eﬀect on MDR cells overexpressing ABCB1
To select the non-toxic concentration of WS-10, the MTT assays
against human colon cancer cell line SW620 and the doxorubicin-resistant ABCB1 overexpressed SW620/Ad300 cells were carried out. The
human colon carcinoma cell lines SW620 and SW620/Ad300 are believed to be excellent models and therefore widely used to investigate
the reversible eﬀects of small-molecule modulators. As shown in
Fig. 4A, WS-10 displayed weak inhibition against SW620 and SW620/
Ad300 cells with the IC50 value of 85.96 and 106.39 μM, respectively.
The cytotoxicity toward ﬁve other cancer cell lines was also investigated (Fig. 4B). The results showed that treatment with WS-10 at
both 10 and 20 μM did not cause remarkable inhibitory eﬀect on these
cell lines. Therefore, 10 and 20 μM of WS-10 were used for our next
experiments.
The reversal eﬀect on MDR cells overexpressing ABCB1 was studied
by cell survival assays in the presence and absence of WS-10 using the
parental SW620 cell line and drug-resistant SW620/Ad300 cell line.
Verapamil, an ABCB1 inhibitor, was used as the control compound. As
shown in Table 2, WS-10 treatment did not exhibit reversal eﬀect on
the resistance to paclitaxel, doxorubicin, and cisplatin in SW620 cells,
the IC50 values of anticancer agents (paclitaxel, doxorubicin, and

2.4. WS-10 enhanced the intracellular accumulation of paclitaxel in
SW620/Ad300 cell line
To investigate the reversal mechanism of WS-10, we studied the
eﬀect of WS-10 on the intracellular accumulation of paclitaxel in
ABCB1-overexpressed SW620/Ad300 cells by the UPLC (Ultra
Performance Liquid Chromatography) (Fig. 5). The results showed that
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Fig. 3. Chemical space of the in-house library (black open circles), approved drugs (black ﬁlled diamond) and ABCB1 inhibitors (active: ﬁlled circles; inactive: open
square; the color is based on the pIC50 (M) value of ABCB1 inhibitory activities). ABCB1Is: ABCB1 inhibitors; CE: conﬁdence ellipse. (A) Molecular weight versus
XLOGP3. (B-D) t-SNE plot using Morgan ﬁngerprints (2048 bits). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

the intracellular accumulation of paclitaxel was signiﬁcantly lower in
the drug-resistant SW620/Ad300 cells than that in the parental SW620
cells. However, after treatment with WS-10 at 10 and 20 μM for 72 h,
the intracellular accumulation of paclitaxel signiﬁcantly increased in
the SW620/Ad300 cells. These results revealed that WS-10 may increase the accumulation of paclitaxel possibly by inhibiting ABCB1.

expression levels of ABCB1 in both drug-resistant cell lines SW620/
Ad300 and HEK293/ABCB1 changed signiﬁcantly compared to their
respective parental cell lines SW620 and HEK293/NC. The expression
levels of ABCC10 also changed marginally in both drug-resistant cell
lines. The results suggest that WS-10 may alter the accumulation and
eﬄux of chemotherapeutic agents by mainly modulating ABCB1.

2.5. Expression levels of several MDR-related proteins

2.6. The eﬀect of WS-10 on the expression levels of ABCB1 protein or the
protein location of ABCB1

To explore the potential mechanism of WS-10, we examined the
expression levels of several MDR-related proteins in the SW620 and
SW620/Ad300 cell lines, as well as HEK293T and its ABCB1-overexpressed cell line HEK293T/ABCB1. These MDR-related proteins include ABCB1, ABCG2, ABCC1, and ABCC10, which are implicated in
the development of MDR in cancers. As depicted in Figs. 6 and 7, the

Drug-induced regulation of ABCB1 mRNA or protein can potentially
aﬀect the drug sensitivity of cancer cells to chemotherapeutics.
Therefore, the expression level of ABCB1 protein was examined by the
Western blot. As shown in Fig. 8, WS-10 did not remarkably aﬀect the
expression of ABCB1 in SW620/Ad300 cells under diﬀerent
5009
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Table 1
Fragments found in active and inactive ABCB1 inhibitors, with signiﬁcant diﬀerent relative frequency.
Fragment type

Structure

Relative frequency/count

Structure

Relative frequency/count

Active

Inactive

Active

Inactive

Murcko

3.07/12

0/0

1.28/5

0/0

Murcko generic

3.84/15

0/0

3.07/12

0/0

2.30/9

0/0

2.04/8

0/0

1.79/7

0/0

1.53/6

0/0

1.28/5

0/0

1.28/5

0/0

3.00/42

0/0

2.72/38

0.12/1

2.43/34

0/0

2.17/29

0.12/1

1.00/14

0/0

0.86/12

0/0

0.86/12

0/0

0.86/12

0/0

0.86/12

0/0

0.64/9

0/0

0.57/8

0/0

0.36/7

0/0

Aromatic Ring

1.36/7

0/0

0.78/4

0/0

Links

10.18/57

0.46/1

5.71/32

0/0

3.75/21

0/0

2.14/12

0/0

1.78/10

0/0

1.61/9

0/0

RECAP

or

or

We next examined whether WS-10 could change the location of
ABCB1 protein via the immunoﬂuorescence assay. As shown in Fig. 10,
the incubation of SW620/Ad300 with WS-10 for 72 h did not alter the
location of ABCB1. Thus, these results suggest that the reversal eﬀect of
WS-10 was not attributed to its eﬀect on the localization of the ABCB1
protein.

concentrations. The expression level of ABCB1 in SW620/Ad300 cells
remained unchanged when treated with WS-10 at 20 μM for diﬀerent
time (Fig. 9). This data ﬁrmly conﬁrmed that WS-10 at 20 μM did not
aﬀect expression of ABCB1 in SW620/Ad300 cells, and the reversal
eﬀect of WS-10 was not due to the expression changes of ABCB1 in
SW620/Ad300 cells.

Scheme 1. Synthesis of compound WS-10. Reagents and conditions: (a) Na2CO3, acetone, 60 °C; (b) Ethyl 3-oxo-3-phenylpropanoate, AcOH, 2 h, reﬂux.
5010
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Table 3
Reversal eﬀects of WS-10 on ABCB1-mediated MDR in HEK293T/NC and
HEK293T/ABCB1 cell lines.
Treatment

Paclitaxel
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)
Doxorubicin (DOX)
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)
Cisplatin
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)

Paclitaxel
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)
Doxorubicin
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)
Cisplatin
+WS-10 (10 μM)
+WS-10 (20 μM)
+verapamil (4 μM)

SW620/Ad300

IC50 (nM)

RFa

IC50 (μM)

RFa

5.29 ± 0.58
6.32 ± 1.66
4.26 ± 0.35
6.79 ± 1.88
213.18 ± 85.08
249.10 ± 28.59
242.29 ± 34.91
252.55 ± 29.56
1619.77 ± 63.15
1739.96 ± 53.60
1576.68 ± 46.38
1781.34 ± 233.82

1.00
1.20
0.81
1.29
1.00
1.17
1.14
1.18
1.00
1.07
0.97
1.10

3.39
1.47
0.66
0.83
6.15
1.28
0.80
0.92
0.61
1.55
1.64
1.59

642.90
279.20
125.80
156.74
28.86
6.02
3.77
4.32
0.38
0.96
1.01
0.98

±
±
±
±
±
±
±
±
±
±
±
±

0.84
0.27*
0.05**
0.27**
0.63
0.27**
0.03**
0.01**
0.03
0.20
0.01
0.09

IC50 (nM)

RFa

IC50 (μM)

RFa

1.93 ± 0.06
1.67 ± 0.08
1.61 ± 0.16
1.62 ± 0.16
71.03 ± 1.39
80.71 ± 4.73
76.61 ± 5.33
75.99 ± 4.67
7840.25 ± 593.42
8180.24 ± 649.95
7717.03 ± 446.70
6948.72 ± 556.24

1.00
0.87
0.83
0.84
1.00
1.14
1.08
1.07
1.00
1.04
0.98
0.89

0.09
0.05
0.04
0.03
1.17
0.38
0.29
0.29
7.22
8.26
7.16
7.10

47.36
27.80
19.37
15.69
16.52
5.36
4.05
4.10
0.92
1.05
0.91
0.91

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.002*
0.006*
0.02*
0.09
0.02**
0.08**
0.04**
0.45
0.36
0.53
0.33

to diﬀerent models of ABCB1. Crystallographic and pharmacological
data from ABCB1 and other ABC exporters have revealed that these
proteins adopt a spectrum of diﬀerent conformations. During the substrate transport cycle, the inward-open and semi/inward-occluded
states have possible portals open to the cytoplasm and the cell membrane for substrate entry,28 which can be used as the receptor conformation for substrate binding. For years, structures of mouse ABCB1
in the inward-open state have been used to perform molecular docking
studies.29–35 Recently, an human-mouse chimeric ABCB1 in the inwardoccluded conformation with an inhibitor binding in a central, enclosed
pocket (PDB code: 6FN1) was revealed, and its apo form (PDB code:
6FN4) now hence can be used as the template for homology modeling
of inward-occluded human ABCB1.36 Though a human ABCB1 structure
has also been reported,37 it is not suitable for illustrating the binding
site of WS-10, because its outward-open conformation represents a
posttraslocation state in which the substrate has already been released
to the extracellular side of the membrane.
Thus, WS-10 was docked to homology models of human ABCB1 in
the inward-open conformation as well as in the inward-occluded conformation. WS-10 was docked to the whole surface of human ABCB1
except the nucleotide-binding domain (NBD). We were surprised to ﬁnd
that WS-10 could bind to two identical sites (site1 and site2) in both the
inward-open and the inward-occluded transporter (Fig. 12). Site1 is
located in the internal central cavity and surrounded by hydrophobic
residues, which is the common binding site of ligands in complex
crystal structures, while site2 is a lower binding site bounded by residues from TM4, TM5, TM8 and TM9, which is near the ligand-binding
site on the surface of ABCB1 reported in the QZ-Val co-crystal structure.
Though the binding poses of WS-10 in speciﬁc pocket of the two ABCB1
states were much diﬀerent, which mainly arose from the conformational changes of the transporter, there were common interaction
modes for each binding site (Fig. 12). WS-10 interacted with a range of
hydrophobic and aromatic amino acids in site1, such as π-π stackings
with F983, F336 and Y310. Except for substantial hydrophobic interactions in site2, the 1H-benzo[d]imidazol and [1,2,4]triazolo[1,5-a]
pyrimidin-7(4H) -one of WS-10 could also form polar interactions with
hydrophilic resides such as N296, Q773 and K826.
Through molecular docking studies, we found WS-10 could bind to
two identical pockets in two distinct transporter conformations and
form extensive hydrophobic interactions in both binding sites, consistent with the popular belief that hydrophobic factor is the most important for inhibitory activity. Szewczyk et al. proposed that ligands

Table 2
Reversal eﬀects of WS-10 on ABCB1-mediated MDR in SW620 and SW620/
Ad300 cell lines.
SW620

HEK293T/ABCB1

a
The resistance fold (RF) values represent the ratios obtained by dividing
IC50 value of anticancer drug in HEK293T and HEK293T/ABCB1 cells with or
without reversal agent and the IC50 value of the respective anticancer drug in
HEK293T cells without reversal agent. The cell survival was evaluated by the
MTT assay. Verapamil was used as a positive control of ABCB1 inhibitor.
*
p < 0.05, **p < 0.01 versus that obtained in the absence of inhibitor.

Fig. 4. Cytotoxicity evaluation of WS-10. (A) Cytotoxicity of WS-10 against
SW620 and SW620/Ad300 cell lines. (B) Cytotoxicity of WS-10 against EC109,
TE-1, A549, SGC7901, MGC-803 cell lines.

Treatment

HEK293T/NC

a
The resistance fold (RF) values represent the ratios obtained by dividing
IC50 value of anticancer agents in SW620 and SW620/Ad300 cells with or
without reversal agent and the IC50 value of the respective anticancer drug in
SW620 cells without reversal agent. The cell survival was evaluated by the MTT
assay. Verapamil was used as a positive control of ABCB1 inhibitor. *p < 0.05,
**
p < 0.01 versus that obtained in the absence of inhibitor.

2.7. The CETSA assay for validation of target engagement between WS-10
and ABCB1
The cellular thermal shift assay (CETSA) is used for the validation of
target engagement. Compounds that bind to their target in cells would
increase the stability of target protein, which will be detected at higher
temperatures. As shown in Fig. 11, WS-10 stabilized ABCB1 in SW620/
Ad300 cells at higher temperatures, showing target engagement of WS10 to ABCB1. The results suggest that the binding between WS-10 and
ABCB1 could be, at least in part, responsible for the reversal eﬀect of
WS-10 toward ABCB1-overexpressed cell lines.
2.8. Molecular models of WS-10 interactions in the inward-occluded and
inward-open human ABCB1
To explore the inhibition mechanism of WS-10, we docked WS-10
5011
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Fig. 5. The eﬀect of WS-10 on accumulation of paclitaxel. The accumulation of paclitaxel in SW620 and SW620/Ad300 cells with or without WS-10 treatment.
Columns are the mean of triplicate determinations. **P < 0.01.

ﬁrstly bind near the inner leaﬂet of the membranes, then move to the
central binding cavity. TM4 and TM6 comprise an intramembrane
portal for substrate entry.38 Based on the results of the present study,
the site2 seems to be the initial binding site of WS-10 in ABCB1, and we
hypothesize that subsequently WS-10 translocates to site1 by hydrophobic interactions with the transporter, a process during which large
conformational changes occur. However, given the highly dynamic
nature of ABCB1, any structure available is only a snapshot in the whole
transport cycle, insuﬃciently to explain a speciﬁc binding site. To address this, molecular dynamics simulations are needed to further elucidate the inhibitory mechanism involved in WS-10.

3. Conclusions
Because of the prevalence of MDR to chemotherapeutics like paclitaxel and doxorubicin, the identiﬁcation of new small molecules
targeting ABC transporters has been highly pursued in the last few
decades. Among these, ABCB1 is the best studied ABC transporter,
which plays key roles in the development of multidrug resistance.
Therefore, the development of new ABCB1 transporters is needed to
overcome ABCB1-mediated MDR. In this work, we ﬁrst reported the
discovery of non-toxic [1,2,4]triazolo[1,5-a]pyrimidin-7-one (WS-10)
from our in-house library that selectively modulates ABCB1-mediated

Fig. 6. The protein levels in both SW620 and SW620/Ad300 cells were measured by Western blot analysis. (A) The protein expression of ABCB1, ABCG2, ABCC1,
ABCC10 in SW620 and SW620/Ad300 cells; β-actin was used as a loading control. (B-E) The gray value analysis of ABCB1, ABCG2, ABCC1, ABCC10, respectively.
Values are presented as mean ± SD calculated from three independent experiments. *P < 0.05, **P < 0.01.
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Fig. 7. The protein levels in both HEK293/NC and HEK293/ABCB1 cells were measured by the Western blot analysis. (A) The protein expression of ABCB1, ABCG2,
ABCC1, and ABCC10 in HEK293/NC and HEK293/ABCB1 cells; β-actin was used as a loading control. (B-E) The gray value analysis of ABCB1, ABCG2, ABCC1, and
ABCC10, respectively. Values are presented as mean ± SD calculated from three independent experiments. ***P < 0.001.

micromass Q-T of micromass spectrometer. Paclitaxel and verapamil
were purchased from Meilun Biology Technology Co., Ltd. (Dalian,
China). Puromycin was purchased from Solarbio Life Sciences (Beijing,
China). The 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) and Hoechst 33,342 were obtained from Beyotime
Biotechnology (Shanghai, China). The primary antibodies against
ABCC10 and ABCG2 were purchased from Abcam (Cambridge, MA,
USA). The primary antibodies against ABCB1 and ABCC1 were from
Cell Signaling Technology, Inc. (Danvers, MA, USA). The primary antibodies against horseradish peroxidase-labeled anti-mouse IgG and
GAPDH were purchased from Zhongshan Golden Bridge (Beijing,
China).

multidrug resistance without aﬀecting expression of other MDR-related
proteins ABCB1, ABCG2, ABCC1, and ABCC10. WS-10 concentrationdependently decreased resistance to paclitaxel and doxorubicin in
SW620/Ad300 cells, but showed slightly decreased ABCB1-mediated
resistance to doxorubicin in HEK293T/ABCB1 cells. WS-10 enhanced
the intracellular accumulation of paclitaxel in SW620/Ad300 cells, but
did not aﬀect the expression of ABCB1 protein and ABCB1 localization.
The CETSA assay showed target engagement of WS-10 to ABCB1, which
could be responsible for the reversal eﬀect of WS-10 toward paclitaxel
and doxorubicin in SW620/Ad300 cells. Docking studies showed the
possible binding models within ABCB1. Collectively, WS-10 could be
used as a template for designing new nontoxic ABCB1 modulators to
overcome ABCB1-mediated multidrug resistance to chemotherapeutics.

4.2. Chemical space analysis
4. Experimental section
To reﬂect the representativeness of our compound set, the following
three compounds sets were compared: (a) Approved drugs from
DrugBank39 (release date: 2018-04-02): 2009 approved drugs; (b) literature reported ABCB1 inhibitors: 391 inhibitors compounds (with
IC50 < 10 μM) and 254 inactive compounds (with IC50 ≥ 10 μM),
downloaded from ChEMBL on 2018-6-4).40 (c) ChEMBL 24: 1,671,107
compounds. The chemical standardization was processed by MolVS.41
Molecules with molecular weight (MW) over 800 Da or with less than
two carbon atoms were removed. The chemical space analysis and
molecular fragment analysis is done mainly by our in-house developed
Python library based on RDKit.42 Molecular descriptors (MW, nHBDon,
nHBAcc, nRotB, and TPSA) were calculated by PaDEL-descriptor.43
LogP values were calculated by XLOGP3.44 Venn diagrams were used to

4.1. General
Reagents and solvents were purchased from commercial sources and
were used without further puriﬁcation. Thin-layer chromatography
(TLC) was carried out on glass plates coated with silica gel and visualized by UV light (254 nm). The products were puriﬁed by column
chromatography over silica gel (200–300 mesh). Melting points were
determined on a X-5 micromelting apparatus and are uncorrected. All
the NMR spectra were recorded with a Bruker DPX 400 MHz spectrometer with TMS (Tetramethylsilane) as an internal standard in
DMSO‑d6. Chemical shifts are given as δ ppm values relative to TMS.
High-resolution mass spectra (HRMS) were recorded on a Waters

Fig. 8. The expression levels of ABCB1 transporters with diﬀerent concentrations of WS-10. (A) The protein expression of ABCB1 in both SW620 and SW620/Ad300
cells when treated with diﬀerent concentrations of WS-10. The β-actin was used as a loading control. (B) The gray value analysis of ABCB1. Values are presented as
mean ± SD calculated from three independent experiments.
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Fig. 9. The expression levels of ABCB1 transporters after treatment with WS-10 for diﬀerent time. (A) The protein expression of ABCB1 in SW620/Ad300 cells after
treatment with WS-10 for diﬀerent time. The β-actin was used as a loading control. (B) The gray value analysis of ABCB1. Values are presented as mean ± SD
calculated from three independent experiments.

Fig. 10. Eﬀect of WS-10 on the subcellular localization of ABCB1. (A) Eﬀect of WS-10 treatment on the subcellular localization of ABCB1 in SW620 cell. (B) Eﬀect of
WS-10 treatment on the subcellular localization of ABCB1 in SW620/Ad300 cells. ABCB1 staining is shown in green. Hoechest33342 (blue) counterstains the nuclei.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

yield: 60%. 1H NMR (400 MHz, DMSO‑d6) δ 12.30–12.08 (brs, 2H,
eNH2), 7.50 (m, 2H, ArH), 7.25–6.99 (m, 2H, ArH), 6.14 (s, 2H, NH in
triazole and benzimidazole, overlapped), 4.45 (s, 2H, eCH2e). HRMS
(ESI): m/z calcd for C10H9N6S (M−H)−, 245.0609; found, 245.0609.

depict the intersections of two or more data sets based on InChIKey.
Further structural similarity distributions of compound sets were
compared based on the maximum pairwise Tanimoto similarities of
Morgan ﬁngerprint. To analyze the chemical structural space, Morgan
Fingerprint were employed to project all compounds nonlinearly into a
2D similarity space using t-Distributed Stochastic Neighbor Embedding
(t-SNE)45 by scikit-learn.46 All Morgan Fingerprint used in this article
were based on RDKit function GetMorganFingerprintAsBitVect (radius = 2, nBits = 2048).

4.3.2. Synthesis of compound 4
Compound 3 (1.0 g, 1.0 eq) and benzoylacetic acid ethyl ester
(1.0 eq) were dissolved in AcOH (10 mL) and the solution was kept at
120 °C for about 3–6 h. Upon completion of the reaction, the mixture
was cooled to room temperature; the white precipitate was ﬁltered,
washed with water and dried under vacuum to aﬀord the desired
compound 4. White solid, yield: 35%. m.p.: 256–261 °C. 1H NMR
(400 MHz, DMSO‑d6) δ 7.86 (d, J = 6.3 Hz, 2H, ArH), 7.70–7.46 (m,
5H, ArH), 7.27 (s, 2H, ArH), 6.29 (s, 1H, eCHCOe), 4.81 (s, 2H,
eSCH2e). 13C NMR (100 MHz, DMSO‑d6) δ 161.28, 155.02, 152.13,
150.94, 150.29, 136.35, 131.93, 131.08, 128.85, 127.46, 122.87,
114.60, 97.40 (eCHCOe), 27.72 (eSCH2e) (Due to the overlap of aromatic proton signals, some carbon signals are diﬃcult to assign accurately).
HRMS (ESI): m/z calcd for C19H13N6OS (M−H)−, 373.0872; found,
373.0879.

4.3. Synthesis of WS-10 (compound 4)
4.3.1. Synthesis of compound 3
To a solution of 3-amino-5-mercapto-1,2,4-triazole (1.0 g) in
acetone (30 mL) were added sodium carbonate (1.37 g, 12.92 mmol),
sodium iodide (129.06 mg, 0.861 mmol) and 2-(chloromethyl)-1Hbenzo[d]imidazole (1.58 g, 9.47 mmol). The mixture was stirred at
60 °C until the reaction was done. After cooling to room temperature,
Na2CO3 and NaI were ﬁltered and the residue was concentrated under
vacuum and then dissolved with EtOAc. The organic layer was washed
with water (2 × 10 mL) and brine (2 × 20 mL) and then dried over
MgSO4. After removal of the solvent, the resulting residue was subjected to column chromatography, giving compound 3, white solid,
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Fig. 11. Target engagement between WS-10 and ABCB1 in SW620/Ad300 cells. (A) ABCB1 expression levels in SW620/Ad300 cells. (B) The gray value analysis of
Western blotting assay. All experiments were performed three times, and data are shown as the mean ± SD from these experiments. *p < 0.05, **p < 0.01,
***
p < 0.005 versus the DMSO control group.

containing 10% fetal bovine serum and 1% penicillin/streptomycin,
and cultured in an incubator at 37 °C with 5% CO2.

4.4. Cell lines and cell culture
The human colon cancer cell line SW620 and its resistant cell line,
SW620/Ad300, were kindly supplied by Dr. Susan Bates’s lab (NIH,
MD); the human primary embryonic kidney cell line HEK293T’s ABCB1
stable gene-transfected cell line HEK293T/ABCB1 and HEK293T/NC
were generated by transfecting the HEK293 cells with ABCB1 expression vector or empty vector and were cultured in medium with 1 μg/mL
puromycin. All cell lines were maintained in DMEM medium,

4.5. Cytotoxicity determination by MTT assay47
Cells were harvested with trypsin and re-suspended in medium to a
ﬁnal concentration of 7 × 103 cells/mL medium and seeded in 96-well
plate. To determine the reversal eﬀect of WS-10, diﬀerent concentrations of the compound (200 µL/well) were added into the wells after

Fig. 12. Overview of the WS-10 ligandbinding site in human ABCB1 and the
detailed interactions. (A) Computational
model of interactions between WS-10
and human-ABCB1 in an inward-occluded conformation. (B) Computational
model of interactions between WS-10
and human-ABCB1 in an inward-open
conformation. The transporter (salmon)
is shown as cartoon. WS-10 (cyan) in the middle panel of this picture are shown as spheres for clarify. Residues within 4 Å of WS-10 as well as WS-10 itself are
depicted in sticks. Hydrogen bonds are shown as red dashed lines. Speciﬁc residues in the internal central cavity (binding site1) are colored in green, while residues in
site2 are colored in yellow. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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4.10. Molecular modeling

incubation at 37 °C for 24 h. After 72 h of incubation at 37 °C, 20 µL
MTT solution (5 mg/mL) was added to each well for further incubation
at 37 °C for 4 h until dark-blue formazan crystals formed. The medium
was discarded, and 150 µL of DMSO was added into each well. Plates
were shook to resolve the formazan. Finally, the absorbance was determined at 570 nm by OPSYS microplate reader (Dynex Technologies,
Chantilly, VA). The IC50 values were calculated by the SPSS software.
All experiments were performed three times, and data are shown as the
mean ± SD from these experiments.

To investigate the interaction mode between WS-10 and human
ABCB1, molecular docking studies were conducted using AutoDock
Tools package (version 1.5.6).51 Modeling of human ABCB1 in diﬀerent
conformations were performed on the SWISS-MODEL server.52 The apo
form of mouse ABCB1 in the inward-open conformation (PDB code:
4Q9H), which was reported to be able to bind to a series of cyclic
peptides such as QZ-Ala (PDB code: 4Q9I), QZ-Val (4Q9J), QZ-Leu
(4Q9K) and QZ-Phe (4Q9L),43 as well as the apo form of human-mouse
chimeric ABCB1 in the inward-occluded conformation (PDB code:
6FN4), which could bind to an inhibitor zosuquidar (PDB code:
6FN1),25 were used as templates for human ABCB1 modeling. The sequence identity of the inward-open model and the inward-occluded
model is 88.89% and 91.43%, respectively. The Ramachandran Plots
showed that the backbone dihedral angles of 94.69% residues in the
inward-open model and 93.47% residues in the inward-occluded model
were in energetically favored regions, validating the good quality of
both models (Supplementary Figs. S1 and S2). In the docking simulation, WS-10 was used as a ligand, while human ABCB1 models were
used as the receptors. The structure of ABCB1 and WS-10 were optimized and prepared to the pdbqt format ﬁles used for docking by AutoDock Tools. For each model, four grids ﬁles with varying xyz-coordinates (152.86/150.93/148.97, 162.86/155.93/168.97, 127.86/
150.93/168.97 and 127.86/150.93/148.97) were generated to probe
the whole structure of ABCB1 except two ATPase domains. The dimensions of docking grid were 36 Å × 36 Å × 36 Å. All the other
parameters were set to the default values. After that, WS-10 was docked
to both models with 20 complexes output per docking run, the results of
which were ranked based on the value of their binding energies. The
most minimal energy complex was then selected as the reliable binding
mode. The results were analyzed and visualized using PyMOL (http://
www.pymol.org).

4.6. Western blot48
The cell culture dish was placed in ice and the cells were washed
with ice-cold PBS. The PBS was drained; then ice-cold lysis buﬀer was
added. After agitating the cells for 30 min at 4 °C centrifuge in the
microcentrifuge at 4 °C, the supernatant was aspirated, placed in a fresh
tube kept on ice and concentration of protein was determinate by a BCA
Protein Assay Kit (Solarbio Life Sciences, Beijing, China). Equal
amounts of total cell lysates were separated using 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
into NC membranes through electrophoresis. The NC membranes were
blocked in 5% milk in TBST (10 mM Tris–HCl, 150 mM NaCl and 0.1%
tween 20) at room temperature for 1 h and then incubated with main
antibody at 4 °C overnight. Subsequently, the membranes were washed
by TBST and incubated with mouse antibody or rabbit antibody at room
temperature for 2 h. Finally, the membranes were washed and the
protein–antibody complex was detected by enhanced chemiluminescence detection system.
4.7. Paclitaxel accumulation assay
The accumulation of paclitaxel in SW620/Ad300 or SW620 cells
was measured by UPLC.49 Brieﬂy, the cells (5 × 106 cells) were resuspended and incubated in DMEM medium with the presence or absence of WS-10 (10 and 20 μM) or verapamil (4 μM) at 37 °C for 72 h.
Then the medium was discarded, new medium with the same concentrate (20 μM) of paclitaxel was added at 37 °C for 3 h and subsequently washed twice with ice-cold PBS. Then cells were lysed and resuspended in 1 mL PBS. Paclitaxel was released from the cell by sonication and further extracted with ethyl acetate. The standard curve was
done with diﬀerent concentrations of paclitaxel standard sample
(0.031, 0.063, 0.126, 0.252, 0.525, 1.050, 2.100, 4.200, 8.000 μg/mL)
by UPLC. The retention time was 1.56 min. Finally, the concentration of
paclitaxel was determined with paclitaxel standard curve of UPLC.

4.11. Statistical analysis
Each experiment was repeated at least three times. All data were
presented as the mean ± standard deviation (SD) and analyzed using
the SPSS 21.0 software. Statistical analysis was performed by un-paired
student t-test for comparing two groups in immunoblotting. Statistical
signiﬁcance was set at p < 0.05. Statistical analysis was performed
using GraphPad Prism version 5.0 for Windows (GraphPad Software, La
Jolla, CA).
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Cells (3 × 104) were seeded in 24-well plates and placed in an incubator overnight, followed by treatment with 10 μM and 20 μM of WS-10
for 72 h. Then the cells were ﬁxed in 4% paraformaldehyde for 20 min,
permeabilized by 0.1% Triton X-100 for 10 min and then blocked with 5%
BSA for 1.5 h at room temperature. Subsequently, cells were incubated
with primary antibody overnight at 4 °C, followed by Alexa Fluor 488
conjugated secondary antibody (1:800) for 1 h. Then the cells were kept in
Hoechst 33,342 (5 μg/mL, Solarbio Life Sciences, Beijing, China) for
20 min at room temperature to counterstain the nuclei.
Immunoﬂuorescence images were collected using a laser scanning confocal microscope (Olympus, FV10i, Olympus Corporation, Tokyo, Japan).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.bmc.2018.08.021.

4.9. The cellular thermal shift assay18
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