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CM082 Enhances the Efficacy
of Chemotherapeutic Drugs by Inhibiting
the Drug Efflux Function of ABCG2
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The overexpression of ATP-binding cassette (ABC) transporters
is one of the important mechanisms of multidrug resistance
(MDR). Some tyrosine kinase inhibitors (TKIs) such as
CM082 might be a potential ABC transporter inhibitor, thus
potentially reversing MDR. We used a 3-(4,5-dimethylthiazol-
2-yl)-2,5-dimethyltetrazolium bromide (MTT) assay to deter-
mine the cytotoxicity and reversal effect of CM082. A xenograft
model was established to evaluate the reversal MDR efficacy
in vivo. The intracellular accumulation and efflux of ABCG2
substrates were measured by flow cytometry. We investigated
the binding sites of ABCG2 via photolabeling ABCG2 with
[125I]-iodoarylazidoprazosin (IAAP). Quantitative real-time
PCR and western blot were utilized to analyze mRNA and
protein expression. We found that CM082 could enhance the
efficacy of substrate in ABCG2-overexpressing cells both
in vitro and in vivo. Furthermore, CM082 significantly increased
intracellular accumulation of ABCG2 substrates by inhibiting
the efflux activity. CM082 stimulated ABCG2 ATPase activity
and competed with [125I]-IAAP photolabeling of ABCG2 in a
concentration-dependent manner. However, CM082 did not
alter ABCG2 expression at protein and mRNA levels or inhibit
vascular endothelial growth factor (VEGF) downstream
signaling of AKT and extracellular signal-regulated kinase
(ERK). Further research is encouraged to confirm whether
CM082 concomitant with anticancer drugs of ABCG2 substrates
could improve the clinical outcomes of cancer treatment in
cancer patients with ABCG2 overexpression.
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INTRODUCTION
Multidrug resistance (MDR) limits successful cancer chemotherapy.
Up to 90% of chemotherapy failures in the treatment of metastatic
breast cancer and colon cancer patients were attributed to MDR.1

Therefore, it has become a critical topic in the research of cancer
therapy to reverse drug resistance and to improve drug sensitivity
of tumor cells. The potential mechanisms of MDR include efflux
pumps, apoptosis regulation, autophagy, regulation of cancer stem
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cells, DNA damage and repair, and epigenetic regulation.2 Among
them, ATP-binding cassette (ABC) transporter overexpression has
aroused great concern because it is responsible for drug efflux from
tumor cells, resulting in a reduction in intracellular drug concentra-
tion and subsequent drug resistance in tumor cells.3

The family of ABC transporters is large and contains 49 members at
this moment.4 In particular, ABCB1, ABCG2, and ABCC1 are consid-
ered to be major contributors toMDR.5 As a semi-transporter protein
encoded by the ABCG2 gene at human chromosome 4q22–23,
ABCG2 is highly expressed in various kinds of cancer cells, such as
breast cancer,6 esophageal cancer,7 nasopharyngeal cancer,8 acute
myeloid leukemia,9 non-small-cell lung cancer,10 and renal malig-
nancy.11 In addition, ABCG2 was associated with drug resistance
and poor prognosis of the patients,6,11,12 while the inhibition of
ABCG2 expression could potentially reverse MDR.11,13 Nevertheless,
no drugs have been approved by the US Food and Drug Administra-
tion (FDA) as MDR modulators.

Tyrosine kinase inhibitors (TKIs) play an important role in anti-
cancer treatment by blocking the binding of tyrosine kinase.14

Interestingly, ABC transporters share similar ATP binding sites as
those of tyrosine kinase. Increasing evidence has shown that the
chemotherapeutic outcomes might be promoted by TKIs via
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Cytotoxicity of CM082 on ABCB1 and

ABCG2-Overexpressing Cells and Their Parental

Drug-Sensitive Cells

(A) The structure of CM082. (B) Cytotoxicity assay of

CM082 in ABCB1 overexpression KBv200 cells and their

parental drug-sensitive KB cells. (C) Cytotoxicity assay of

CM082 in ABCG2 overexpression H460/MX20 cells and

their parental drug-sensitive H460 cells. (D) Cytotoxicity

assay of CM082 in S1 and S1-MI-80 cells. (E) Cytotoxicity

assay of CM082 in HEK293/pcDNA3.1 and stable trans-

fected ABCG2-R482T (mutant) cells. (F) Cytotoxicity assay

of CM082 in HEK293/pcDNA3.1 and stable transfected

ABCG2-R482 (wild-type) cells. Results from three inde-

pendent experiments are expressed as the mean ± SD.
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inhibiting the activity of ABC transporters.15–18 As an oral TKI with
multiple targets, CM082 is derived from sunitinib and can suppress
angiogenesis by inactivating the pathways of platelet-derived
growth factor (PDGF), vascular endothelial growth factor
(VEGF), c-Kit, and Fms-like tyrosine kinase 3 (FLT3). A phase I
clinical trial of CM082 has been completed in the United States to
treat patients with age-related macular degeneration,19 and a phase
IIB trial (ClinicalTrials.gov: NCT02348359) of CM082 is under-
way.20 In addition, a phase I trial of CM082 combined with
everolimus in the treatment of metastatic renal cell carcinoma has
also been carried out in China.21 In this study, the role of CM082
in reversing MDR was evaluated in cancer cells with overexpressing
ABCB1 and ABCG2.19

RESULTS
CM082 Enhanced the Sensitivity of Cells with Overexpression of

ABCG2 to Chemotherapeutic Drugs In Vitro

To determine the concentration of CM082 in a reverse test, the cyto-
toxicity effects of CM082, whose structure is shown in Figure 1A, were
evaluated in drug-resistant cells and their parental drug-sensitive cells
via a 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide
(MTT) assay. As shown in Figures 1B–1F, more than 80% of the cells
survived under the concentration of 5 mM CM082. Thereafter, 1.25,
2.5, and 5 mM CM082 were chosen for the reversal experiments.
Molecul
Compared to their parental cells, the 50% inhib-
itory concentration (IC50) of the chemothera-
peutical agent in S1-MI-80, H460/MX20, and
KBV200 cells was extremely high (Table 1). In
S1-MI-80 and H460/MX20 cells with ABCG2
overexpression, CM082 decreased the IC50 of
substrate chemotherapeutical drugs such as
mitoxantrone (MX) and topotecan in a concen-
tration-dependent manner, while no notable
potential effect was observed in KBV200 cells
with ABCB1 overexpression (Table 1). At the
same time, the IC50 of cisplatin (DDP), which is
not a substrate of ABCB1 or ABCG2 in both
sensitive and MDR cells, was not changed by
CM082. In addition, amino acid 482 mutations
at ABCG2 protein were found to greatly influence
the substrate specificity of ABCG2 andmay reduce the effectiveness of
potential ABCG2 blockers.22 As shown in Table 2, the IC50 of ABCG2
substrate MX in both the wild-type (R482) and mutant (R482T) cells
was significantly reduced by concomitant treatment with CM082,
whereas there were no alterations in the parental cells of HEK293/
pcDNA3.1. These results indicated that CM082 could specifically
enhance the sensitivity of a substrate chemotherapeutical agent in
overexpressing ABCG2 cells, but not in overexpressing ABCB1 cells.

CM082 Significantly Enhanced the Efficacy of Topotecan In Vivo

of the H460/MX20 Xenograft Model

To confirm whether CM082 could also reverse MDR in vivo,
xenograft models of nude mice were constructed by injecting
H460/MX20 cells into subaxillary subcutaneously in the mice. It
was found that CM082 combined with topotecan (the substrate of
ABCG2) significantly inhibited xenograft growth: the inhibition
rate was 68.2% (p < 0.001), while there was no significant difference
in the tumor weight and size among the control group, the topotecan
group, and the CM082 group (Figures 2A–2C). These results sug-
gested that the anti-tumor effect of topotecan on xenografts of
ABCG2-overexpressing cells was enhanced by CM082. Importantly,
there was no death or notable weight loss in all groups (Figure 2D),
suggesting that the regimen of concomitant drug treatment did not
increase toxicity.
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Table 1. Effect of CM082 on Chemotherapeutic Agents in ABC Transporter-

Expressing Cells In Vitro

Compounds

IC50 ± SD (mM) (Fold Reversal)

KB KBV200

DOX 0.0341 ± 0.0051 (1.00) 0.6153 ± 0.0678 (1.00)

+1.25 mM CM082 0.0364 ± 0.0019 (0.94) 0.6292 ± 0.0162 (0.98)

+2.5 mM CM082 0.0367 ± 0.0032 (0.93) 0.6031 ± 0.0523 (1.02)

+5 mM CM082 0.0339 ± 0.0031 (1.01) 0.6120 ± 0.0488 (1.01)

+10 mM VRP 0.0324 ± 0.0054 (1.05) 0.0983 ± 0.0067 (6.26) **

DDP 0.4626 ± 0.0668 (1.00) 2.215 ± 0.2592 (1.00)

+5 mM CM082 0.5341 ± 0.0411 (0.87) 2.3753 ± 0.0421 (0.93)

S1 S1-MI-80

MX 0.1669 ± 0.0205 (1.00) 3.9816 ± 0.1926 (1.00)

+1.25 mM CM082 0.1838 ± 0.0057 (0.91) 1.8476 ± 0.0819 (2.15) **

+2.5 mM CM082 0.1561 ± 0.0289 (1.07) 0.9935 ± 0.0801 (4.01) **

+5 mM CM082 0.1513 ± 0.0234 (1.10) 0.7887 ± 0.0371 (5.05) **

+2.5 mM FTC 0.1570 ± 0.0161 (1.06) 0.5602 ± 0.0806 (7.11) **

Topotecan 0.0701 ± 0.0067 (1.00) 12.593 ± 0.6403 (1.00)

+1.25 mM CM082 0.0783 ± 0.0078 (0.90) 5.264 ± 0.2486 (2.39) **

+2.5 mM CM082 0.0740 ± 0.0071 (0.95) 3.1136 ± 0.5521 (4.04) **

+5 mM CM082 0.0696 ± 0.0057 (1.01) 2.5146 ± 0.2676 (5.01) **

+2.5 mM FTC 0.0725 ± 0.0078 (0.97) 0.7126 ± 0.0874 (17.67) **

DDP 1.7123 ± 0.1378 (1.00) 3.9653 ± 0.5882 (1.00)

+5 mM CM082 1.777 ± 0.1294 (0.96) 4.1236 ± 0.4957 (0.96)

H460 H460/MX20

MX 0.0226 ± 0.0008 (1.00) 0.6025 ± 0.0242 (1.00)

+1.25 mM CM082 0.0234 ± 0.0020 (0.97) 0.2924 ± 0.0361 (2.06) **

+2.5 mM CM082 0.0243 ± 0.0020 (0.93) 0.2715 ± 0.0159 (2.22) **

+5 mM CM082 0.0216 ± 0.0022 (1.04) 0.147 ± 0.0167 (4.10) **

+2.5 mM FTC 0.0216 ± 0.0013 (1.04) 0.0928 ± 0.0047 (6.49) **

DDP 2.4503 ± 0.4176 (1.00) 6.5106 ± 0.3045 (1.00)

+5 mM CM082 2.9673 ± 0.3366 (0.83) 6.268 ± 0.1615 (0.96)

AnMTT assay was carried out to evaluate cell survival. VRP and FTC were employed as
ABCB1- and ABCG2-positive control inhibitors, respectively. IC50 values are shown as
mean ± SD based on three separate experiments. By dividing the IC50 of cells free from
CM082 with the IC50 of cells under CM082, we obtained the fold reversal of MDR. **p <
0.01.

Molecular Therapy: Oncolytics
CM082 Enhances the Accumulation of Substrates in ABCG2-

Mediated MDR Cells

The results from the cytotoxicity assay and xenograft model in mice
showed that the sensitivity of MDR tumor cells to ABCG2 substrates
was improved by CM082. For exploration of the possible mecha-
nisms, the accumulation of Hoechst 33342, rhodamine 123
(Rho 123), or doxorubicin (DOX) was examined by flow cytometry
in the absence or presence of CM082 in ABCG2-mediated MDR cells
and their parental sensitive cells. It was shown that the accumulation
of ABCG2 substrate in MDR cells was significantly less compared to
the parental cells (Figures 3A–3C). With CM082, the DOX accumu-
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lation in S1-MI-80 cells was increased significantly in a concentra-
tion-dependent manner, while their parental sensitive S1 cells showed
no difference in terms of DOX accumulation (Figure 3B). The action
of 5 mM CM082 was comparable to that of fumitremorgin C (FTC),
with 2.5 mM as the positive control agent (Figure 3B). These results
indicated that the accumulation of ABCG2 substrates in overexpres-
sion of ABCG2 cells was increased by CM082.

ABC transporter-mediated MDR is mainly caused by chemothera-
peutic drug efflux from tumor cells, hence decreasing their accumu-
lation in the cells. Therefore, a drug efflux assay was further conduct-
ed in this study to determine whether CM082 inhibited the outflow of
ABCG2 substrates. In S1-MI-80 cells that overexpressed ABCG2, Rho
123 efflux was significantly higher compared to that of S1 cells. With
CM082, efflux ratios of Rho 123 were decreased at all time points (Fig-
ure 4A). In addition, CM082 showed no effect on its efflux in S1 cells.
These results suggested that CM082 inhibited ABCG2 efflux activity.

CM082 Inhibited the [125I]-IAAP Photoaffinity Labeling of ABCG2

[125I]-iodoarylazidoprazosin (IAAP) labeling is widely used to deter-
mine the binding region between ABCG2 and its substrates or inhib-
itors.23 In order to determine the competitive site between CM082
and ABCG2 substrates, membrane vesicles were incubated at
different concentrations of CM082, followed by detection of the
ABCG2 photolabeling effect of [125I]-IAAP. As shown in Figure 4B,
CM082 exerted an obvious inhibitory effect on [125I]-IAAP photoaf-
finity labeling of ABCG2. The facts above indicated that CM082
might compete with the ABCG2 substrate for protein binding sites,
thereby inhibiting the pump out of ABCG2 substrates.

ABCG2 ATPase Activity Was Stimulated by CM082

Under substrates, ATP hydrolysis will be activated, and drugs are
pumped out of cells by ABC transporters. Therefore, ATP consump-
tion reflects ATPase activity. In this study, we detected ATPase
activity of ABCG2 (vanadium-sensitive) at various concentrations
of CM082 to ascertain CM082’s role in ATPase activity. As shown
in Figure 4C, the ATPase activity of ABCG2 was promoted by
CM082 until the plateau, which was close to 76 nmol/min/mg of
protein, was achieved. It seems that, similar to other substrates of
ABCG2, ATPase activity was stimulated by CM082 through binding
to the sites at transporters. The results suggested that CM082 might
be a substrate of ABCG2.

Cell Surface Localization and Expressions of ABCG2 Were Not

Changed by CM082

In addition to inhibiting the efflux pump function, ABCG2 reversal
may be achieved by reducing its expression. In this study, ABCG2
mRNA and protein expressions were measured using quantitative
real-time PCR and western blot after incubation of the cells with
various concentrations of CM082. Meanwhile, the expression of
ABCG2 on the surface of ABCG2-overexpressing cells was analyzed
using flow cytometry. Even at the highest concentration, CM082
did not influence the protein expression of ABCG2 and its membrane
location (Figures 5A–5C). It seems that themRNA level was increased



Table 2. Effect of CM082 on Chemotherapeutic Agents in ABCG2 Wild and Mutation Stably Transfected Cells

Compounds

IC50 ± SD (mM) (Fold Reversal)

HEK293/pcDNA3.1 HEK293-R482 (Wild) HEK293-R482T (Mutation)

MX 0.0105 ± 0.0010 (1.00) 0.1287 ± 0.0103 (1.00) 0.1752 ± 0.0091 (1.00)

+1.25 mM CM082 0.0098 ± 0.0008 (1.07) 0.0752 ± 0.0074 (1.71)** 0.1005 ± 0.0040 (1.74)**

+2.5 mM CM082 0.0103 ± 0.0008 (1.02) 0.0221 ± 0.0025 (5.80)** 0.0846 ± 0.0014 (2.07)**

+5 mM CM082 0.0088 ± 0.0002 (1.19) 0.0155 ± 0.0030 (8.29)** 0.0581 ± 0.0027 (3.02)**

+2.5 mM FTC 0.0094 ± 0.0004 (1.11) 0.0123 ± 0.0017 (10.41)** 0.0253 ± 0.0027 (6.90)**

DDP 4.459 ± 0.2491 (1.00) 2.592 ± 0.3561 (1.00) 0.7877 ± 0.0312 (1.00)

+5 mM CM082 4.8846 ± 0.1330 (0.91) 2.5063 ± 0.3948 (1.03) 0.8464 ± 0.1042 (0.93)

AnMTT assay was carried out to evaluate cell survival. FTC was set as positive MDRmodulator controls. IC50 values are shown as mean ± SD based on three separate experiments. By
dividing the IC50 of cells free from CM082 with the IC50 of cells under CM082, we obtained the fold reversal of MDR. ** p < 0.01.
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1.3- to 1.5-fold after incubation of the CM082 (Figure 5D), but this
difference was not statistically significant (p > 0.2). These results sug-
gested that the reversal of MDR by CM082 was not associated with
the alteration of ABCG2 expression in protein and mRNA levels
and its membrane location.

Phosphorylation of ERK and AKT at Concentrations of MDR

Reversal Was Not Blocked by CM082

It was reported that extracellular signal-regulated kinase (ERK) and
AKT pathway suppression might improve outcomes of chemothera-
peutic drugs in cancer cells.24,25 As a potent inhibitor of VEGF recep-
tor (VEGFR) and PDGF receptor (PDGFR), CM082 could regulate
the activation of AKT and ERK, two important downstream factors
of the ERK and AKT pathways. In this study, the phosphorylation
of AKT and ERK was tested over a range of different concentrations
using western blot. The phosphorylation and general levels of ERK
and AKT in ABCG2 overexpression S1-MI-80 cells and H460/
MX20 cells were not changed by CM082 (Figure 6). These results sug-
gested that the reversal of MDR by CM082 did not involve the
blockage of AKT or ERK phosphorylation.

DISCUSSION
Since ABC transporters have been identified as an important contrib-
utor to MDR, many studies have focused on the modulators of ABC
transporters. During the past 30 years, four distinct generations of
inhibitors have been developed to target ABC transporters. However,
due to the toxicity of these inhibitors and their interaction with chemo-
therapeutic agents, no such inhibitors have been approved for clinical
use. Recently, increasing evidence has shown that TKIs can reverse
MDRmediated by ABC transporters.26 In some clinical trials, concom-
itant use of TKIs might be beneficial for patients who showed no
response to chemotherapeutic drugs due to drug resistance.

As a derivative of sunitinib, CM082 is a multilocus TKI that can be
administered orally. Because of its short half-life and low tissue accu-
mulation, CM082 has better tolerance than that of similar drugs.
Phase I and II clinical trials of CM082 in combination with everoli-
mus to treat metastatic renal cell tumors are currently underway.
Previous studies have shown that sunitinib can inhibit ABCG2.15 In
this study, the ability of CM082 to reverse MDR was first explored
in vitro and in vivo.

The results of this study showed that KB cells and KBV200 cells, S1 cells
and S1-MI-80 cells, H460 cells and H460/MX20 cells, and HEK293/
pcDNA3.1 cells and stable transfection HEK293/ABCG2-R482 (wild)
cells, as well as HEK293/ABCG2-R482T (mutation) cells, displayed
similar sensitivity to CM082. The overexpression of functional
ABCB1 or ABCG2 rendered no obvious resistance to CM082.
Alternatively, H460/MX20 cells and S1-MI-80 cells were extremely
resistant to substrate chemotherapeutical agents such as topotecan
and MX (Table 1). Co-incubation with more than 80% cell survival
concentration of CM082 significantly reversed resistance to topotecan
orMX inH460/MX20 and S1-MI-80 cells, but it showed no such effects
in parental cells (Table 1). In addition, CM082 exerted no obvious ef-
fect of reversal on ABCB1-mediated MDR in KBv200 cells. Further-
more, to confirm the effect of CM082 on reversal of ABCG2-mediated
MDR in vivo, the models of H460/MX20 cell xenografts were estab-
lished in nude mice, and then we assessed the reversal of MDR by
CM082 in vivo. The results showed that neither topotecan alone nor
CM082 alone inhibited xenograft growth; however, the combination
of CM082 and topotecan significantly inhibited xenograft growth,
and the inhibition rate was 68.2%. These findings suggest that
CM082 could enhance the efficacy of substrate chemotherapeutical
agents in vitro and in vivo. Importantly, no animal death and weight
loss were observed in topotecan alone or CM082 alone, but also in
the combination of topotecan and CM082. These results demonstrate
that the combination of topotecan and CM082 did not increase the
toxicity or that the toxicity is endurable. These results encourage
further study on combination therapy of CM082 and chemotherapeut-
ical drugs in the clinic for cancer patients with ABCG2 overexpression.
To further explore the mechanisms underlying the reversal of drug
resistance mediated by ABCG2, the function or expression of
ABCG2 was investigated in the absence or presence of CM082. The re-
sults showed that CM082 inhibited the efflux of substrate, such as
Hoechst 33342, DOX, and Rho 123, fromABCG2-overexpressing cells,
thereby increasing their intracellular accumulation. Furthermore, ABC
transporters use ATP enzyme to hydrolyze the energy released by ATP
to pump the substrate out of the cells. Thus, ATP hydrolysis rates are in
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Figure 2. CM082 Significantly Enhanced the Efficacy

of Topotecan in the Model of H460/MX20 Cell

Xenograft in Nude Mice

(A) The tumor growth curve after implantation in each group

(n = 10). (B) The tumor masses were resected on day 23

after implantation and tumor sizes were exhibited. (C)

Average tumor weight at the end of the experiment. The

four treatment groups were as follows: control, CM082

alone, topotecan alone, and CM082 plus topotecan. (D)

Body weight changes were measured once every 2 days.

Results are presented as the mean ± SD. ***p < 0.001.
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line with the activity of transporters. It was found in this study that the
ATPase activity of ABCG2 was enhanced by CM082 at the concentra-
tions of reversal MDR, suggesting that CM082 might be a substrate of
ABCG2. The results of competition experiments on [125I]-IAAP affin-
ity labeling also confirmed the above hypothesis. These findings sug-
gested that CM082 might compete with substrates and incorporate
into the substrate-binding sites of ABCG2. Consistent with our
previous findings on other TKIs,19,26,27 CM082 could antagonize the
function of ABCG2. Subsequently, the effect of CM082 on ABCG2
expression was measured. It was found that ABCG2 transporter
mRNAand protein levels were not changed by CM082, and theirmem-
brane location was not altered. In addition, the phosphorylation of ERK
and AKT was not influenced by 5 mM CM082 in MDR cells and their
parental sensitive cells. Therefore, the MDR reversal by CM082 did not
involve blockage of the ERK and AKT pathways.

In conclusion, CM082 increased the accumulation of ABCG2 sub-
strates in ABCG2 overexpression cells by competitively suppressing
ABCG2 activity (Figure 7), rather than by downregulating ABCG2
expressions or by blocking the phosphorylation of downstream effec-
tors of VEGFR. Therefore, further study is needed to determine
whether CM082 can be used concomitantly with known anticancer
drugs of ABCG2 substrates to improve the clinical outcomes of cancer
patients with ABCG2 overexpression.

MATERIALS AND METHODS
Main Reagents

CM082 was provided from Kanaji (Shanghai, China). Rho 123, MX,
topotecan, DOX, DDP, FTC, Hoechst 33342, MTT, DMSO
104 Molecular Therapy: Oncolytics Vol. 16 March 2020
(dimethyl sulfoxide), and VRP (verapamil)
were purchased from Sigma-Aldrich (St. Louis,
MO, USA). FBS (fetal bovine serum), RPMI
1640, and DMEM (Dulbecco’s modified Eagle’s
medium) were obtained from Gibco-BRL
(Gaithersburg, MD, USA). Antibodies against
phosphorylated (phospho-)AKT, phospho-
ERK, ABCG2, total AKT, and total ERK were
provided by Santa Cruz Biotechnology
(Paso Robles, CA, USA). The antibody against
GAPDH was provided by Kangcheng
(Shanghai, People’s Republic of China). ExCell Bio (Shanghai, Peo-
ple’s Republic of China) provided SYBR Green qPCR master mix.

Culture of Cell Lines

Cell lines employed included the following: cell line KB (human oral
epidermoid carcinoma) and cell line KBv200, which were selective for
vincristine (VCR) and overexpressed ABCB1; an NSCLC cell line
H460 and cell line H460/MX20, which were selective for MX and
overexpressed ABCG2; cell line S1 (human colon carcinoma) and
cell line S1-MI-80, which were selected for MX and overexpressed
ABCG2; and a HEK293/ABCG2-R482T cell line (mutant), a
HEK293/ABCG2-R482 cell line (wild-type), as well as a HEK293/
pcDNA3.1 cell line were stably transfected human embryonic kidney
cell lines, which were donated by Dr. Susan Bates (NCI, NIH,
Bethesda, MD, USA). All cells were cultured at 37�C in a humidified
incubator containing 5% CO2 and RPMI 1640 or DMEM supple-
mented with FBS (10%). All cells were kept free from drugs for
more than 2 weeks before the experiment. The transfected cells
were subjected to culture with a medium that contained 2 mg/mL
G418.

Cell Cytotoxicity Assay

In order to evaluate in vitro drug cytotoxicity, the MTT assay was
performed according to previous literature.28 In brief, the cells
(3,000–5,000 cells or so) of logarithmic phase were placed in
96-well microplates for 24 h of incubation, and then treated with
conventional chemotherapeutic drugs in a range of different
concentrations for 72 h. For the reversal experiments, the cells
were preincubated with a fixed concentration of CM082, VRP, or



Figure 3. CM082 Increased Intracellular Accumulation of ABCG2 Substrate in HX460/MX20 and S1-MI-80 cells

(A) The accumulation of Rho 123 in S1 and S1-MI-80 in the absence and presence of CM082. (B) The accumulation of DOX in S1 and S1-MI-80 in the absence and presence

of CM082. (C) The accumulation of Hoechst 33342 in HX460 and HX460/MX20 in the absence and presence of CM082. Fold changes in fluorescence intensity relative to

controls were used to describe the data. The bars represented the mean and standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001
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FTC. Into each well the MTT (20 mL, 5 mg/mL) was added following
a 4-h incubation, and centrifugation was performed. The medium
was discarded. Subsequently, 150 mL of DMSO was added into
each well for dissolution of formazan crystals. The absorbance was
measured at a wavelength of 540 nm on a model 550 microplate
reader (Bio-Rad, Hercules, CA, USA). The Bliss method was
employed to calculate IC50.

29 Through dividing the IC50 of cells
free from CM082 with the IC50 of cells in the presence of CM082,
we obtained the fold reversal of MDR.30 All assays were performed
in triplicate, and mean ± standard deviation (SD) was used to
describe the related data.

Animal Experiments

Based on a previous report,31 H460/MX20 cell xenograft models were
constructed. Briefly, H460/MX20 cells (3 � 106) from Sun Yat-sen
University (Guangzhou, China) were subcutaneously injected into
the right flank of female athymic nude mice (BALB/c-nu/nu) aged
5–6 weeks and weighing 15–17 g. When the mean diameter of
xenograft tumors reached 5 mm, the animals were randomly divided
into four groups to receive alternative treatments: (1) control (normal
saline, gavage, once every 2 days); (2) CM082 (20 mg/kg, gavage, once
every 2 days); (3) topotecan (2 mg/kg, intraperitoneal injection, once
every 2 days); and (4) CM082 (20 mg/kg, gavage, once every 2 days,
given 1 h before the administration of topotecan) plus topotecan
(2 mg/kg, intraperitoneal injection, once every 2 days). The two
perpendicular diameters (length and width) of the tumor and the
body weight were recorded once every 2 days. Based on the formula
of tumor volume = (p/6)[(length + width)/2],3 tumor volume was
calculated. The mice were finally euthanized, and the xenograft
tumors were harvested from the mice and the weight was recorded.
The ratio of growth inhibition (IR) was calculated according to the
following equation:
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Figure 4. The Inhibition of [125I]-IAAP Photoaffinity

Labeling, the Stimulation of ATPase Activity of

ABCG2, and the Decrease of Rho 123 Efflux Were

Induced by CM082

(A) In course of time, the change of Rho 123 efflux was

determined in S1-MI-80 cells and S1 cells with 5 mM

CM082 or not. (B) The ATPase activity of vanadate-sensi-

tive ABCG2 under the indicated concentrations of CM082

was assessed. (C) The relative amount of [125I]-IAAP that

was incorporated to the ABCG2 protein was plotted

against the concentration of CM082 used in the competi-

tion. 100% incorporation indicated that CM082 was

vacant. The mean and standard error values are shown.
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The ratio of growth inhibition = 1

� Averaged tumor weight in experiment group
Averaged tumor weight in control group

� 100:

All mice were allowed free access to disinfected water and food. The
protocol obtained approval from the Institutional Animal Care and
Use Committee of Sun Yat-sen University Cancer Center
(L102042018080C).
Determination of Substrate Accumulation in the Cells

Flow cytometry was employed to determine Hoechst 33342, Rho 123,
and DOX in HX460/HX460/MX20 and S1/S1-MI-80 cells based on a
previous report with minor changes.27 In brief, the cells were cultured
in six-well plates, which were then incubated for one night before
treatment. Subsequently, 1.25, 2.5, or 5 mM CM082 (or vehicle and
2.5 mM FTC) was added into the medium, respectively, and the cells
were further incubated at 37�C for 3 h. In the next step, 1 mMHoechst
33342, 10 mMDOX, or 5 mMRho 123 was added onto the cells, which
were incubated for either 30 min or 3 h, respectively. Finally, the cells
were harvested, followed by washing with PBS (ice-cold) three times
and resuspension in 200 mL of PBS.

Determination of Rho 123 Efflux

Based on the previous literature,27 a Rho 123 efflux assay was carried
out. Rho123 (5mM)was added into S1-MI-80 and S1 cells for treatment
for 30 min at 37�C. Subsequently, the cells were incubated with fresh
media with and without 5 mM CM082 at 37�C after PBS washing for
three times. The cells were then harvested at 0, 15, 30, 60, and 90 min
of incubation, respectively, followed byPBS (ice-cold) washing for three
times and resuspension with 200 mL of PBS for subsequent analysis.
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Determination of ABCG2 ATPase Activity

ATPase activity of ABCG2, which was sensitive
to vanadate, was detected according to a previ-
ous method with some modifications.32 In
detail, crude membranes were separated from
MCF7/FLV1000 cells (ABCG2 overexpressing,
100 mg of protein/mL) and underwent incuba-
tion of CM082 with various concentrations
with and without sodium orthovanadate
(1.2 mM) in a buffer solution (1 mM DTT,
5 mM sodium azide, 50 mM KCl, 10 mM MgCl2, and 2 mM
EDTA; pH 6.8) at 37�C for 5 min. For ATP hydrolysis reaction,
5 mM Mg-ATP (60 mL) was added, followed by incubation at
37�C for 10 min. The reaction was then stopped by adding 30 mL
of 10% SDS. Finally, the reagent (10% ascorbic acid, 15 mM zinc ac-
etate, and 35 mM ammonium molybdate) was added and allowed to
incubate at 37�C for 20 min. The absorbance of the resulting
solution was finally detected at a wavelength of 750 nm. The calibra-
tion curve was used to quantify the released inorganic phosphate.
The discrepancy between the amounts of released inorganic phos-
phate with and without sodium orthovanadate was calculated based
on vanadate-sensitive and CM082-stimulated ABCG2 ATPase
activity.
[125I]-IAAP Was Used to Label Photoaffinity of ABCG2 and

ABCB1

The crude membrane (50 mg of protein) was separated from MCF7/
FLV1000 cells, and 0–10 mM CM082 was added in 50 mM Tris-HCl
(pH 7.5) for a 5-min incubation at room temperature. With protec-
tion from light, [125I]-IAAP (3 nM; 2,200 Ci/nmol) was added for
another 5-min incubation. Radioactive IAAP could cross-link with
the ABCG2 protein by ultraviolet illumination (at a wavelength of
365 nm). Specific ABCG2 monoclonal antibody (BXP21) was intro-
duced for immunoprecipitation of the labeled ABCG2. The samples
were added to 7% Tris-acetate NuPAGE gel for sodium dodecyl
sulfate polyacrylamide gel electrophoresis. After that, they were dried,
followed by exposure to Bio-Max MR film (Eastman Kodak, USA)
for one night at �8�C. The Storm 860 phosphorimager system
(Molecular Dynamics, Sunnyvale, CA, USA) was introduced for
radioactivity determination.



Figure 5. CM082 Did Not Alter the Expression of ABCG2 in mRNA or Protein Levels

After incubationwith various concentrations ofCM082 for 48h, the protein levels ofABCG2 inMDRcellsweremeasuredbyWestern blot analysis (A) and then quantitative analysis

(B). (C) Flow cytometry was used to detect ABCG2 expressions on the cell surface in H460/MX20 cells and S1-MI-80 cells, as well as in their parental drug-sensitive cells with/

without CM082. (D) Real time-PCRwas used to detect ABCG2mRNA levels. All experiments were done in triplicate at least. The bars represent themean and standard deviation.
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Determination of ABCG2 Expressions on Cell Surface

The cellular localization of ABCG2 was determined based on a
previous method.27 Briefly, S1-MI-80 and H460/MX20 cells that over-
expressed ABCG2 were collected and treated by 5 mM CM082 for
45 min at 4�C after PBS washing for three times. Fluorescein isothio-
cyanate (FITC)-conjugated ABCG2 was used as the positive control,
while FITC-labeled murine IgG2b (immunoglobin G2b) was used as
the negative control. Finally, after PBS buffer (containing 0.5% BSA)
washing twice, the cells were resuspended in PBS buffer (200 mL).

Western Blot

The protein expressions were detected by western blot according to a
previous method.33 After treatment of S1-MI-80 and H460/MX20
cells with different concentrations of CM082 for 48 h, ABCG2 protein
expressions were detected. At the same time, to explore the effect of
CM082 on the downstream signaling pathway in the concentration
of reversal MDR, the protein expression of AKT and ERK as well
as their level of phosphorylation in S1-MI-80 cells and H460/MX20
cells and their parental cells were detected.

The prepared cell lysates were quantified by Pierce� BCA Protein
Assay Kit (Thermo Scientifc, USA) according to the manuals. Protein
samples were subjected to SDS-PAGE and then blotted to nitrocellu-
lose membranes. After being blocked by 5% skim milk, membranes
were subsequently incubated with the primary antibodies for one night
at 4�C before incubation with corresponding secondary antibodies.
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Figure 6. CM082 Did Not Affect the Phosphorylation and General Levels of ERK and AKT

The GAPDH was performed as loading control. (A) The total and the phosphorylation protein level of AKT and ERK were detected by western blot. (B) Quantitative analysis of

AKT, ERK, and their phosphorylation. All experiments were done in triplicate at least. The bars represent mean and standard deviation.
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The immunoblots were detected using an Odyssey infrared imaging
system (provided by LI-COR Biosciences).

Quantitative Real-Time PCR

Using the previous method,34 ABCG2 mRNA expression levels were
determined.Various concentrations of CM082were added for treatment
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of S1-MI-80 and H460/MX20 cells for 48 h, and a TRIzol reagent RNA
extraction kit (Molecular Research Center, USA) was employed to har-
vest total cellular RNA from each sample. PCR primers were as follows:
GAPDH, forward, 50-CTTTGGTATCGTGGAAGGA-30, reverse, 50-
CACCCTGTTGCTGTAGCC-30; ABCG2, forward, 50-TGGCTGT
CATGGCTTCAGTA-30, reverse, 50-GCCACGTGATTCTTCCACA



Figure 7. A Schematic Model Illustrating the Reversal

of MDR by CM082

Overexpression of ABCG2 in MDR cancer cells leads to the

efflux of antitumor drugs. CM082 could inhibit ABCG2

pump. In consequence, the accumulation of anticancer

drugs in tumor cells incresed, resulting in sensitivity to

antitumor drugs.
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A-30. The 2�DDCt method was employed to quantify relative expressions
of ABCG2, and GAPDH expressions were used as the internal control.35
Statistical Analysis

GraphPad Prism 5.0 software was employed for statistical analysis.
Mean ± SD was used to describe the related data. Means between
two groups were compared by Student’s t test, and p < 0.05 indicated
significant difference.
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