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Abstract
Human ABCG2, a member of the ATP-binding cassette transporter superfamily, represents a promising
target for sensitizing MDR in cancer chemotherapy. Although lots of ABCG2 inhibitors were identified, none of
them has been tested clinically, maybe because of several problems such as toxicity or safety and pharmacokinetic uncertainty of compounds with novel chemical structures. One efficient solution is to rediscover new
uses for existing drugs with known pharmacokinetics and safety profiles. Here, we found the new use for
sorafenib, which has a dual-mode action by inducing ABCG2 degradation in lysosome in addition to inhibiting
its function. Previously, we reported some novel dual-acting ABCG2 inhibitors that showed closer similarity to
degradation-induced mechanism of action. On the basis of these ABCG2 inhibitors with diverse chemical
structures, we developed a pharmacophore model for identifying the critical pharmacophore features
necessary for dual-acting ABCG2 inhibitors. Sorafenib forms impressive alignment with the pharmacophore
hypothesis, supporting the argument that sorafenib is a potential ABCG2 inhibitor. This is the first article that
sorafenib may be a good candidate for chemosensitizing agent targeting ABCG2-mediated MDR. This study
may facilitate the rediscovery of new functions of structurally diverse old drugs and provide a more effective
and safe way of sensitizing MDR in cancer chemotherapy. Mol Cancer Ther; 11(8); 1693–702. 2012 AACR.

Introduction
MDR is a major reason for the failure of clinical treatment of cancer and characterized by decreased cellular
sensitivities to a broad range of chemotherapeutic agents
due, at least mostly, to the overexpression of efflux transport protein on the plasma membrane of cancer cells.
Three major human ATP-binding cassette (ABC) transporters have been specialized to play a key role in the
clinical development of MDR, including P-glycoprotein
(MDR1/ABCB1), MDR protein 1 (MRP1/ABCC1), and
breast cancer resistance protein (BCRP/ABCG2; ref. 1).
Unlike ABCC1 and ABCB1, human ABCG2 has been
considered a half-transporter with a unique arrangement
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of its nucleotide-binding domain at the amino terminus
and transmembrane at the carboxyl terminus. Human
ABCG2 mediates concurrent resistance to the commonly
used chemotherapeutic agents, such as mitoxantrone
(MX), topotecan, and 7-ethyl-10-hydroxycamptothecin
(SN-38), by pumping these drugs out of the tumor cells
and thus lowering their cytotoxic effects. Indeed, several
clinical studies have clearly shown that ABCG2 overexpression correlates with poor clinical responses in both
adult and childhood leukemia patients (2, 3). Therefore,
the overexpression of ABCG2 in cancer cells has
been an important target of the efficacy of anticancer
agents (4).
To date, many ABCG2 inhibitors with diverse chemical
structures have been found or developed, but none of
them has been tested clinically. It would not be surprising
if clinical use of ABCG2 inhibitors with novel chemical
structures may have unexpected effects due to several
problems, such as toxicity or safety and pharmacokinetic
uncertainty of the compound. Although most small molecule tyrosine kinase inhibitors (TKI) are competitive or
high-affinity substrates of ABCG2 (5), some of them, such
as apatinib (6), sunitinib (7), lapatinib (8), erlotinib (9),
gefitinib (10), imatinib (11), nilotinib (12), and vandetanib
(13), have been reported to be inhibitors or modulators.
These TKIs seem to inhibit the function of ABCG2 transporter by directly interacting with this transporter, thereby completely reversing the MDR of cancer cells (14).
Furthermore, the MDR reversal action seems to be unrelated to the expression level of ABCG2. Despite the fact
that underlying mechanisms are still not clear, simultaneous administrations of TKIs with chemotherapeutic
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agents, mainly refer to substrates of ABCG2, might be
applicable to clinical practice. Regardless, these possibilities are still needed to evaluate effectiveness in the future
clinic. Therefore, these joint works for many years have
led to further progress in identifying new functions of old
drugs already used in the clinic and become one of the
practicable solutions in the fast affordable MDR chemosensitizer development.
In our previous studies, we reported, for the first time,
a novel dual-acting ABCG2 inhibitor (15), PZ-39, and
identified 2 types of ABCG2 inhibitors with one inhibiting only ABCG2 function (static) and the other inducing
ABCG2 degradation in lysosome in addition to inhibiting its function (dynamic) (16). The discovery of dynamic
inhibitors that induce ABCG2 degradation may, therefore, assist in establishing a new strategy for the reversal
of ABCG2-mediated MDR in cancer chemotherapy. In
this study, an old drug, sorafenib was identified as a
potential ABCG2 inhibitor, showing closer similarity to
degradation-induced mechanism of action. On the basis
of these reported dynamic ABCG2 inhibitors, we developed a pharmacophore model to identify the critical
pharmacophore features necessary for inhibitor-induced
ABCG2 degradation. The hypothesis model was also
mapped very well with the corresponding functional
groups of sorafenib, supporting the argument that sorafenib is a potential ABCG2 dynamic inhibitor. This is
the first report that sorafenib may be a good candidate
for further evaluation as chemosensitizing agent targeting ABCG2-mediated MDR. This study may facilitate the
rediscovery of new functions of structurally diverse old
drugs and provide a more effective and safe way of
reversing MDR in cancer chemotherapy.
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Cell culture, treatments, and lysate preparations
The human chronic myelogenous leukemia cell
line K562 and its drug-selected cell line K562/A02 (17)
were kindly provided by Prof. Dongsheng Xiong (Institute of Hematology & Blood Diseases Hospital, CAMS &
PUMC, China). HEK293-transfected sublines HEK293/
Vec (18), HEK293/ABCC1 (19), and HEK293/ABCG2 (20)
were obtained from Prof. Jian-ting Zhang (Indiana University Simon Cancer Center, Indianapolis, IN). The
human breast cancer cell line MCF-7 and the mitoxantrone selected MDR cell line MCF-7/MX (21) were kindly
provided by Dr. E. Schneider (Wadsworth Center,
Albany, NY). All cell lines from gifts were cultured as
previously described and frozen into multiple aliquots.
All cells were passaged for 4 months or less before the
renewal from frozen, early-passage stocks. All cell lines
were periodically authenticated by morphologic inspection. For analysis of ABCG2 degradation, HEK293/
ABCG2 cells were first treated with 10 nmol/L bafilomycin A1 or 2 mmol/L MG-132 for 24 hours followed by
treatment with 2.5 mmol/L sorafenib for 3 days and
collection of cell lysates. Lysate preparation was carried
out as described previously (15).

Materials and Methods

Western blot and fluorescence-activated cell sorting
analyses
Western blot and fluorescence-activated cell sorting
(FACS) analyses of drug accumulation were carried
out exactly as we previously described (15, 20). To
determine the conformational change of ABCG2 following treatment with ABCG2 inhibitors, HEK293/
ABCG2 cells were incubated with 0.5 and 2.5 mmol/L
sorafenib at 37 C for 10 minutes before PE-conjugated
5D3 antibody (1:20 dilution) was added and incubated
for 30 minutes. The cells were then washed 3 times
and analyzed by FACS.

Materials
All electrophoresis reagents, protein concentration
assay kit, and polyvinylidene difluoride membranes were
purchased from Bio-Rad. Adriamycin, topotecan, and
mitoxantrone were from Zhejiang Hisun Pharmaceutical
Co., Ltd., Huangshi Feiyun Pharmaceutical Co., Ltd., and
Jiangsu Hansoh Pharmaceutical Co., Ltd., respectively.
Rhodamine-123, Ko143, SRB, bafilomycin A1, and
MG-132 were obtained from Sigma-Aldrich. Monoclonal
antibody (mAb) C-219 against ABCB1 and BXP-21
against ABCG2 were purchased from Abcam. MRPr1
against ABCC1 was from ARP American Research Products, Inc. Anti-AKT, p-AKT, ERK1/2, and p-ERK1/2
antibodies were acquired from Cell Signaling. PE-conjugated 5D3 antibody was from eBiosciences. Real-time
PCR Master Mix was purchased from TOYOBO. Dimethyl sulfoxide (DMSO), TRIzol, and G418 were purchased from Invitrogen. Cell culture medium RPMI-1640
and Dulbecco’s Modified Eagle’s Medium were purchased from HyClone. Sorafenib standard was purchased
from J&K Scientific Ltd. All other chemicals were
obtained from commercial sources of analytical grade.

Real-time reverse transcriptase-PCR and
cytotoxicity assay
RNA extraction and real-time reverse transcriptase
PCR (RT-PCR) were carried out as we described previously (15). The sequences of ABCG2 primers are 50 -TCATCAGCCTCGATATTCCATCT-30 (forward) and 50 -GGCCCGTGGAACATAAGTCTT-30 (reverse). The sequences
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers are 50 -CCGTCTAGAAAAACCTGCC-30 (forward)
and 50 -GCCAAATTCGTTGTCATACC-30 (reverse). The
standard curve and data analysis were produced using
Bio-Rad iQ5 software. The relative ABCG2 mRNA level
treated with inhibitors was expressed as fold change of the
control (in the presence of 0.1% DMSO).
Cytotoxicity was determined using SRB and MTS
assays as previously described (15, 16). The effect of
inhibitors on drug resistance was determined by exposing
cells to a low concentration (IC10) of anticancer drugs,
such as adriamycin, mitoxantrone, and topotecan, in the
absence or presence of different concentrations of
sorafenib.
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Drug accumulation and in vitro transport assays
Drug accumulation assay was carried out as described
previously (15, 16) with some modifications. Briefly, 106
cells in culture were preincubated with various concentrations of sorafenib, Ko143, verapamil, or vehicle control
(0.1% DMSO) for 1 hour at 37 C, followed by addition of
20 mmol/L mitoxantrone and incubation for 30 minutes.
The reaction was stopped by addition of ice-cold PBS and
centrifugation, washed with ice-cold PBS 3 times, and
subjected analysis flow cytometry.
Inhibition kinetics of sorafenib on intracellular mitoxantrone (ABCG2 substrate) efflux by ABCG2 was detected
as previous described (6). Briefly, HEK293/ABCG2 cells
were incubated with mitoxantrone (2.5–20 mmol/L in
final) at 37 C for 30 minutes. The cells were centrifuged,
collected, washed once with cold PBS, and resuspended in
medium with free mitoxantrone in the presence or
absence of 2.5 mmol/L sorafenib. Then, the cells were
incubated at 37 C for 10 minutes, centrifuged, and
washed at least 2 times with cold PBS. The apical uptake
reaction kept at 0 C was taken as control. The intracellular
concentration of drug was determined by FACS. The
quantity of drug efflux by ABCG2 was calculated by
subtracting the values obtained at 37 C from those at 0 C.
The inhibitory effect of sorafenib was analyzed using
Lineweaver–Burk plots as previously described (6).
Pharmacophore modeling
The common pharmacophore features among 4 dynamic ABCG2 inhibitors (PZ-8, 34, 38, and 39) reported by us
were generated by LigandScout (version 3.0). Diverse
conformations for each compound were generated such
that the conformers covered accessible conformational
space defined within 10 kcal/mol of the estimated global
minimum. Then, the ligand-based pharmacophore creation workflow in LigandScout was used to identify configurations or 3-dimensional (3D) spatial arrangements of
chemical features that are common to molecules in a
training set. In this work, 4 kinds of chemical features,
including hydrogen bond acceptor (HBA), hydrogen
bond donor (HBD), hydrophobic center, and aromatic
ring, were used in pharmacophore modeling. The maximum number of chemical features in each hypothesis
was set to 10, and the maximum number of pharmacophore hypotheses was set to 10. Finally, the best pharmacophore hypothesis was used to evaluate how well
sorafenib can be mapped with pharmacophore model.

Results
Effect of sorafenib on ABCG2-mediated
mitoxantrone accumulation
To investigate the effect of sorafenib on ABCG2-mediated drug efflux, mitoxantrone was used as a model
substrate. Intracellular mitoxantrone accumulation in
ABCG2 R482G-transfected stable HEK293 (HEK293/
ABCG2) cells and its corresponding ABCG2-negative
vector-transfected control (HEK293/Vec) cells were mea-
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sured in the presence or absence of sorafenib or Ko143 at
2.5 mmol/L. As shown in Fig. 1A, sorafenib and Ko143
produced a significant increase of mitoxantrone accumulation in HEK293/ABCG2, but little effects on HEK293/
Vec. The preincubation of cells with sorafenib and Ko143
also enhanced intracellular mitoxantrone accumulation in
MCF7/MX that overexpress wild-type ABCG2 but not in
the parental MCF7/WT cells (Supplementary Fig. S1),
indicating that the effect of sorafenib on mitoxantrone
accumulation is likely via inhibiting ABCG2. Then we
determined the concentration-dependent effect of sorafenib on ABCG2-mediated mitoxantrone accumulation in
HEK293/ABCG2 cells by flow cytometry. As shown
in Fig. 1B, the mitoxantrone accumulation in the absence
of sorafenib was remarkably decreased in ABCG2-overexpressing cells, as compared with that in its corresponding ABCG2-negative cells (shadow peak). Addition of
sorafenib increased the intracellular mitoxantrone level
in ABCG2-overexpressing cells in a dose-dependent manner. The value of IC50 for sorafenib inhibition of ABCG2mediated drug efflux was approximately 1.31 mmol/L
(Supplementary Fig. S4).
To further investigate the specificity of sorafenib, we
tested its effect on drug efflux mediated by 2 other major
MDR-related ABC (MDR-ABC) transporters that are
known to cause MDR, ABCB1, and ABCC1 using K562
drug-selected resistant cells that overexpress ABCB1
(K562/A02) and HEK293 cells that were transfected
with ABCC1 (HEK293/ABCC1). However, we found no
effect of sorafenib on the activity of ABCB1 and ABCC1
in decreasing rhodamine-123, adriamycin accumulation,
respectively (Fig. 1C and D). Thus, although the structure of sorafenib is different to previously reported
ABCG2 inhibitors, it seems to be specific to ABCG2 and
do not affect drug efflux mediated by 2 other major
MDR-ABC transporters (up to 2.5 mmol/L concentration
in this study).
Sensitization of sorafenib on ABCG2-mediated MDR
To determine whether sorafenib has the ability to sensitize ABCG2-mediated drug resistance, we carried out
analyses of the effect of sorafenib at nontoxic dose on the
survival of HEK293/ABCG2 and HEK293/Vec cells in the
absence or presence of different well-known ABCG2
substrates, including mitoxantrone and topotecan. As
shown in Fig. 2, we found that sorafenib alone is not
cytotoxic with a concentration up to 2.5 mmol/L (high
dose in Fig. 2) on the survival of parental and resistant
cells. But in the combined application of sorafenib and
anticancer drugs, which alone have less than 10% inhibition of growth of cells, sorafenib produced a chemosensitivity increase of ABCG2 substrates in a dose-dependent
manner in the HEK293/ABCG2, whereas it had little
influence on the parental HEK293/Vec cells (Fig. 2A and
B). Supplementary Fig. S2 also showed that sorafenib
significantly potentiated the toxicity of mitoxantrone in
MCF7/MX (wild-type ABCG2) cells, though sorafenib
alone was not cytotoxic to parental MCF7/WT and
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Figure 1. Effect of sorafenib on the intracellular substrate accumulation. A, mitoxantrone accumulation in HEK293 cells transfected with vector (HEK293/Vec)
or ABCG2 (HEK293/ABCG2) following a 30-minute incubation in the absence or presence of soreafenib or Ko143 (2.5 mmol/L). The data are means  SD from 3
independent experiments ( , P < 0.01, compared with DMSO vehicle). B, dose response of sorafenib in restoring mitoxantrone accumulation in
HEK293/ABCG2 cells. The shadow peak shows the level of mitoxantrone accumulation in vector-transfected cells, serving as a control. Ko143 (2.5 mmol/L)
was also used as a positive control. The data are representative of 3 independent experiments. C and D, Rh-123 accumulation in K562/A02 cells
overexpressing ABCB1 (C) or adriamycin accumulation in HEK293/ABCC1 cells overexpressing ABCC1 (D) following a 30-minute incubation in the absence or
presence of sorafenib (2.5 mmol/L) or verapamil (10 mmol/L). Verapamil (VRP) was used as a positive control. The data are means  SD from 3 independent
experiments ( , P < 0.01, sorafenib compared with verapamil control).

MCF7/MX cells, supporting the argument that sorafenib
is a potent ABCG2 inhibitor. We next determined the
specificity of sorafenib on the survival of K562/A02 and
HEK293/ABCC1 that overexpress human ABCB1 and
ABCC1, respectively. As shown in Fig. 2C and D, sorafenib at the same concentration did not significantly alter the
cytotoxicity of adriamycin, both as the substrate of ABCB1
and ABCC1, in K562/A02 and HEK293/ABCC1 cells,
supporting the above notion that sorafenib (up to 2.5
mmol/L) may be specific to ABCG2 and do not affect
MDR mediated by ABCB1 and ABCC1 transporters.
Interaction of sorafenib and ABCG2
As reported previously, mAb 5D3 recognizes and binds
to ABCG2 on the cell surface more readily in the presence
of ABCG2 inhibitors possibly due to inhibitor-induced
conformational changes of ABCG2 (15, 22). To detect
whether sorafenib can bind to ABCG2, we carried out
staining analyses of ABCG2 using 5D3 in the presence or
absence of sorafenib in HEK293/ABCG2 cells. As shown
in Fig. 3A, sorafenib caused an increase of 5D3 staining in
HEK293/ABCG2 cells, supporting the possibility that
sorafenib directly binds to ABCG2 and leads to ABCG2
conformational changes.
To further understand the mechanism of action underlying inhibition of ABCG2-mediated transport by sorafenib, we tested the effect of sorafenib on the kinetics of the
intracellular mitoxantrone efflux mediated by ABCG2
transporter using HEK293/ABCG2 cells. The fluores-
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cence change of mitoxantrone was determined in the
presence or absence of sorafenib using flow cytometry.
As shown in the Lineweaver–Burk plot (Fig. 3B), sorafenib
was a noncompetitive inhibitor of mitoxantrone efflux.
Thus, our study showed that sorafenib binds to a different
site on ABCG2 from mitoxantrone, not being a competitive inhibitor of mitoxantrone.
Dual action of sorafenib on ABCG2
To determine whether sorafenib has the dual-acting
characteristic, we also tested the effect of sorafenib on
ABCG2 expression using Western blot analysis. As shown
in Fig. 4A, sorafenib dramatically decreased the expression of ABCG2 in both concentration- and time-dependent manners, the results are similar to those of PZ-38 that
was used as a positive control (Fig. 4B). As previously
described, after incubating resistant cells for 2 hours,
sorafenib was able to inhibit ABCG2-mediated mitoxantrone efflux, whereas ABCG2 expression decreased only
marginally in drug-resistant cells. A significant decrease
in the ABCG2 protein level was observed at day 1 after
sorafenib treatment. The similar effects were also
observed in MCF7/MX that overexpresses wild-type
ABCG2 cells (Supplementary Fig. S3). However, as shown
in Fig. 4C, the well-known ABCG2 inhibitor Ko143
does not affect ABCG2 expression level, although both
sorafenib and Ko143 significantly increased mitoxantrone
accumulation in HEK293/ABCG2 cells. To determine
the specificity of sorafenib, we also tested the effect of
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Figure 2. Chemosensitization of drug resistance by sorafenib. A and B, HEK293/Vec (open bar) or HEK293/ABCG2 (ﬁlled bar) cells were treated with or without
IC10 of mitoxantrone (A) and topotecan (B) in the absence or presence of different concentrations of sorafenib (CH, 2.5 mmol/L; CM, 1.25 mmol/L; CL, 0.625
mmol/L) followed by SRB assay. C and D, K562 (open bar) and K562/A02 (ﬁlled bar) that overexpress ABCB1 (C) or HEK293/Vec (open bar) and
HEK293/ABCC1 (ﬁlled bar) that were transfected with ABCC1 (D) cells were treated with or without IC10 of adriamycin in the absence or presence of different
concentrations of sorafenib (CH: 2.5 mmol/L; CM: 1.25 mmol/L; CL: 0.625 mmol/L) followed by MTS assay. Ko143 was used as an ABCG2 inhibitor
control, whereas verapamil (VRP) was used as a positive control of ABCB1 and ABCC1. The results are presented as survival rate of MDR cells relative to
DMSO vehicle and shown as means  SD of 3 independent experiments.

sorafenib on the steady-state protein level of ABCB1 and
ABCC1. The expression of ABCB1 and ABCC1 proteins
was not affected by treating drug-resistant cells with 2.5
mmol/L sorafenib for 3 days, compared with vehicle
control (0.1% DMSO; Fig. 4D). Thus, sorafenib is likely
specific to ABCG2 among 3 major MDR-ABC transporters
that are believed to be involved in clinical drug resistance.
To examine whether sorafenib causes ABCG2 degradation via the lysosome or proteasome, we used bafilomycin A1, an inhibitor of protein degradation in lysosome, and MG-132, a proteasome inhibitor as previously
described (15). As shown in Fig. 5A, cotreatment of cells
with bafilomycin A1 inhibited sorafenib-induced ABCG2
degradation, whereas cotreatment with MG-132 did not.
Similar to PZ-series dynamic inhibitors, as previously
reported, sorafenib likely induced ABCG2 degradation
in the lysosome. Taken together, we concluded that sorafenib seems to have dual actions by inhibiting ABCG2
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function and by inducing ABCG2 degradation in the
lysosome.
To determine whether the effect of sorafenib on ABCG2
expression is at the mRNA level, we carried out real-time
RT-PCR analysis of HEK293/ABCG2 cells treated with
2.5 mmol/L sorafenib for various times up to 3 days. As
shown in Fig. 5B, no significant changes in ABCG2 mRNA
level were found. We assumed that the mechanism of
sorafenib-mediated inhibition would be at the posttranscriptional level.
The most extensively studied receptor tyrosine kinases
(RTK) mainly refer to the members of the EGFR, VEGFR,
c-KIT, FLT-3, and PDGFR, several of which are thought to
be involved in sorafenib treatment. Two major downstream signaling pathways stimulated by RTKs include
the Ras/Raf/MEK/ERK and PI3K/AKT pathways that
play a central role in proliferation and survival of cancer
cells. It has also been reported previously that resistance to
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Figure 3. Effect of sorafenib on ABCG2 conformational change and the transport kinetics of substrate. A, effect of sorafenib on 5D3 staining of ABCG2.
HEK293/ABCG2 cells were treated with DMSO vehicle control, 1 mmol/L Na3VO4, 10 mmol/L PZ-38 or Ko143, 0.5 and 2.5 mmol/L sorafenib followed by
staining with mAb 5D3 and FACS analysis. PZ-38 and Ko143 were used as ABCG2 inhibitor-induced conformational changes control. The data are
representative of 3 independent experiments. B, effect of sorafenib on the transport kinetics of ABCG2-mediated intracellular mitoxantrone efﬂux. The
quantity of mitoxantrone efﬂux in HEK293/ABCG2 cells was measured for 10 minutes at 37 C at various mitoxantrone concentrations (2.5–20 mmol/L) in the
absence (^) or presence (&) of 2.5 mmol/L sorafenib by ﬂow cytometry. The points are means  SD from 3 independent experiments.
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Validation of sorafenib by the pharmacophore
hypothesis
Previously, we reported that the rational screening of
representatives of different types of compound library
resulted in identification of some dual-mode acting
ABCG2 dynamic inhibitors, such as PZ-8, PZ-34, PZ38, and PZ-39 (16). Their chemical structures are shown
in Fig. 6A, which are structurally different from sorafenib. To verify the new functions of sorafenib, we developed a pharmacophore model for dynamic ABCG2 inhibitors by LigandScout. From the calculated results, it can
be found that the best pharmacophore hypothesis
(Fig. 6B), based on the 4 PZ series compounds, has 6
features, including 3 HBA, 2 hydrophobic centers, and
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some anticancer drugs in cancer cells can be decreased by
inhibiting the AKT and ERK1/2 pathways (23, 24). To
investigate the effect of sorafenib on ABCG2 via the
suppression of the AKT and ERK1/2 protein activity, we
examined the change of total and phosphorylated forms
of AKT and ERK1/2 after treatment with sorafenib at
ABCG2 reversal concentration in both the resistant and
parental cells. As shown in Fig. 5C, the incubation of cells
with sorafenib (2.5 mmol/L) for 3 days did not effectively
change the total and phosphorylated forms of AKT and
ERK1/2 in all cell lines tested. It suggested that the
ABCG2-mediated MDR reversal effect by sorafenib is
independent of the inhibition of the AKT and ERK1/2
proteins.

Figure 4. Effect of sorafenib on human ABCG2 expression level. A–C, HEK293/ABCG2 cells were treated with sorafenib (A), PZ-38 (B), DMSO vehicle, and
Ko143 (C) in dose- and time-dependent manner followed by Western blot analysis for ABCG2 expression. PZ-38 was chosen to be a positive control,
whereas 0.1% DMSO and 2.5 mmol/L Ko143 were used as negative control. D, K562/A02 cells with ABCB1 overexpression and HEK293/ABCC1 cells were
treated with 0.1% DMSO or 2.5 mmol/L sorafenib for 3 days followed by Western blot analysis of ABCB1 using mAb C219 and ABCC1 using mAb MRPr1.
GAPDH was used as a loading control. The data are representative of 3 independent experiments.
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Figure 5. Effect of sorafenib on ABCG2 degradation, mRNA level, and the phosphorylation of AKT and ERK1/2. A, effect of baﬁlomycin A1 and MG-132 on
sorafenib-induced ABCG2 degradation. HEK293/ABCG2 cells were treated with 2.5 mmol/L sorafenib in the absence or presence of 10 nmol/L baﬁlomycin
A1 or 2 mmol/L MG-132 for 3 days and harvested for Western blot analysis of ABCG2 expression. GAPDH was used as a loading control in all
Western blot analyses. B, effect of sorafenib on ABCG2 mRNA level. HEK293/ABCG2 cells were treated with DMSO vehicle (open bar) or 2.5 mmol/L sorafenib
(ﬁlled bar) for various times and harvested for RNA preparation and real-time RT-PCR analysis. Data shown are mean  SD from 3 independent experiments.
C, effect of sorafenib on the phosphorylation of AKT and ERK1/2. HEK293/Vec or HEK293/ABCG2 cells were treated with sorafenib or DMSO vehicle
in dose- and time-dependent manner followed by Western blot analysis for expression of AKT, p-AKT, ERK1/2, and p-ERK1/2. GAPDH was used as a loading
control. The data are representative of 3 independent experiments.

further evaluated by the best pharmacophore hypothesis. The 3D alignment of sorafenib with the pharmacophore hypothesis was shown in Fig. 7A. Sorafenib forms
impressive alignment with the pharmacophore hypothesis. The detailed 2D mapping of the pharmacophore
hypothesis with the structural features of sorafenib is
depicted in Fig. 7B. From Fig. 7A and B, we can see that

one aromatic center. Figure 6B also depicts the most
active conformation of compound PZ-39 superimposed
on the best pharmacophore hypothesis, indicating that
the hypothesis can be well mapped by the corresponding
functional groups of PZ-39. It seems that the hydrophobic interactions and the hydrogen-bonding interactions
are essential for ligand binding. Then, sorafenib was

A

Figure 6. Chemical structures of
dual-acting ABCG2 inhibitors and
alignment of most active compound
with the pharmacophore hypothesis.
A, chemical structures of PZ-8, PZ34, PZ-38, and PZ-39. B, the
alignment of PZ-39 with the
pharmacophore hypothesis. HBA,
hydrogen bond acceptor; HP,
hydrophobic center; AR, aromatic
ring.
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PZ-38

PZ-39

B
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Figure 7. The 2D and 3D alignment of sorafenib with the pharmacophore
hypothesis. A, the 3D alignment of sorafenib with the pharmacophore
hypothesis. B, the 2D representation of the structural features in
sorafenib that can be aligned with the pharmacophore hypothesis. HBA,
hydrogen bond acceptor; HP, hydrophobic center; AR, aromatic ring.

the aromatic center of pharmacophore hypothesis was
mapped onto the phenyl ring of sorafenib, and the 2
hydrophobic centers of pharmacophore hypothesis
mapped onto the same phenyl ring and substituted
trifluoromethyl group. With regard to the 3 hydrogen
bond acceptor features, one was mapped onto the Oatom of ureido group of sorafenib, another one onto the
N-atom of pyridine ring, and the third onto O-atom of
benzene sulfonate group. From here, we can conclude
that the chemical features described in the pharmacophore hypothesis are consistent with the corresponding
functional groups of sorafenib. Therefore, it is possible
that sorafenib may be a potential ABCG2 dynamic inhibitor, which has a dual-mode action by inducing ABCG2
degradation in lysosome and by inhibiting its function.

Discussion
Previously, we reported that there are possibly 2 groups
of ABCG2 inhibitors with one inhibiting ABCG2 function
(static inhibitor) and the other not only inhibiting ABCG2
activity but also inducing ABCG2 degradation (dynamic
inhibitor; ref. 16). Therefore, there is a widespread interest
in elucidating whether some existing drugs are ABCG2
dynamic inhibitors. With this aim, sorafenib was rediscovered to be a potent ABCG2 dynamic inhibitor in vitro.
Moreover, a chemical feature based on 3D pharmacophore model of ABCG2 degradation-induced inhibitors
has been developed and mapped very well with the
corresponding functional groups of sorafenib, supporting
the above notion. Although sorafenib is structurally different from our previously reported ABCG2 degradation-
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induced inhibitors, our results suggest, for the first time,
that sorafenib has a similar action to the dynamic inhibitor, namely, not only inhibiting ABCG2 function but also
inducing ABCG2 degradation in the lysosome.
Recent reports have revealed the evidences of interaction between sorafenib and MDR-ABC transporters. Sorafenib has been shown to be recognized and effluxed by
both ABCB1 and ABCG2. Agarwal and colleagues
reported that ABCG2 has higher affinity for sorafenib
than ABCB1 and play a dominant role in the efflux of
sorafenib at the BBB in vivo study (25). Lagas and colleagues confirmed that brain efflux of sorafenib is more
efficiently transported by ABCG2 with playing the dominant role in limiting its brain accumulation by murine
Abcg2 (26). Among these publications, none of them
shows that sorafenib is an inhibitor of the ABCG2 transporter. Hu and colleagues reported that sorafenib was
able to decrease Hoechst 33342 (a substrate of ABCG2)
efflux in the ABCG2-overexpressing cells by IC50 of
approximately 3.1 mmol/L (27), supporting our claim that
at a concentration of 2.5 mmol/L, sorafenib drastically
reverses ABCG2-mediated drug substrates efflux. However, it is not clear whether sorafenib acts as an ABCG2
inhibitor. In another study, using in vitro model of stably
transduced MDCKII cell lines with human ABCB1 and
ABCG2, Poller and colleagues reported that ABCG2
was the major contribution to transport sorafenib at
0.3 mmol/L and began saturation at 2.0 mmol/L (28). In
our study, sorafenib completely achieved the level of
inhibition at 2.5 mmol/L compared with saturated concentration at 2.0 mmol/L on the ABCG2-binding site.
Clearly, the above mentioned results are not only consistent with our ATPase result in which sorafenib is a
substrate of ABCG2 (Supplementary Table S1), but their
data are also in agreement with our finding that sorafenib
serves as a substrate of the ABCG2 transporter at a low
concentration, while saturating all the binding sites, it can
inhibit the transporter at high concentrations. In a review
of protein kinase inhibitors (PKI) and ABC transporters
(29), Heged€
us and colleagues drew the same conclusion as
ours: a modulator is a substrate or an inhibitor of an MDRABC transporter may depend on actual drug concentrations. Supposedly, an anticancer small molecule PKI may
be a MDR-ABC transporter substrate, the PKI is directly
extruded by the MDR-ABC transporter in an ATP-dependent fashion at a low PKI level, whereas the transporter is
often inhibited at a high PKI concentration. On the whole,
these data suggest that sorafenib may interact with
ABCG2, and the combined therapy of sorafenib and
ABCG2 substrates may affect the pharmacokinetics of
these anticancer drug substrates.
In the human pharmacokinetic studies, the mean peak
plasma level of sorafenib was approximately 13.5 mmol/L
(6.2 mg/mL) with a mean half-life of 35 hours in patients
with advanced solid tumors (30). These data suggest that
the in vitro concentration of sorafenib (2.5 mmol/L, used
in our experiments) is much lower than those obtained
in the plasma after therapeutic treatment, and it has
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considerable potential of ideal chemosensitizer that
should not be toxic itself. Thus, it is possible that sorafenib
behaves like chemosensitizing agent of resistant cancer
cells through its interaction with ABCG2 transporter.
However, it is unknown whether sorafenib is effective in
reversing ABCG2-mediated MDR in vivo, although its
concentration is not toxic in vitro. Regardless, these possibilities need to be evaluated in the future studies using
animal models.
Sorafenib shares with PZ-series dynamic inhibitors in a
similar action without any apparent structural similarities. The identification of a common pharmacophore for
PZ-series dynamic inhibitors presented here is a valuable
example of molecular modeling that help us to evaluate
how well diverse old drugs can be mapped with the
pharmacophore before experimental study. The unification of PZ-compounds in a single pharmacophore provides a framework to study ABCG2-inhibitor interactions
that should assist in the rational design of inhibitors
inducing ABCG2 degradation. However, the precise
structure–activity relationship and refined pharmacophore model remain to be elucidated when more ABCG2
dynamic inhibitors will be available in the near future.
In summary, we show, for the first time, that nontoxic
dose of sorafenib may inhibit cellular ABCG2 function
and resistance to anticancer drug substrates, but not in the
parental cells that do not express ABCG2. Sorafenib (up to
2.5 mmol/L concentration in our study) seems to have little
effects on 2 other major MDR-ABC transporters (ABCB1
and ABCC1) mediating drug efflux and resistance. In
addition to inhibiting ABCG2 function, sorafenib also
accelerate its lysosome-dependent degradation. Sorafenib
seems to have the same action as previous reported
dynamic ABCG2 inhibitors, although different from the
previously known Ko143 and TKIs, such as lapatinib or
erlotinib, only by inhibiting the efflux function of ABCG2
transporter. On the basis of many ABCG2 degradationinduced inhibitors previously identified, a pharmaco-

phore model was developed and led us to conclude that
sorafenib behaves like ABCG2 degradation-induced
inhibitor. Sorafenib may, therefore, be a good candidate
for MDR chemosensitizing agent. The successful identification of sorafenib as an ABCG2 inhibitor through a
pharmacophore-based evaluation process indicates that
this is a valuable approach to rediscover novel uses for
known drugs and offers new strategies for the reversal of
ABCG2-mediated drug transport and resistance.
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