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A B S T R A C T

Overexpression of breast cancer resistance protein (BCRP) has been shown to produce multidrug resistance
(MDR) in colon cancer, leading to major obstacles for chemotherapy. In this study, we evaluated the effect of
regorafenib, an oral multi-kinase inhibitor, in inhibiting BCRP-mediated MDR in silico, in vitro and in vivo. We
found that regorafenib significantly sensitized MDR colon cancer cells to BCRP substrates by increasing their
intracellular accumulation. There are no significant changes in the expression level or the subcellular dis-
tribution of BCRP in the cells exposed to regorafenib. Investigation of the mechanism revealed that regorafenib
stimulated BCRP ATPase activity. Our induced-fit docking and molecular dynamics simulations suggested the
existence of a strong and stable interaction between regorafenib and the transmembrane domain of human
crystalized BCRP. In vivo tumor xenograft study revealed that the combination of regorafenib and topotecan
exhibited synergistic effects on mitoxantrone-resistant S1-M1-80 xenograft tumors. In conclusion, our studies
indicate that regorafenib would be beneficial in combating MDR in colon cancer.

1. Introduction

Among different types of cancer, colorectal cancers are the third
leading cancer cases in both male and female [1]. Because patients with
early stages of the disease usually do not experience any symptoms,
colorectal cancers are often diagnosed at late stages [1]. As a result, the
five-year survival rate of colorectal cancers is less than 40%, with over
20% of the patients seeking medical attention when the disease has
already advanced, and up to 25% of patients in this group will already
have isolated liver metastasis [2]. Radiation treatments are not often
used for colorectal cancers due to the sensitivity of the bowels to ra-
diation [3]. Clinically, the most common treatment options for color-
ectal cancers are surgery and chemotherapy. However, chemotherapy
eventually induces colorectal cancer cells to evade cell death by a
phenomenon known as drug resistance [4]. Resistance to chemotherapy

remains one of the biggest challenges in the long-term management of
colorectal cancer [5–7].

When cancer cells develop resistance to one chemotherapeutic drug,
it may simultaneously confer resistance to other drugs, which may have
different structures and mechanisms of action. This phenomenon is
known as multidrug resistance (MDR) [8]. Defined as the insensitivity
of cells to cytotoxic actions of a number of structurally and functionally
unrelated drugs, MDR in cancer cells poses a major challenge to ef-
fective cancer treatment [9]. In the past few decades, many research
efforts were devoted to understanding the mechanisms by which cancer
cells develop MDR. Some of these mechanisms have since been iden-
tified, such as reduced uptake of drugs, cell cycle arrest, altered drug
targets, increased efflux of drugs, apoptosis regulation, autophagy
regulation, DNA repair, and sequestration of drugs in lysosomes [10].
Among those factors, the most prominent cause of MDR is the increased
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efflux of anticancer drugs by ATP-binding cassette (ABC) transporters
[11]. ABC transporters are a group of active membrane transporter
proteins that have various functions and ubiquitous distribution in both
prokaryotes and eukaryotes, and they utilize the energy from ATP hy-
drolysis to transport endogenous ligands or exogenous drugs across the
membranes. In human, genetic studies have divided the ABC trans-
porter superfamily into seven subfamilies based on sequence simila-
rities [12]. Breast cancer resistance protein (BCRP, also known as
ABCG2) is a 72 kDa protein and is also the second member of the G
subfamily of ABC transporter superfamily [13]. The crystal structure of
human BCRP was recently resolved by Taylor et al. via cryo-electron
microscopy [14]. The newly-revealed multidrug-binding pocket be-
tween the transmembrane domain facilitates our molecular simulation
studies. BCRP has been reported to be a mediator of MDR colon cancer,
inducing resistance to mitoxantrone, 9-aminocamptothecin, topotecan,
irinotecan and SN-38 [15]. In this work, a mitoxantrone-selected MDR
colon cancer cell line S1-M1-80 will be utilized, in which BCRP is
overexpressed as compared with the parental colon cancer cell line S1.

Receptor tyrosine kinases play crucial roles in tumor vasculature
[16]. Regorafenib, a novel oral multikinase inhibitor, targets VEGFR2-
TIE2 (Vascular endothelial growth factor receptor 2 and tyrosine kinase
with immunoglobulin and epidermal growth factor homology domain
2) and produces anti-angiogenic effects [17]. Furthermore, regorafenib
has also been demonstrated to potently inhibit other angiogenic kinase
(VEGFR1/3, PDGFR-β and fibroblast growth factor receptor 1) [17].
Because of its potent anti-angiogenic effects, regorafenib has been
shown to increase the overall survival of patients with metastatic col-
orectal cancer, and was approved by the United States Food and Drug
Administration (US FDA) on September 27, 2012. Moreover, the US
FDA expanded the approved use of regorafenib to treat patients with
advanced gastrointestinal stromal tumors (GIST) on February 25, 2013.
Recently, regorafenib was approved as a second-line treatment for he-
patocellular carcinoma patients who previously received sorafenib. In
this work, we hypothesized that regorafenib could reverse the BCRP-
related MDR in colorectal cancer by inhibiting the efflux function of
BCRP. The combination of regorafenib with conventional chemother-
apeutic drugs could exert synergistic effect in colorectal cancer espe-
cially when MDR develops. This combination could potentially benefit
patients struggling with MDR colorectal cancer or metastatic liver
cancer.

2. Materials and methods

2.1. Reagents

Regorafenib was obtained from Bayer HealthCare Pharmaceuticals
Inc. (Whippany, NJ). Dulbecco's modified Eagle's medium (DMEM),
penicillin/streptomycin and trypsin 0.25% were purchased from
Corning Life Sciences (Tewksbury, MA). Fetal bovine serum (FBS) and
bovine calf serum were purchased from Hyclone, GE Healthcare Life
Science (Pittsburgh, PA). Mitonxantrone, SN-38, and cisplatin were
products from Medkoo Biosciences, Inc. (Chapel Hill, NC). Bovine
serum albumin (BSA), monoclonal antibody BA3R (against beta-actin),
Alexa Fluor 488 conjugated goat anti-mouse IgG secondary antibody,
and RNase A were purchased from Thermo Fisher Scientific Inc.
(Rockford, IL). Monoclonal antibody BXP-21 (against BCRP) was pur-
chased from GeneTex (Irvine, CA). HRP-labeled rabbit anti-mouse
secondary IgG was purchased from Cell Signaling Technology (Danvers,
MA). 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethylsulfoxide (DMSO), Triton X-100, propidium iodide and
paraformaldehyde were purchased from Sigma-Aldrich (St. Louis, MO).
[3H]-mitoxantrone (2.5 Ci/mmol) were purchased from Moravek
Biochemicals, Inc. (Brea, CA). Fumitremorgin C (FTC) was a gift from
Dr. Susan Bates (NIH, Bethsda, MD).

2.2. Cell lines and cell culture

Human colon cancer cell line S1 and its mitoxantrone-selected
BCRP-overexpressing S1-M1-80 cells were kindly provided by Drs.
Susan E. Bates and Robert Robey (NIH, Bethesda, MD) [18]. All the cell
lines were grown as adherent monolayers in poly-D-lysine coated flasks
with DMEM supplemented with 10% FBS or bovine calf serum and 1%
penicillin/streptomycin in a humidified incubator containing 5% CO2 at
37 °C. All cells were tested every 12 weeks for detection of mycoplasma
contamination.

2.3. Animals

Male athymic NCR (nu/nu) nude mice (13–15 g, age 4 weeks) were
purchased from the Taconic Farms (NCRNU-M, Homozygous, Albany,
NY) and were used for tumor xenograft. All the animals were main-
tained on an alternating 12 h light/dark cycle with free access to water
and rodent chow ad libitum. The mice were maintained at St. John's
University Animal Facility and were monitored closely for tumor
growth by palpation and visual examination. Institutional Animal Care
& Use Committee (IACUC) of St. John's University approved this pro-
ject, and the research was conducted in compliance with Animal
Welfare Act and other federal statutes.

2.4. Cytotoxicity assay

Modified MTT colorimetric assay [19] was used to measure the
changes of cytotoxicities of anticancer drugs with or without inhibitors.
The protocol used in this study is identical to that of a previously de-
scribed study [19].

2.5. Live cell Hoechst 33342 accumulation and fluorescence microscopic
analysis

Hoechst 33342 accumulation assays were performed in the absence
or presence of regorafenib (3 μM) as previously described [20].

2.6. [3H]-labeled substrates intracellular accumulation and efflux assay

[3H]-labeled mitoxantrone accumulation and efflux assay were
performed on S1 and S1-M1-80 cells in the presence or absence of re-
gorafenib (3 μM) or FTC (3 μM) as followed by our previously estab-
lished protocols [19,20].

2.7. Preparation of total cell lysates and Western blotting

S1-M1-80 cells were treated with regorafenib (3 μM) for up to 72 h.
Samples at different times were collected and blotted using our pre-
viously established protocols [20].

2.8. Immunofluorescence of BCRP

S1-M1-80 cells were seeded on sterile poly-D-lysine coated cover-
slips and were allowed to grow overnight, followed by treatment with
either PBS or 3 μM regorafenib for 72 h. Fluorescence microscopy was
performed as previously described [20].

2.9. BCRP ATPase assay

BCRP containing crude membrane were prepared from High-Five
insect cells as previously described [21]. Regorafenib-induced BCRP
ATPase activities were determined as previously described [20].

2.10. Induced-fit docking and molecular dynamic simulations

Human BCRP crystal structure (PDB ID: 5NJ3) was prepared and the
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docking grid was confined at cavity 1 as described by Taylor et al. [14].
The default Glide extensive sampling induce-fit docking (IFD) protocol
was followed and the docking score (kcal/mol) was calculated [22,23].
The regorafenib-BCRP complex was then subjected to another 10 ns
molecular dynamic (MD) simulation [19]. All calculations mentioned
above were performed on a 6-core Xeon processor except MD jobs
which were performed on a Nvidia GPU.

2.11. MDR colon cancer xenograft tumor model

S1 and S1-M1-80 cells (1.0× 107) were injected subcutaneously
under the armpits of nude mice. When the subcutaneous tumors
reached approximately 5× 5mm in size, the mice were randomized
into 4 treatment groups, with 8 mice in each group. Group 1 animals
received the vehicle A (polypropylene glycol/PEG400/Pluronic F68/
Saline, 34%/34%/12%/20%) orally every 3rd days, 1 h prior to in-
traperitoneal administration of saline. Group 2 animals received 60mg/
kg regorafenib orally (prepared in vehicle A) administered every 3rd
day, 1 h prior to intraperitoneal administration of saline. Group 3 ani-
mals received vehicle A orally every 3rd day, 1 h prior to 5mg/kg in-
traperitoneal topotecan administration. Group 4 animals received a
combination of regorafenib, administered every 3rd day orally, 1 h
prior to intraperitoneal topotecan administration. The body weights of
the mice were monitored and the two perpendicular diameters of tu-
mors (A and B) were recorded every 3rd day to calculate the tumor
volume. The animals were euthanized using carbon dioxide after 18
days of treatments. The tumor tissues were excised, weighed and stored
at −80 °C.

= ⎛
⎝

+ ⎞
⎠
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The ratio of growth inhibition (IR) for tumor weight (IRW) and
tumor volume (IRV, at the end of 18-days treatments) were estimated
according to the formula given below,

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×
Mean tumor weight of experimental group

Mean tumor weigh of vehicle group
IRW (%) 1 100

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×
Mean tumor volume of experimental group

Mean tumor volume of vehicle group
IRV (%) 1 100

To analyze the additive or synergistic effects of different treatment
groups, the Bliss definition was applied. The additive effect was defined
as the fractional response of a combination of two treatments equaling
the sum of the two fractional responses minus their product, assuming
two treatments are independent of each other. The effect was defined as
synergistic when IRcombination > IRthreshold. The threshold was defined
as the total response to a mixture of two additive treatments (A and B)
and was calculated according to the formula given below.

= + − ×IR IR IR IR IRthreshold A B A B

2.12. Statistics

All experiments were performed at least three times and the dif-
ferences were determined by one-way ANOVA following Newman-
Keuls post hoc analysis. Differences were considered significant when
p < 0.05.

3. Results

3.1. Regorafenib significantly sensitized S1-M1-80 cells to mitoxantrone
and SN-38, but not to cisplatin

As compared with parental S1 cells, the drug-selected resistant S1-
M1-80 cells exhibited significant multidrug resistance to BCRP sub-
strates mitoxantrone and SN-38 due to the overexpression of BCRP. In
order to determine the reversal effect of regorafenib, non-toxic con-
centrations (1 μM and 3 μM) of regorafenib were applied to cells as

Fig. 1. Effects of regorafenib on the IC50 values of (A) mitoxantrone, (C) SN-38 and (E) cisplatin in parental S1 and drug-selected BCRP-overexpressing multidrug
resistant S1-M1-80 cells. Error bars represent SD. FTC 3 μM is used as a positive control. The percentage of dose remaining for (B) mitoxantrone, (D) SN-38 and (F)
cisplatin after BCRP inhibition to reach IC50 in parental and MDR cells. Dashed lines show the mitoxantrone, SN-38 or cisplatin dose prior to BCRP inhibition (100%).
Error bars represents the SD. FTC 3 μM is used as a positive control.
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chemosensitizers prior to chemotherapeutical agents. As shown in
Fig. 1A, regorafenib at 1 μM and 3 μM significantly sensitized S1-M1-
80 cells to mitoxantrone. Regorafenib at 3 μM decreased the mitoxan-
trone IC50 from 30.21 μM to 0.31 μM. Compared with parental S1 cells,
the resistant-fold of mitoxantrone in S1-M1-80 cells was decreased from
86.2-fold to 1.1-fold by 3 μM of regorafenib. Moreover, regorafenib did
not sensitize parental S1 cells. A known BCRP inhibitor, FTC at 3 μM,
was used as a positive control chemosensitizer. As shown in Fig. 1B, we
calculated the percentage of concentration remaining to reach IC50 after
BCRP inhibition followed our previous methods [19]. BCRP inhibition
by both regorafenib and FTC did not significantly alter the sensitivities
to mitoxantrone in S1 cells. However, only 9.14% of mitoxantrone
concentration was needed to reach IC50 when co-administered with
regorafenib at 1 μM. Similarly, 3 μM treatment of regorafenib led to
98.97% mitoxantrone dose reduction in S1-M1-80 cells. The inhibitory
effects of regorafenib on BCRP followed a concentration-dependent
pattern.

Subsequently, we determined the reversal effects of regorafenib on
SN-38. The resistant-fold of SN-38 in S1-M1-80 was decreased from
41.3-fold to 1.02-fold by 3 μM of regorafenib, which is a 97.6% dose
reduction as compared with the SN-38 dose prior to BCRP inhibition
(Fig. 1C and D). Moreover, we further studied the reversal effects of
regorafenib on cisplatin. Unlike mitoxantrone or SN-38, there was no
significant resistance to cisplatin in S1-M1-80 cells as compared with S1
cells. The treatment of regorafenib or FTC did not lead to significant
changes in IC50 values or cisplatin dose reductions in both cells (Fig. 1E
and F).

3.2. Effects of regorafenib on Hoechst 33342 accumulation

It has been previously reported that BCRP is an efficient Hoechst
33342 efflux pump, therefore Hoechst 33342 could be used as a probe
for the evaluation of BCRP function. Fluorescence microscopy revealed
that fluorescence intensity was significantly greater in parental S1 cells
compared with MDR S1-M1-80 cells after exposure to Hoechst
33342 cells for the same time period. A membrane-bound fluorescence
pattern, instead of a traditional nucleus-enriched pattern, was observed
in S1-M1-80 cells, suggesting the active efflux role of BCRP (Fig. 2A,
third panel). The treatment with regorafenib did not change the in-
tensity or the intracellular pattern of Hoechst 33342 fluorescence in
parental S1 cells; however, regorafenib treatment significantly in-
creased the fluorescence intensity in S1-M1-80 cells.

3.3. Effects of regorafenib on [3H]-mitoxantrone accumulation and efflux

In order to quantify the intracellular accumulation of BCRP sub-
strate, [3H]-mitoxantrone accumulation was measured with or without
inhibitors. As shown in Fig. 2B, lower intracellular [3H]-mitoxantrone
was observed in drug-resistant S1-M1-80 cells as compared with par-
ental S1 cells. Pretreatment with 1 μM regorafenib increased the in-
tracellular [3H]-mitoxantrone in S1-M1-80 cells from 12.1% to 51.4%
of that in parental cells. Pretreatment with 3 μM regorafenib increased
the intracellular [3H]-mitoxantrone in S1-M1-80 cells from 12.1% to
79.8% of that in parental cells. FTC at 3 μM was used as a positive
control and increased the intracellular [3H]-mitoxantrone in S1-M1-
80 cells from 12.1% to 83.2% of that in parental cells. Regorafenib and
FTC did not significantly alter the [3H]-mitoxantrone accumulation
level in S1 cells.

In order to evaluate the reason for drug accumulation and to
quantify the time-course of drug efflux in parental and MDR cells, a
tritium-labeled efflux assay was performed (Fig. 2C). Untreated S1-M1-
80 cells effluxed 47% of the normalized intracellular [3H]-mitoxantrone
in 120min of incubation in mitoxantrone-free medium. Treatment of
cells with 1 and 3 μM regorafenib led to significant intracellular [3H]-
mitoxantrone retention (70% and 83%, respectively). [3H]-mitoxan-
trone by 3 μM FTC was used as a positive control.

3.4. Effects of regorafenib on the expression level and subcellular
localization of BCRP

Western blot was used to determine the effects of regorafenib on the
expression level of BCRP. As shown in Fig. 2D–E, treatment of 3 μM
regorafenib in S1-M1-80 cells for up to 72 h did not significantly alter
the expression level of BCRP. We further visualized the subcellular lo-
calization of BCRP inside S1-M1-80 cells using immunofluorescence
assay. As shown in Fig. 2F, membrane-enriched fluorescence was ob-
served, consistent with the role of BCRP as a membrane-bound efflux
pump. Regorafenib treatment for up to 72 h had no significant effects
on the subcellular localization of BCRP.

3.5. Regorafenib-associated BCRP ATPase activities

The effects of regorafenib on BCRP ATPase were measured by ATP
hydrolysis in the presence of drugs at different concentrations ranging
from 0 to 40 μM (Fig. 3A). Regorafenib stimulated BCRP ATPase with a
maximal 3.29-fold of the basal activity. Regorafenib had a bell-shaped
curve instead of a Michaelis-Menten type curve in stimulating ATPase
activity of BCRP. The concentration of regorafenib required to obtain
50% stimulation is 3.59 ± 0.42 μM. At concentrations (1 μM and 3 μM)
used in this study, regorafenib stimulated BCRP ATPase at 2.48- and
2.79-fold, respectively.

3.6. Regorafenib-BCRP molecular docking and molecular dynamics

We first equilibrated the BCRP crystal structure by 10 ns of mole-
cular dynamics simulations. There was no significant difference be-
tween the pre- and post-equilibration protein structure (RMSD: 2.7 Å).
We then performed induced-fit docking to study the interaction be-
tween regorafenib and BCRP. As shown in Fig. 4B, the best-scored
docked pose of regorafenib were predicted within the transmembrane
domain of BCRP. The regorafenib ligand was stabilized into the hy-
drophobic cavity formed by nearby residues. Three hydrogen bonds
were observed between regorafenib and Asn 436 and Thr542 (Fig. 4B).
We further performed molecular dynamics simulations for the regor-
afenib-BCRP complex to validate the docked pose. The superimposition
of regorafenib in pre- and post-MD complex is depicted in Fig. 4C. The
binding pocket did not have significant steric changes and there was no
turn-over in the regorafenib binding pose. The predicted hydrogen
bonds between regorafenib and BCRP within the binding pockets per-
sisted for more than 80% of the simulation time. Also, by monitoring
the root-mean-square deviation (RMSD) shown in in Fig. 4D, we con-
cluded that stable conformations of regorafenib persisted until the end
of the simulation.

3.7. Regorafenib potentiated the anticancer activity of topotecan in BCRP-
overexpressed colon cancer xenograft model

After evaluating the in vitro reversal effects of regorafenib on BCRP-
overexpressing colon cancer cells, we further translated these findings
into the in vivo colon cancer xenograft model. As shown in Fig. 4, after
18-days of treatment, regorafenib alone demonstrated strong tumor
inhibitory effects on S1 tumors, with 46% inhibition in tumor weights
and 50% inhibition in tumor volumes. Regorafenib alone also exhibited
moderate but non-significant inhibitory effects on S1-M1-80 tumors,
with 33% inhibition in tumor weights and 17% inhibition in tumor
volume. Treatment of topotecan demonstrated significant growth re-
tardation in S1 tumors; however, its inhibitory effects in S1-M1-80 cells
were much weaker when compared with that in S1 tumors (64% IRW in
S1 tumors and 42% IRW in S1-M1-80 tumors; 70% IRV in S1 tumors
and 20% IRV in S1-M1-80 tumors). As shown in Fig. 4E, the increase in
tumor volume of S1-M1-80 cells was not successfully controlled by ei-
ther regorafenib or topotecan treatment. The growth of xenograft tu-
mors was significantly inhibited in the regorafenib-topotecan
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combination group as compared with the vehicle group. The combi-
nation treatment exhibited 83% IRW and 87% IRV in parental S1 tu-
mors. IRW and IRV in S1-M1-80 tumors for the combination group were
78% and 81% respectively. The threshold for synergistic effects were
calculated as 81% IRW, 85% IRV for S1 tumors and 61% IWR, 33% IRV
for S1-M1-80 tumors based on the IRW and IRV values of regorafenib-
alone and topotecan-alone groups (Table 1). Therefore, we concluded
that the combination of regorafenib and topotecan exhibited additive
effects in S1 xenograft tumors and synergistic effects in S1-M1-80 xe-
nograft tumors.

4. Discussion

In this study, we validated the sensitizing effects of regorafenib in
MDR colorectal cancers, which could be beneficial in developing more
potent targeted combination chemotherapy for colorectal cancer pa-
tients. Regorafenib is currently used for colorectal cancer as an FDA-
approved target therapy; therefore, there are clinically translational
advantages to develop novel combinational therapies using regorafenib.

The sensitizing effects of regorafenib on S1-M1-80 cells in our cy-
totoxicity assays were clearly related to BCRP as demonstrated by our
experimental design for the following reasons. First, regorafenib did not
significantly sensitize isogenic parental S1 cells, in which BCRP is not
overexpressed (Supplemental Figure S1). Second, cisplatin is not a
substrate of BCRP, as demonstrated by the similarity of cisplatin IC50

values in both parental S1 and MDR S1-M1-80 cells. Regorafenib did
not sensitize both these cells towards cisplatin, suggesting that the
sensitizing effects of regorafenib is limited to BCRP substrates in those
cells. Lastly, the BCRP-transfected HEK/ABCG2 cells exhibited re-
sistance to BCRP substrate, and this resistance can be reversed by re-
gorafenib (Supplemental Figure S2). Therefore, we could conclude that
regorafenib sensitizes MDR in S1-M1-80 cells by targeting the BCRP
transporter.

Inhibition of active efflux pumps such as BCRP would lead to de-
creased substrates efflux, and therefore increased intracellular substrate
accumulation, and finally result in increased drug efficacy. Our drug
efflux assay showed rapid [3H]-mitoxantrone efflux in S1-M1-80 cells,
suggesting active BCRP function in these cells. The inhibition of the

Fig. 2. (A) Fluorescence microscopic analysis of Hoechst 33342 staining of S1 and S1-M1-80 cells. Cells were treated as described in Materials and Methods. Zoomed-
in area shows membrane-enriched fluorescence pattern. (B) Effects of regorafenib on intracellular accumulation of [3H]-mitoxantrone in S1 and S1-M1-80 cells. (C)
Efflux of [3H]-mitoxantrone in the absence or presence of inhibitors in S1-M1-80 cells. (D) The effects of regorafenib at 3 μM on the expression level of BCRP in S1-
M1-80 cells. (E) Quantitative analysis of effects of regorafenib on BCRP expression. (F) The effects of regorafenib at 3 μM on the subcellular localization of BCRP in
S1-M1-80 cells.
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BCRP pump by regorafenib resulted in significant decreases in drug
efflux. Reduced drug efflux is not a guarantee for intracellular drug
accumulation especially in cancer cells, since the intracellular drugs
may be deactivated due to altered metabolic pathways [24]. Therefore,
Hoechst dye and [3H]-mitoxantrone were used to directly show in-
tracellular drug accumulation qualitatively and quantitatively. These
results indicated that the mechanism of regorafenib in sensitizing MDR
is by regorafenib inhibiting the efflux of BCRP and elevating in-
tracellular drug accumulation which ultimately leads to cell death.

As a membrane-bound transporter, BCRP may also have lost its
function by being down-regulated or translocated into the cytoplasm.
Since pretreatment with regorafenib for 1 h exhibited sufficient in-
hibitory effects in our efflux/accumulation assays, it is not likely that
the inhibitory effects were mainly related to down-regulation. This
hypothesis was further examined by Western blotting analysis. No ob-
vious down-regulation of BCRP was observed after the cells were
treated with regorafenib for up to 72 h. Therefore, regorafenib did not
function as a BCRP down-regulator. Another potential factor is trans-
location of BCRP. Unlike down-regulation, translocation of membrane
transporters could happen in milliseconds [25], however our im-
munofluorescence assay did not shown BCRP translocation. Taking all
these results into consideration, we conclude that regorafenib may di-
rectly target BCRP and inhibit its substrates-pumping function.

BCRP uses ATP as energy source to transport substrates across cell
membranes. Given the fact that regorafenib belongs to a class of

tyrosine kinase inhibitors, it is rational to hypothesize that regorafenib
may inhibit ATP binding and therefore inhibit BCRP activity.
Interestingly, our result indicated that regorafenib stimulated BCRP
ATPase activities, while our previous results indicated that regorafenib
inhibited P-gp ATPase activities [26]. Regorafenib may serve as a
competitive inhibitor of BCRP. Our molecular simulation studies pro-
vided a further look into the molecular interactions between regor-
afenib and the BCRP drug-binding pocket. The crystal structure of BCRP
is very stable during our initial MD simulation (RMSD: 2.4 Å). Our in-
duced-fit docking algorithm then predicted high binding affinity of
regorafenib at the drug-binding cavity at transmembrane domain of
BCRP. Moreover, the docked pose of regorafenib matched the shape of
the previously illustrated cavity by Taylor et al. [14]. However, several
studies have revealed the problem that some well-docked ligand might
‘fly’ away from the binding pocket in MD simulation, suggesting un-
reliable docked posse [27]. We further performed 10 ns MD for the
regorafenib-BCRP complex. Hydrogen bond interactions between re-
gorafenib and residue Thr542 persisted through more than 80% of the
simulation time. The maximal RMSD of regorafenib was recorded at
1.6 Å. Therefore, we concluded that the regorafenib binding pose is
very stable and reliable in the cavity within BCRP through 10 ns of si-
mulation. These in silico results suggested that regorafenib might have
high affinity to the substrate binding cavity and therefore block the
pumping function of BCRP in a competitive way.

In vitro experiments are regarded as non-physiological and have

Fig. 3. (A) Effects of regorafenib (0–40 μM) on the
BCRP ATPase activities. Concentrations of regor-
afenib are plotted at linear or log scale. (B) The polar
interactions between regorafenib and nearby re-
sidues inside the BCRP binding cavity. Regorafenib
and interacting residues are depicted as sticks. BCRP
backbones are depicted in cartoon style. All atoms
are colored with CPK coloring scheme, whereas the
carbon atoms in regorafenib are presented in orange
and the carbon atoms in BCRP are presented in
green. (C) The superimposition of induced-fit docked
pose and MD pose of regorafenib within the binding
cavity of BCRP. Ligands are depicted as sticks with
CPK coloring, whereas the carbon atoms in induced-
fit docked regorafenib are presented in orange and
carbon atoms in MD pose of regorafenib are pre-
sented in green. The protein cartoon for BCRP are
presented in red or blue for pre- and post-MD, re-
spectively. (D) RMSD trajectory of BCRP and regor-
afenib in regorafenib-BCRP complex over the 10 ns
simulation run. (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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Fig. 4. Effect of regorafenib and topotecan on the growth of S1 tumors in nude athymic mice. (A) The images of excised S1 tumors implanted subcutaneously in
athymic NCR nude mice (n = 8) that were treated with vehicle, regorafenib, topotecan and the combination of regorafenib and topotecan. (B) Changes in tumor
volume over time following the implantation. Data points represent the mean tumor volumes for each treatment group. (C) The mean weight of the excised S1 tumors
from the mice treated with vehicle, regorafenib, topotecan and the combination of regorafenib and topotecan, at the end of the 18-day treatment period. Effect of
regorafenib and topotecan on the growth of S1-M1-80 tumors in nude athymic mice. (D) The images of excised S1-M1-80 tumors implanted subcutaneously in
athymic NCR nude mice (n = 8) that were treated with vehicle, regorafenib, topotecan and the combination of regorafenib and topotecan. (E) The changes in tumor
volume over time following the implantation. (F) The mean weight of the excised S1-M1-80 tumors from the mice treated with vehicle, regorafenib, topotecan and
the combination of regorafenib and topotecan, at the end of the 18-day treatment period. Error bars, SD. *p < 0.05 versus the vehicle group.
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great limitations. Unlike formulated culture medium, living creatures
are biologically complex, especially for higher order animals. The in
vivo tumor environment is dependent on several sophisticated systems
including the circulatory system and the immune system. Therefore,
while the results discovered from experiments carried out in cultured
cancer cells is important, in vivo approaches are necessary to investigate
how drugs can produce therapeutic effects in a whole living organism.
Many in vivo interactions are complex and cannot be obtained from in
vitro experiments, such as the anti-angiogenesis effects of regorafenib.
Thus, we performed in vivo evaluations on xenograft tumors using in
vitro data as guidance. It is interesting to note that S1-M1-80 tumors
proliferated much slower than S1 tumors, however S1-M1-80 tumors
were resistant to either topotecan or regorafenib therapy. No significant
benefits were observed in the topotecan-treated group in S1-M1-80
xenograft tumors. Regorafenib alone exhibited 50% IRV in S1 tumors;
however, it only exhibited 17% (non-significant) IRV in S1-M1-80 tu-
mors. The poorer response of regorafenib in S1-M1-80 tumors is con-
sistent with our previous hypothesis that regorafenib may be a substrate
of BCRP. Although S1-M1-80 tumors failed to respond to topotecan- or
regorafenib-treatment, the development of S1-M1-80 tumors were
successfully controlled by the combination of topotecan and regor-
afenib. Moreover, in order to evaluate whether topotecan and regor-
afenib exhibit synergistic or additive effects in combination, we used
the Bliss’ synergy algorithm to calculate the threshold inhibition rate.
Additive effects of regorafenib and topotecan was observed in parental
S1 tumors. The combination of regorafenib and topotecan exhibited
strong synergistic effects in S1-M1-80 tumors, with a tumor inhibition
rate significantly lower than threshold values based on the effects of
regorafenib and topotecan alone. This synergistic effect may be ex-
plained by the in vivo inhibitory effect of BCRP by regorafenib, leading
to higher topotecan efficacy in S1-M1-80 tumors.

In conclusion, we report that regorafenib reversed BCRP-mediated
MDR in colorectal cancer cell lines by binding at the transmembrane
cavity of BCRP, inhibiting the efflux function and increasing in-
tracellular concentrations of BCRP substrates. In vivo studies revealed
that a combination therapy of topotecan and regorafenib exerts sy-
nergistic effects on inhibiting the development of MDR human color-
ectal xenograft tumors. These results suggest that the usage of regor-
afenib would have the great potential to be expanded as a combination
therapy with conventional chemotherapeutic agents. Patients bearing
colorectal cancers or metastatic liver cancers, especially in those with
BCRP overexpressed cancers, may benefit from regorafenib combina-
tion chemotherapy.
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