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Abstract

Chemotherapeutic multidrug resistance (MDR) is a significant challenge to overcome in clinic
practice. Several mechanisms contribute to MDR, one of which is the augmented drug efflux
induced by the upregulation of ABCBL1 in cancer cells. Regorafenib, a multikinase inhibitor
targeting the RAS/RAF/MEK/ERK pathway, was approved by the FDA to treat metastatic
colorectal cancer and gastrointestinal stromal tumors. We investigated whether and how
regorafenib overcame MDR mediated by ABCBL1. The results showed that regorafenib reversed
the ABCB1-mediated MDR and increased the accumulation of [3H]-paclitaxel in ABCB1-
overexpressing cells by suppressing efflux activity of ABCB1, but not altering expression level
and localization of ABCBL1. Regorafenib inhibited ATPase activity of ABCBL1. In mice bearing
resistant colorectal tumors, regorafenib raised the intratumoral concentration of paclitaxel and
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suppressed the growth of resistant colorectal tumors. But regorafenib did not induce
cardiotoxicity/myelosuppression of paclitaxel in mice. Strategy to reposition one FDA-approved
anticancer drug regorafenib to overcome the resistance of another FDA-approved, widely used
chemotherapeutic paclitaxel, may be a promising direction for the field of adjuvant chemotherapy.
This study provides clinical rationale for combination of conventional chemotherapy and targeted
anticancer agents.
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1. Introduction

Chemotherapeutic multidrug resistance (MDR) remains a major obstruction of conventional
chemotherapy and targeted therapies. This prevailing and pernicious clinical conundrum
frequently results in cancer recurrence and low survival rate. The mechanisms of MDR have
been investigated thoroughly, but not all mechanisms that induce MDR have been clarified.
One of the most common mechanisms that induce MDR is the overexpression of ATP-
binding cassette (ABC) transporters on the membrane of cancer cells. ABC transporters are
a family of ATP energy dependent, active transporter proteins that have diverse functions
and exist in both prokaryotes and eukaryotes [1,2]. The primary functions of ABC
transporter proteins include: (1) conserved mechanisms related to nutrition and pathogenesis
in bacteria, (2) spore formation in fungi, and (3) signal transduction, protein secretion and
antigen presentation in eukaryotes [3]. Many studies have reported that ABC transporters are
responsible for extruding toxic endogenous molecules and xenobiotics out of the cell [4,5].
It has been proposed that an antagonist of ABC transporter may be used in combination with
clinical chemotherapeutics to potentiate their antitumor activity. Until now, 48 human ABC
transporters have been identified and classified into 7 subfamilies, from ABCA to ABCG
[6]. Among them, ABCBL is a major contributor to MDR. ABCB1 (P-gp/MDR1) is an
apical membrane transporter that is ubiquitously expressed in kidney, intestine, placenta,
liver, adrenal glands and blood-brain barrier (BBB) [7,8]. It can transport a wide range of
anticancer drugs including taxanes (paclitaxel and docetaxel), epipodophyllotoxins
(etoposide and teniposide), vinca alkaloids (vincristine and vinblastine), anthracyclines
(doxorubicin and daunorubicin), and antibiotics (actinomycin D) [9-11]. Paclitaxel
accumulates in the gastrointestinal tract and brain of Abcb1 knockout mice, suggesting that
ABCBL inhibits the excretion of paclitaxel into the bile and its crossing of the BBB [12].
The evaluation of ABCB1 expression in the National Cancer Institute (NCI) 60 cancer cell
lines anticancer drug screening panel, using quantitative polymerase chain reaction,
indicated a significant negative correlation coefficient (—0.896) of ABCB1 expression with
the sensitivity profile of paclitaxel [13], proving that ABCB1 overexpression results in
paclitaxel resistance. Overexpression of ABCB1 has been found in consequence of: (1)
ABCBL1 gene amplification [14]; (2) increased transcription of the ABCB1 gene by novel
transcription factors such as RGP8.5 [15]; (3) changes in ABCBL1 translational efficiency
[14]; (4) mutations in the ABCB1 gene [16,17] and (5) chromosomal rearrangement in the
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ABCBL1 gene that produce hybrid genes [18]. Overexpression of ABCB1 has been
associated with various cancers, such as acute myeloid leukemia, childhood tumors, breast
cancers, hematological malignancies and solid tumors [19-22]. A number of drugs that
modulate MDR-ABCBL1 transporter have been discovered or synthesized in the last decade.
Some of them not only exhibited promising activity /n vitroand in vivo, but also proved
encouraging efficacy in clinical trials [23-26]. The clinical significance of ABCB1
transporter antagonism has been studied extensively as a potential therapeutic strategy.

Regorafenib is a multikinase inhibitor that interferes with the RAS/RAF/MEK/ERK
pathway. It has been approved by FDA for the treatment of metastatic colorectal cancer
(mCRC) and gastrointestinal stromal tumors [27,28]. The common side effects of
regorafenib are fatigue, hand-foot skin reaction, diarrhea, anorexia, voice changes,
hypertension, oral mucositis, rash, and weight loss [28]. Regorafenib is undergoing
numerous clinical trials for the treatment of other malignancies, such as lung, liver and
esophageal cancers. It inhibits some kinases that are often aberrantly activated in cancer
cells, including c-Raf, B-Raf, vascular endothelial growth factor receptors (VEGFR),
platelet-derived growth factor receptor (PDGFR), c-Kit, and Tie-2 [29]. The antitumor
activity of regorafenib has been demonstrated in various preclinical studies, and is correlated
with inhibition of tumor angiogenesis, suppression of cell proliferation, and induction of
apoptosis [29]. For example, it was reported that regorafenib induced tumor shrinkage
through the cell autonomous process of apoptosis induction, progressing from ERK
inhibition, GSK3p activation, and p65 nuclear translocation, eventually triggering PUMA
induction and onset of mitochondria-mediated apoptosis [30]. Hence MDR-ABCB1
inhibitor co-administered with clinically used chemotherapeutics would be a promising
regimen for MDR cancer patients. In this study, we determined whether and how regorafenib
overcome chemotherapeutic MDR mediated by ABCB1 transporter in CRC cells.

2. Materials and methods

2.1. Cells and reagents

SW620/Ad300 cells overexpressing ABCB1, were established by exposure of SW620, the
parental human CRC cells, to 300 pg/L doxorubicin. HEK293/pcDNAS3.1 and HEK/ABCB1
were generated by transfecting the HEK293 cells with empty and ABCB1 expressing vector
[31]. [3H]-paclitaxel (23 Ci/mmol, MT552) was purchased from Moravek Biochemicals,
Inc. (Brea, CA). Regorafenib was obtained from Bayer HealthCare Pharmaceuticals Inc.
(Whippany, NJ). Paclitaxel (T7402), doxorubicin (D1515), vincristine (VV8388), cisplatin
(C2210000), verapamil (1711202), Triton (X-100), paraformaldehyde (P6148), DMSO
(PHR1309), and MTT (M2128) were obtained from Sigma Chemical Co. (St. Louis, MO).
The monoclonal antibody C219 (against ABCBL1, sc-59591), sc-47778 (against p-Actin) and
the secondary horseradish peroxidase-labeled rabbit anti-mouse 1gG (sc-358914) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). The Alexa flour 488-
conjugated goat anti-mouse 1gG (A-11001) was purchased from Molecular Probes (Eugene,
OR). WBC Diluting Fluid and Platelet Diluent (ES5401) were purchased from Eng
Scientific Inc. (Clifton, NJ). High sensitivity mouse cardiac troponin-1 ELISA KIT (CTNI-1-
HSP) was purchased from Life Diagnostics, Inc. (West Chester, PA).
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2.2. Cytotoxicity assay

The sensitivity of cells to anticancer drugs was measured as previously described [32] using
the MTT colorimetric assay.

2.3. Immunoblotting analysis

60 pg protein cell lysates were loaded in each lane. ABCB1 was determined from C219, and
B-Actin was used as internal loading control as previously mentioned in [33].

2.4. Immunofluorescence assay

Cells were seeded into 96-well plate and cultured with medium containing regorafenib (10
UM). The immunofluorescence assay was carried out as described previously [34].

2.5. Accumulation and efflux assay

The accumulation of [3H]-paclitaxel in SW620 and SW620/Ad300 cells was measured in
the absence or presence of regorafenib or verapamil at 5 uM and 10 pM. The drug
accumulation and efflux assay were performed as described previously [35].

2.6. ABCB1 ATPase assay

The vanadate-sensitive ATPase activity of ABCB1 in crude membranes of High-five insect
cells, in the presence of concentrations of regorafenib ranging from 0 to 40 pM, was
measured as previously described [36].

2.7. Induced-fit docking of regorafenib into human homology ABCB1

Human ABCB1 homology model based on refined mouse ABCB1 (PDB ID: 4AM1M) was
provided by S. Aller and the docking grid was refined as previously described [37,38]. The
energy minimized structure of regorafenib was then subjected to Glide v6.6 XP (extra
precision) docking. In this study, to allow for the conformational changes of ABCBL, the
IFD (induced-fit docking) [39] protocol was carried out using Glide v6.6 (Schrddinger,
USA, 2015). At the transmembrane domain of ABCBL, the best scored pose of regorafenib
was used to generate the grid for IFD calculation. The default Glide IFD protocol was
followed and the docking score (kcal/mol) was calculated. Top scoring docked pose of
regorafenib-ABCB1 complex was subjected to interactions analysis and figure
representation. All computations were carried out on a 6-core Intel Xeon Processor with a
Mac OS.

2.8. Colorectal resistant tumor xenograft mouse model

The SW620 and SW620/Ad300 models were modified from the colorectal tumor xenograft
model previously established by Chen’s laboratory [40,41]. There were four treatment
groups. Group 1 animals received vehicle A (polypropylene glycol/PEG400/Pluronic F68/
Saline, 34%/34%/12%/20%) orally every 3rd day, 1 hour prior to intraperitoneal
administration of vehicle B (ethanol/Cremophor ELP/saline, 12.5%/12.5%/75%). Group 2
animals received 45 mg/kg regorafenib orally (prepared in vehicle A) administered every 3rd
day, 1 hour prior to intraperitoneal administration of vehicle B. Group 3 animals received
vehicle A orally every 3rd day, 1 hour prior to 15 mg/kg intraperitoneal paclitaxel
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administration. Group 4 animals received a combination of the regorafenib, administered
every 3rd day orally, 1 hour prior to intraperitoneal paclitaxel administration. Eight mice
were used for each group. The tumor sizes and body weights were measured as previously
described [42,43]. Subsequently, all mice were euthanized using carbon dioxide, then tumor
tissues were excised and stored at =80 °C. The IACUC at St. John’s University approved this
project, and the research was conducted in compliance with the Animal Welfare Act and
other federal statutes.

2.9. Tumor and plasma collection

Mice bearing SW620 and SW620/Ad300 tumors were divided into three groups: (i)
regorafenib; (ii) paclitaxel; (iii) regorafenib + paclitaxel. After treatment, animals were
anesthetized and blood was obtained using supraorbital puncture and placed in heparinized
tubes, and plasma was harvested at 10, 30, 60, 120, or 240 min after paclitaxel
administration in both groups.

2.10. Quantification of regorafenib and paclitaxel

The quantification of regorafenib in plasma and tumors was conducted using an isocratic
Shimadzu LC-20AB HPLC (Shimadzu, OR). Chromatographic separation was performed
using a reversed phase, Agilent, Eclipse XDB-C18 column. The mobile phase was 0.5%
phosphate buffer PH 3.5- acetonitrile 30:70, v/v. Sample detection was carried at 260 nm.
Injection volume was 20 microliter. The total run time was 6 minutes and the retention time
was 3.6 minutes. Standard curves for regorafenib in plasma and tissue homogenates were
prepared in the ranges of 10-10,000 ng/ml. The preparation and storage of samples and
quantification of paclitaxel in tumor and plasma were performed as previously described
[44].

2.11. Blood cell counting

The platelets and WBCs in mice were counted as described previously [40].

2.12. Mouse cardiac troponin-l ELISA assay

The plasma concentrations of cTnl in mice were measured as described previously [41].

2.13. Statistical analysis

All experiments were repeated at least three times, each done in triplicate. The statistical
significance between two groups was determined with Student’s t-test, whereas the
comparisons of multiple groups was carried out by one-way ANOVA, followed by
Bonferroni’s post-test using Microsoft Excel software. A probability value of *£< 0.05 was
considered to be significant.
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3. Results

3.1. Regorafenib sensitizes ABCB1-overexpressing cell lines to ABCBL1 substrate
chemotherapeutics

In order to determine the concentration for MDR reversal study, different concentrations of
regorafenib were used to treat the cell lines (data not shown). We used 5 uM and 10 pM
because the viability of cell lines was above 85% when incubated with 10 uM regorafenib.
To investigate if regorafenib was able to overcome ABCB1-mediated MDR, human CRC
cell line SW620 and its doxorubicin-resistant counterpart SW620/Ad300 were utilized in
MTT assay. Strikingly, 10 uM regorafenib potently diminished the resistance fold of
paclitaxel, doxorubicin, vincristine (ABCB1 substrates) in SW620/Ad300 cells (Table 1). At
10 uM, the reversal effect of regorafenib was stronger than that of verapamil (positive
control inhibitor of ABCB1). No significant alterations were found in I1Csq values for
SW620 and SW620/Ad300 when either regorafenib or verapamil was combined with
cisplatin (which is not a substrate of ABCB1).

Chemotherapeutic MDR results from assorted mechanisms [45]. Hence HEK293/pcDNA3.1
and ABCB1-transfected HEK/ABCBL1 cells were used to limit the experiment to study the
role of ABCB1 in MDR. As anticipated, regorafenib produced a concentration-dependent
suppression in ABCB1-mediated resistance to paclitaxel, doxorubicin and vincristine in
HEK/ABCBL1 cells (Table 1). Overall, regorafenib potently resensitized both ABCB1-
overexpressing drug selected and transfected cells to ABCB1 substrate anticancer agents.

3.2. Regorafenib does not affect the expression level and cellular localization of ABCB1

In order to demonstrate whether regorafenib circumvented ABCB1-mediated MDR via
suppressing the protein expression level of ABCBL, cells were incubated with 10 uM
regorafenib for 0, 24, 48 and 72 h. In both drug-selected SW620/Ad300 and transfected
HEK/ABCB1 cells, we did not detect significant change in ABCBL1 protein expression level
(Fig. 1A). However, regorafenib might suppress the efficacy of ABCB1 by triggering its
internalization from cell surface to cytosol. We performed the immunofluorescence assay to
examine this possibility. The result suggested that regorafenib did not affect the localization
of ABCB1 in SW620/Ad300 cells (Fig. 1B). The above findings inferred that regorafenib
might functionally hinder ABCBL1 transporter.

3.3. Regorafenib raises the cellular accumulation of [3H]-paclitaxel

We performed accumulation assays to measure the amount of drug inside the cancer cells.
Regorafenib significantly increased the intracellular accumulation of [3H]-paclitaxel in
SW620/Ad300 as compared to SW620 cells (Fig. 1C). Consistent with MTT results, the
intracellular accumulation of [3H]-paclitaxel in 10 pM regorafenib group was significantly
higher than that in 10 pM verapamil group.

3.4. Regorafenib attenuates the efflux activity of ABCB1 transporter

Drug efflux assay was utilized to determine whether the enhanced intracellular accumulation
of [3H]-paclitaxel in resistant CRC cells was due to efflux inhibition of ABCB1 by
regorafenib. Strikingly, ABCBL transporters, which were overexpressed in SW620/Ad300
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cells, actively pumped out a larger amount of [3H]-paclitaxel against the concentration
gradient as compared to SW620 cells. However, regorafenib treatment efficiently attenuated
the efflux of [3H]-paclitaxel through the inactivation of ABCB1 transporter. The remaining
intracellular [3H]-paclitaxel level was raised from 20.6% to 56.2% after 10 uM regorafenib
treatment for 120 min (Fig. 2A).

3.5. Regorafenib interferes with ATPase activity of ABCB1

Since ABCBL1 is an ATP energy-dependent, active transporter, we investigated whether and
how regorafenib affected the ATP hydrolysis mediated by ABCBL. Interestingly, regorafenib
inhibited the ATPase activity of ABCBL1 in a concentration-dependent fashion, with a
maximal inhibition of 88% of the basal activity. The inset in Fig. 2B demonstrates that the
concentration of regorafenib required to obtain 50% inhibition is 3.73 = 0.28 uM. The result
disclosed that regorafenib suppressed the efflux capacity of ABCB1 transporters through the
inhibition of ATPase activity of ABCBL, thereby overcoming MDR.

3.6. Interactions analysis of regorafenib-ABCB1 induced-fit docked complex

The best scored pose of regorafenib exhibited a high docking score of —12.963 kcal/mol
inside the transmembrane domain of ABCBL1. As shown in Figure 2C, the ligand regorafenib
was well-fitted into a druggable cavity in TMD of human ABCBL1. The 4-chloro-3-
trifluoromethy phenyl ring was stabilized by nearby hydrophobic residues such as Tyr310,
Phe314, Ala729, Phe728, Phe759, and Phe983. Residue Phe303 formed two m-r stacking
interaction between 3-fluorophenyl ring and pyridine ring of regorafenib. Furthermore, four
hydrogen bonding interactions were observed between regorafenib and ABCB1, suggesting
high binding affinity of the regorafenib-ABCB1 complex. These hydrogen bonding
interactions involve side chain hydroxyl group of Tyr307 (Tyr307-HO-- NH-, 2.14 A), side
chain amino group of Asn721 (Asn721-NH,- O, 2.05 A), side chain amino group of GIn725
(GIn725-NH,- O, 1.87A), and side chain amino group of GIn773 (GIn773-NH,-- O, 2.08
A). Other nearby residues such as 11e306, Gly722, Phe770, Ala834, GIn838, GIn990,
Val991, and Phe994 also contributed in forming the druggable cavity.

3.7. Synergistic antitumor effect of regorafenib and paclitaxel on resistant colorectal

tumors

We translated the /in vitro findings of regorafenib into the in vivo model. In parental
colorectal tumor-bearing mice, combination of regorafenib and paclitaxel showed the
additive antitumor effect on the growth of SW620 tumors (Fig. 3). Importantly, we observed
synergistic antitumor effect of combination treatment on the growth of SW620/Ad300
tumors, which demonstrated that regorafenib overcame the resistance of paclitaxel to
ABCB1-overexpressing tumors in mice (Fig. 4).

3.8. Toxicity assessment of regorafenib in colorectal tumor-bearing mice

We demonstrated that regorafenib reversed chemotherapeutic MDR both 7 vitro and in vivo.
Then toxicity of regorafenib was assessed in colorectal tumor-bearing mice. Administration
of regorafenib only, paclitaxel only, and their combination did not significantly affect the
body weight of colorectal tumor-bearing mice (Fig. 5A). Cardiomyopathy is reported to be a
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dangerous side effect of paclitaxel, resulting in congestive heart failure [46]. Cardiac
troponin-1 (cTnl) is a cardiac regulatory protein that controls the calcium mediated
interaction between actin and myosin. Thus cTnl is considered to be a hallmark of heart
muscle impairment [47]. Regorafenib did not significantly affect the cTnl concentrations as
compared with the vehicle group. Mean cTnl concentration of the combination group was
similar to that of paclitaxel group, suggesting that regorafenib alone was not cardiotoxic, and
did not potentiate the side effect of paclitaxel in the combination treatment (Fig. 5B). Since
myelosuppression (neutropenia and thrombocytopenia) are also common adverse effects of
paclitaxel, we conducted a blood smear test to investigate the number of white blood cells
(WBC) and platelets in mice. It has been reported that the normal range of WBC and
platelets in mice are 1.32 x 10° ~ 8.38 x 10° WBC/L and 0.7 x 1011 ~ 12.0 x 1011 platelets/L
[48]. The mean numbers of WBC and platelets in the four treatment groups were all in the
normal range, suggesting that regorafenib alone and in combination with paclitaxel did not
induce neutropenia or thrombocytopenia in mice (Fig. 5C and D).

3.9. Regorafenib promotes accumulation of paclitaxel inside the resistant colorectal

tumors

In order to understand the pharmacokinetic features of paclitaxel, plasma and intratumoral
concentrations of paclitaxel were monitored in mice treated with paclitaxel only, and
combination of paclitaxel and regorafenib. Regorafenib did not significantly alter the plasma
concentrations of paclitaxel (Fig. 6A). Inside SW620 tumors, paclitaxel concentration of
combination group was similar to that of paclitaxel alone group. Strikingly, regorafenib
elevated the paclitaxel concentration within SW620/Ad300 resistant tumors as compared to
paclitaxel only group (Fig. 6B). On the other hand, paclitaxel moderately increased the
plasma concentration of regorafenib (Fig. 6C). Within SW620 tumors, regorafenib
concentration of combination group was lower than that of regorafenib alone group. In
SW620/Ad300 tumors, no significant difference of regorafenib concentration was observed
between regorafenib group and combination group (Fig. 6D). Collectively, synergistic
antitumor activity of regorafenib and paclitaxel on colorectal resistant tumors is primarily
attributed to the inhibitory effect of regorafenib on ABCB1 efflux activity, thereby
facilitating the paclitaxel accumulation within the resistant tumor microenvironment.

4. Discussion

Acquired MDR represents a critical limitation of cancer chemotherapy. ABCB1 serves as a
primary regulator in the distribution and elimination of chemotherapeutic agents, as well as
intrinsic and acquired drug resistance of human cancers. Overexpression of ABCB1 in
tumors is one of the most important mechanisms of MDR, which accelerates
chemotherapeutics efflux out of tumor cells. Hence it’s stimulating more endeavor to
develop modulators of ABCBL that are capable of suppressing these transporters to elevate
the amount of chemotherapeutics inside tumor cells. Nevertheless, it’s difficult to establish
ABCB1 modulators as a therapeutic approach in clinical settings. For instance, the
pharmacological inhibition of ABCB1 might change the pharmacokinetic features of
chemotherapeutic agents (e.g., taxanes, anthracyclines and etoposide), resulting from
nonspecific inhibition of hepatic and intestinal cytochrome P450 enzymes, along with other
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transporters [49,50]. Repositioning of commonly used tyrosine kinase inhibitor (TKI) as
MDR-ABCB1 modulators, co-administered with conventional chemotherapy, might be a
beneficial treatment for MDR cancer patients. The RAS/RAF/MEK/ERK pathway is one of
the most deregulated pathways in human cancer, which is associated with increased cell
proliferation, cell matility, angiogenesis, and resistance to apoptosis. Approximately 50% of
CRC carries KRAS/BRAF mutations and the numbers are higher in more advanced tumors
[51]. Regorafenib is the first small molecule inhibitor of this pathway that has been approved
by the FDA for the treatment of mMCRC. Although regorafenib extends overall survival rate
of mCRC patients, its clinical efficacy is restricted. Combination chemotherapy becomes a
promising strategy to circumvent MDR, potentiate antitumor efficacy and raise the disease-
free/overall survival rate [52,53]. For instance, a combination of regorafenib and lapatinib
suppressed the expression of anti-apoptotic protein Bcl-2, Mcl-1, XIAP, Survivin and
increased the expression of pro-apoptotic proteins Bax, synergistically leading to apoptosis,
human colorectal growth inhibition and cell cycle arrest [54]. A combination of regorafenib
and irinotecan significantly delayed the growth of patient-derived CRC xenografts that were
refractory to oxaliplatin and bevacizumab treatment [55]. Regorafenib exhibited
antimetastatic activity in the murine MC38 CRC liver metastasis model through interference
with the growth of formed liver metastases and establishment of new metastases in other
organs [55]. It has been reported that regorafenib showed potent antiangiogenic,
antitumorigenic and antimetastatic effects on aggressive colon carcinomas [56].

In the present study, MTT assays demonstrated that regorafenib significantly abrogated
ABCB1-mediated MDR in both drug selected SW620/Ad300 cells and transfected HEK/
ABCBI1 cells. Furthermore, regorafenib increased the concentration of [3H]-paclitaxel in
resistant SW620/Ad300 cells through inactivation of ABCB1 efflux, without altering the
protein expression level and cellular localization of ABCB1. Regorafenib inhibited ABCB1
ATPase activity in a concentration-dependent manner. Docking study suggested that the
ligand regorafenib was well-fitted into a druggable cavity in TMD of human ABCBL1. By
comparing the potency of anti-tumor effects between SW620 and SW620/Ad300 tumors,
paclitaxel and combination treatment can shrink SW620 tumors by 4.8 times and 7.7 times
as compared to vehicle control group. Furthermore, paclitaxel and combination treatment
can inhibit the growth of SW620/Ad300 tumors by 2.6 times and 7.0 times. The only 2.6
times inhibition of paclitaxel on the SW620/Ad300 tumors is much smaller than the 4.8
times shrinkage of SW620 tumaors by paclitaxel, revealing that the ABCB1-overexpressing
SW620/Ad300 tumors are resistant to paclitaxel treatment. Interestingly, the 7.0 times
inhibition of combination treatment is obviously stronger than the 2.6 times inhibition of
paclitaxel on the SW620/Ad300 tumors. A combination of regorafenib and paclitaxel
exerted synergistic inhibitory effect on the growth of resistant human CRC tumors in nude
mice by markedly increasing the intratumoral concentration of paclitaxel. Moreover,
regorafenib did not elicit the toxicity (cardiotoxicity/myelosuppression) of paclitaxel.
Collectively, regorafenib is capable of blunting the efflux function of ABCB1 and enhance
paclitaxel concentration within tumors, leading to a synergistic antitumor effect in
combination with paclitaxel. This study establishes a clinical rationale for further research
into the combination of conventional chemotherapy and targeted anticancer agents.
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Highlights

Regorafenib reverses the ABCB1-mediated multidrug resistance /7 vitro and
in vivo.

Regorafenib inhibits the efflux activity of ABCBL1 transporter.
Regorafenib and paclitaxel synergistically shrink resistant colorectal tumors.

Regorafenib does not induce cardiotoxicity/myelosuppression of paclitaxel in
mice.
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Figure 1.
(A) Western blot analysis showing the effect of regorafenib at 10 M on the expression

levels of ABCBL1 in both SW620/Ad300 and HEK/ABCBL cells for 0, 24, 48, and 72 h.
Equal amounts (60 pg) of cell lysates were loaded into each well and subjected to Western
blot analysis as described in the “Materials and Methods” section. Representative result is
shown here and similar results were obtained in two other independent trials. (B) The
immunofluorescence assays showing the effect of regorafenib at 10 uM on the subcellular
localization of ABCB1 in SW620/Ad300 cells for 72 h. (C) The accumulation of [3H]-
paclitaxel was measured after the cells were pre-incubated with or without regorafenib or
verapamil for 2 h at 37 °C and then incubated with 0.01 mM [3H]-paclitaxel for another 2 h
at 37 °C. Columns are the mean of triplicate determinations; error bars represent SD. *P <
0.05 versus control group (blue column, SW620/Ad300), #P < 0.05 versus group of 5 uM
verapamil (yellow column, SW620/Ad300); one-way ANOVA with Bonferroni post-test.
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Figure 2.

(A) Effects of regorafenib or verapamil on the efflux of [3H]-paclitaxel from SW620 and
SW620/Ad300 cells. Cells were pre-treated with or without regorafenib or verapamil at 10
UM for 2 h at 37 °C and further incubated with 0.01 mM [3H]-paclitaxel at 37 °C for 2 h.
Cells were then incubated in fresh medium with or without the reversal agents for different

time periods at 37 °C. Cells were then collected and the intracellular levels of [3H]-

paclitaxel were determined by scintillation counting. A time course versus percentage of
intracellular [3H]-paclitaxel remaining (%) was plotted (0, 30, 60, 120 min). Lines are the
mean of triplicate determinations; error bars represent SD. *P < 0.05 versus control group

(blue dash line); one-way ANOVA with Bonferroni post-test. Regorafenib is the test

compound as an ABCBL inhibitor. Verapamil is a positive control of ABCB1 inhibitor. (B)

Crude membranes (100 pg protein/ml) from High-five cells expressing ABCB1 were

incubated with increasing concentrations of regorafenib (0-40 uM), in the presence and
absence of sodium orthovanadate (Vi) (0.3 mM), in ATPase assay buffer as described in the
“Materials and Methods” section. Sodium orthovanadate is a selective inhibitor of ABCB1-

transporter ATPase activity and is used to calculate the vanadate-sensitive activity by

subtraction from the total ATPase activity. In this way, the ABCB1 transporter specific

Cancer Lett. Author manuscript; available in PMC 2018 June 28.
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ATPase activity is obtained. The graph shows that ATPase activity was plotted with SD as a
function of concentration of regorafenib. The inset shows stimulation of ATP hydrolysis at
lower (0-5 pM) concentration of regorafenib. (C) Binding geometry of regorafenib into
ABCBL1 binding pocket by Glide docking algorithms. Interactions between regorafenib
(carbon: yellow) and nearby residues (carbon: green) inside ABCBL. Dotted yellow line:
hydrogen bonds. (D) Binding site surfaces of regorafenib-ABCB1 complex. (E) Overall
view of regorafenib-ABCB1 complex.
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Figure 3. Effect of regorafenib and paclitaxel on the growth of SW620 tumors in nude athymic
mice
(A) The images of excised SW620 tumors implanted subcutaneously in athymic NCR nude
mice (n = 8) that were treated with vehicle, regorafenib, paclitaxel, or the combination of
regorafenib and paclitaxel, at the end of the 18-day treatment period. (B) The changes in
tumor volume over time following the implantation. Data points represent the mean tumor
volume for each treatment group (n = 8). Error bars, SEM. *P < 0.05 versus the vehicle
group; #P < 0.05 versus the paclitaxel group; one-way ANOVA with Bonferroni post-test.
(C) The mean weight (n = 8) of the excised SW620 tumors from the mice treated with
vehicle, regorafenib, paclitaxel, or the combination of regorafenib and paclitaxel, at the end
of the 18-day treatment period. Error bars, SEM. *P < 0.05 versus the vehicle group; #P<
0.05 versus the paclitaxel group; one-way ANOVA with Bonferroni post-test.
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Figure 4. Effect of regorafenib and paclitaxel on the growth of SW620/Ad300 tumors in nude
athymic mice

(A) The images of excised SW620/Ad300 tumors implanted subcutaneously in athymic
NCR nude mice (n = 8) that were treated with vehicle, regorafenib, paclitaxel, or the
combination of regorafenib and paclitaxel, at the end of the 18-day treatment period. (B) The
changes in tumor volume over time following the implantation. Data points represent the
mean tumor volume for each treatment group (n = 8). Error bars, SEM. *£ < 0.05 versus the
vehicle group; #P < 0.05 versus the paclitaxel group; one-way ANOVA with Bonferroni
post-test. (C) The mean weight (n = 8) of the excised SW620/Ad300 tumors from the mice
treated with vehicle, regorafenib, paclitaxel, or the combination of regorafenib and
paclitaxel, at the end of the 18-day treatment period. Error bars, SEM. *P < 0.05 versus the
vehicle group; #P < 0.05 versus the paclitaxel group; one-way ANOVA with Bonferroni
post-test.
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Figure 5. Effect of regorafenib and paclitaxel on body weight, cardiac troponin I level, white
blood cells and platelets in nude athymic mice

(A) The changes in mean body weight of mice (n = 8) before and after the treatment. NS,
not statistically significant (P > 0.05). (B) The changes in mean levels of cardiac troponin |
in nude mice (n = 8) at the end of the 18-day treatment period. *P < 0.05 versus the vehicle
group; #P < 0.05 versus the paclitaxel group; one-way ANOVA with Bonferroni post-test.
(C) The changes in mean white blood cells in nude mice (n = 8) at the end of the 18-day
treatment period. (D) The changes in mean platelets in nude mice (n = 8) at the end of the
18-day treatment period. *£ < 0.05 versus the vehicle group; one-way ANOVA with
Bonferroni post-test.
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Figure 6. Pharmacokinetic characteristics of regorafenib and paclitaxel in nude athymic mice
(A) Plasma paclitaxel concentrations in nude athymic mice at 10, 30, 60, 120, 240 min

following administration of paclitaxel alone or a combination of regorafenib and paclitaxel
(n=8). (B) Intratumoral paclitaxel concentrations in SW620 (n=8) and SW620/Ad300
tumors (n=8) after 240 min following administration of paclitaxel alone or a combination of
regorafenib and paclitaxel (n=8). Columns and error bars represent mean + SEM. *£< 0.05
versus the paclitaxel SW620 group; #P < 0.05 versus the paclitaxel SW620/Ad300 group;
one-way ANOVA with Bonferroni post-test. (C) Plasma regorafenib concentrations in nude
athymic mice at 10, 30, 60, 120, 240 min following administration of regorafenib alone or a
combination of regorafenib and paclitaxel (n=8). * P < 0.05 versus the regorafenib group;
Student’s t-test. (D) Intratumoral regorafenib concentrations in SW620 (n=8) and SW620/
Ad300 tumors (n=8) after 240 min following administration of regorafenib alone or a
combination of regorafenib and paclitaxel (n=8). Columns and error bars represent mean +
SEM. *P < 0.05 versus the regorafenib SW620 group; #P < 0.05 versus the regorafenib
SW620/Ad300 group; one-way ANOVA with Bonferroni post-test.
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