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Abstract

23-0-(1,4"-Bipiperidine-1-carbonyl)betulinic acid (BBA), a synthetic derivative of 23-
hydroxybetulinic acid (23-HBA), shows a reversal effect on multidrug resistance (MDR) in

our preliminary screening. Overexpression of ATP-binding cassette (ABC) transporters such

as ABCB1, ABCG2, and ABCC1 has been reported in recent studies to be a major factor
contributing to MDR. Our study results showed that BBA enhanced the cytotoxicity of

ABCB1 substrates and increased the accumulation of doxorubicin or rhodamine123 in ABCB1
overexpressing cells, but had no effect on non ABCBL1 substrate, such as cisplatin; what’s more,
BBA slightly reversed ABCG2-mediated resistance to SN-38, but did not affect the ABCC1-
mediated MDR. Further studies on the mechanism indicated that BBA did not alter the expression
of ABCB1 at mRNA or protein levels, but affected the ABCB1 ATPase activity by stimulating
the basal activity at lower concentrations and inhibiting the activity at higher concentrations. In
addition, BBA inhibited the verapamil-stimulated ABCB1 ATPase activity and the photolabeling
of ABCB1 with [12°1] iodoarylazidoprazosin in a concentration-dependent manner, indicating that
BBA directly interacts with ABCB1. The docking study confirmed this notion that BBA could
bind to the drug binding site(s) on ABCB1, but its binding position was only partially overlapping
with that of verapamil or iodoarylazidoprazosin. Importantly, BBA increased the inhibitory effect
of paclitaxel in ABCB1 overexpressing KB-C2 cell xenografts in nude mice. Taken together, our
findings suggest that BBA can reverse ABCB1-mediated MDR by inhibiting its efflux function of
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ABCB1, which supports the development of BBA as a novel potential MDR reversal agent used in
the clinic.
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INTRODUCTION

Multidrug resistance (MDR) of cancer is described as the phenomenon of cancer

cells developing resistance to various structurally and functionally unrelated drugs
simultaneously; it is believed to be the major contributor to chemotherapy failure.> The
underlying mechanisms and causes responsible for MDR developed in cancer cells are
complicated and not completely understood. Overexpression of ATP-binding cassette (ABC)
transporters in cancer cells has been reported as one of the primary factors associated

with MDR.2 ABC transporters are a family of large, membrane-bound proteins. ABC
transporter family includes 49 members and is divided into seven subfamilies (A-G)

based on sequence similarities.3 In humans, three major proteins found to be involved

in cancer MDR are P-glycoprotein (P-gp/ABCB1/MDR1), multidrug resistance protein

1 (MRP1/ABCC1), and breast cancer resistance protein (BCRP/ABCG2/MXR/ABCP).4-7
Accumulated evidence shows that these transporters pump a wide range of structurally

and functionally diverse amphipathic anticancer drugs out of tumor cells, thereby reducing
intracellular drug retention, resulting in chemotherapeutic drug resistance.8 ABCB1/P-gp

is a classical and the best-studied multidrug resistance related protein, which pumps

out a variety of anticancer drugs, such as anthracyclines, topoisomerase inhibitors, vinca
alkaloids, and taxanes.® Therefore, inhibition of ABCB1 may resensitize the MDR cancer
cells to the treatment of anticancer drugs. Currently, there are three generations of ABCB1
inhibitors classified by the time and the strategy employed in the discovery. The first
generation ABCBL1 inhibitors are identified as substrates of ABCB1 such as verapamil,
cyclosporine A, and several calmodulin antagonists.1-12 Their low binding affinities require
high doses to inhibit the efflux of anticancer drugs, which lead to side effects.1* The

second generation ABCBL1 inhibitors are mostly the derivatives of the first generation
ABCBI1 inhibitors, including PSC-833 and R-verapamil.1>16 This generation inhibitors have
improved efficacy and reduced side effects compared with the first generation, however,
they affect the activity of CYP3A4, which leads to a decrease in the metabolism of various
anticancer drugs, and cause unacceptable toxicity.13 The third generation ABCB1 inhibitors

Mol Pharm. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 3

include LY335979, CBT-1, and XR9576.17-19 These inhibitors are designed specifically for
high transport affinity and low pharmacokinetic interaction, and show advantages compared
to the previous generations. Nevertheless, to search for novel MDR modulators with higher
efficacy and lower toxicity is still an urgent problem to be solved.

In China, the combination of anticancer drugs with traditional Chinese medicines (TCMs)
has a long history in clinical cancer therapy, which shows good efficacy and low toxicity.2°
In recent years, investigation on active ingredients of TCMs clinically used for cancer
treatment has been becoming one of the promising pathways to obtain novel MDR
modulators. For example, tetramethylpyrazine (TMP), a bioactive constituent isolated from
the root of Ligusticum chuanxiong, can reverse the drug resistance of MCF-7/ADR and
BEL-7402/ADR cells.?1:22 Tetrandrine from Stephania tetrandra can prevent K562 cells
from acquiring multidrug resistance, and its derivate H1 exhibits a more potent reversal
effect by inhibiting the transport function and expression of ABCB1.23:24 Other natural
active constituents from Chinese herbs, such as schisandrol A, emodin, rhynchophylline,
jatrorrhizine, and indirulin, have been reported for their effects on reversing multidrug
resistance of cancer.25-27

23-Hydroxybutulinic acid (23-HBA), a natural triterpene and major active ingredient
isolated from a traditional Chinese herb, Pulsatilla chinensis, presents cytotoxicity toward
several cancer cell lines.28:29 |t has been reported that 23-HBA enhances sensitivity of
doxorubicin (DOX, ADR) on MCF-7/ADR cell lines, indicating its potential to be developed
as a novel MDR modulator.39 23-HBA has a low bioavailability due to its poor water
solubility; structural modification has led to a series of derivatives aiming to enhance its
bioactivity and improve pharmacological properties.3! Our preliminary screening results
show that 23-O-(1,4’-bipiperidine-1-carbonyl)betulinic acid (BBA) had the most potential
MDR reversal activity. This study has therefore been focused on the deep investigation of
BBA’s MDR reversal activity and an attempt at elucidating its underlying mechanism.

EXPERIMENTAL SECTION

Reagents.

DOX, paclitaxel, (S)-camptothecin (SN-38), vinblastine, and mitoxantrone were purchased
from Sigma. Cisplatin was obtained from Alfa Aesar. Vincristine (VCR) was provided

by Hainan Periwinkle Pharmaceutical. The ABCB1 inhibitors verapamil (VRP) and
cyclosporine A (CSA) were purchased from Merck Calbiochem and Beyotime Institute of
Biotechnology, respectively. Antibodies against total ERK, total AKT, p-AKT(Thr308/Ser473)
were supplied by Cell Signaling Technology. Anti-ABCB1/P-gp antibody was a product of
Merck Calbiochem. Antibodies against Bcl-2 and p-ERK(TYr204) were purchased from Santa
Cruz. Alexa Fluor 488 goat anti-mouse IgG (H+L) was purchased from Life Technologies.
[12511odoarylazidoprazosin (IAAP) (2,200 Ci/mmol) was obtained from Perkin-Elmer Life
Sciences. BBA was synthesized as previously described, and the chemical structure is shown
in Figure 1A.31 Other chemicals were obtained from Sigma.
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Cell Lines and Cell Culture.

MTT Assay.

Human hepatocellular carcinoma cell line HepG2 and its DOX-selected ABCB1-
overexpressing derivate HepG2/ADM were kindly provided by Prof. Kowk-Pui Fung (The
Chinese University of Hong Kong, Hong Kong).32 The human breast adenocarcinoma
MCF-7 and its DOX-selected ABCB1-overexpressing derivate MCF-7/ADR were gifts from
Prof. Li-Wu Fu (Sun Yat-Sen University, China). ABCBL1 is overexpressed in HepG2/ADM
and MCF-7/ADR cell lines compared with their parental cell lines (Supplementary

Figure S1A in the Supporting Information).33 The human epidermoid carcinoma cell

line KB-3-1, its colchicine-selected ABCB1-overexpressing drug-resistant cell line KB-
C2, and its ABCC1-overexpressing cell subline were kindly provided by Dr. Shin-ichi
Akiyama (Kagoshima University, Japan).3435 The ABCC1 transfected KB-MRP1 cell line36
was provided by Dr. Kazumitsu Ueda (Kyoto University, Japan). These cell lines were
cultured in RPMI-1640 or DMEM supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37 °C in a humidified incubator containing 5% CO,. HEK293/
pcDNA3.1, HEK/ABCG2-482-G2, HEK/ABCG2-482-R5, and HEK/ABCG2-482-T7 cells
were established by selection with G418 after transfecting HEK293 with either empty
pcDNAS3.1 vector or pcDNA3.1 vector containing full length of ABCG2 coding arginine
(R), glycine (G), or threonine (T) at 482 amino acid position.38 Similarly, HEK/ABCB1

cell line was generated by transfecting HEK293 with ABCB1 expressing vector. These
transfected cells were cultured in DMEM supplemented with 10% fetal bovine serum, 1%
penicillin—streptomycin, and 2 mg/mL G418 in a humidified incubator containing 5% CO,
at 37 °C.

Cells (5 x 103/well) were seeded in 96-well plates and cultured overnight. MDR modulator
(BBA or verapamil) combined with various concentrations of a chemotherapeutic drug
(DOX, paclitaxel, VCR, vinblastine, mitoxantrone, SN-38, or cisplatin) was added, and the
cells were further cultured for 72 h. Cell viability was determined as previously described.37
The concentration required to inhibit cell growth by 50% (ICg) was calculated from
survival curves using GraphPad Prism 4.0 software.

Confocal Microscopy Observation of Intracellular DOX and Rhodaminel123.

Cells (1 x 10°) were treated with various concentrations of BBA (0, 0.625, 1.25, 2.5, 5
4M) or verapamil (5 xM) for 2 h at 37 °C. For detection of DOX accumulation, 10 xM
DOX was added and incubated for an additional 2 h in darkness at 37 °C; for detection of
rhodamine123 accumulation, rhodaminel23 (5 ¢M) was added and incubated for another
hour. After washing cells thrice with cold PBS, images were acquired by a confocal
microscope (LSM 510, Zeiss, Ger) at 488 nm extraction and 590 nm emission wavelength
for DOX or 535 nm emission wavelength for rhodamine123.

Flow Cytometric Analysis of the Accumulation of DOX and Rhodaminel23.

One milliliter of cell suspensions (1 x 108 cells/mL) was treated with various concentrations
of BBA (0, 0.625, 1.25, 2.5, 5 M) or verapamil (5 zM) for 2 h at 37 °C and then incubated
with 10 M DOX for an additional 2 h or 5 M rhodamine123 for another 1 h in darkness
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at 37 °C, respectively. After that, cells were collected by centrifugation at 2,500 rpm and
washed thrice with cold PBS. Finally, cells were resuspended in PBS buffer and analyzed

by flow cytometry (Epics XL, Beckman, USA) equipped with excitation wavelength 488 nm
and emission wavelength 590 or 535 nm respectively. Data were analyzed using WinMDI2.8
software.

Rhodaminel23 Efflux Assay.

To measure drug efflux, 1 x 10% cells/well were seeded in 96-well black plates and cultured
overnight. Then rhodamine123 (5 M) with or without reversers (5 /M BBA or verapamil)
was added and incubated for 2 h at 37 °C. Cells were sequentially washed thrice with cold
PBS and placed in fresh medium or medium containing 5 M of BBA or verapamil and
incubated at 37 °C, and cells were washed twice with cold PBS at the desired time (0,

10, 20, 40 min) and measured spectrofluorometrically at 488 nm excitation and 535 nm
emission wavelengths using a microplate reader (DTX880, Beckman).

Reverse Transcription PCR.

Cells (1 x 106) were treated with various concentrations of BBA for 24 h. Total

cellular RNA was extracted by TRIzol Reagent (Invitrogen). The first strand cDNA was
synthesized by Oligo dT primers using TIANScript RT kit (Tiangen Biotech) following
the manufacturer’s instruction. The mRNA expression of ABCBI in HepG2/ADM and

MCF-7/ADR treated with BBA was detected as previously described.3”

Western Blot Analysis.

Cells (1 x 106) were incubated with different concentrations of BBA for 48 h. Expression
levels of ABCB1, AKT, p-AKTSer473 n AKTThr308 ERK1/2, p-ERK1/2TY7204 and Bcl-2 in
total cell lysates were evaluated by Western blot as previously described.3”

Immunofluorescence Assay.

Cells (1 x 10°) were treated with 5 zM BBA for 24 h, then washed thrice with cold PBS,
and fixed with 4% paraformaldehyde for 15 min at room temperature. After being washed
thrice with cold PBS, cells were blocked with 3% BSA in PBST (1x PBS containing 0.2%
Tween-80) for 30 min, followed by incubation with ABCB1 monoclonal antibody (1:100
dilution) at 4 °C overnight. After rinsing thrice with cold PBS, cells were stained with
Alexa Fluor 488 conjugated goat anti-mouse secondary antibody (1:500 dilution) for 1 h

at room temperature in darkness and rinsed thrice with cold PBS. DNA specific dye DAPI
(1 /L) was used for nuclear counterstaining. Immunofluorescence images were acquired
by a confocal microscope (LSM 510, Zeiss) at 495 nm excitation and 519 nm emission
wavelength (FITC) and 340 nm excitation and 488 nm emission wavelength (DAPI).

ATPase Assay.

The vanadate (Vi)-sensitive ATPase activity of ABCB1 was determined with crude

membrane fractions from High-Five insect cells expressing human ABCB1 as described.38
The membrane fractions (100 pg of protein/mL) were incubated in ATPase assay buffer (50
mM MES-Tris pH 6.8, 50 mM KCI, 5 mM sodium azide, 1 mM EGTA, 1 mM ouabain, 10
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mM MgCl, and 2 mM DTT), containing BBA at various concentrations and Vi (0 or 0.3
mM), for 5 min at room temperature. The ATPase reaction was started by addition of 5 mM
ATP and immediately transferring the reaction to 37 °C water bath for 20 min. The reaction
was stopped by addition of 100 zL of 5% SDS solution. The liberated inorganic phosphate
was determined as previously described.38

Photoaffinity Labeling of ABCB1 with [I125]IAAP.

The crude membrane fractions from High-Five insect cells expressing human ABCB1
were prepared following the protocol as previously described.39 Total 50-70 14 of crude
membrane protein was incubated with BBA at various concentrations in 50 mM Tris-HCI,
pH 7.5 at room temperature. Samples were further incubated for 5 min with [1125]IAAP
(5-7 nM) under subdued light. Photo-cross-linking was initiated by exposing solution to
UV 365 nM for 5 min. The reaction was quenched with addition of 5x-SDS-PAGE sample
buffer. Protein (18 1g) was loaded per lane on a 7% Tris-acetate gel and ran at 150 V for
80 min. The gels were dried and exposed to Bio-Max MR film (Eastman Kodak) at =70

°C for 6-12 h. The radioactivity incorporated in ABCB1 was quantified using STORM 860
Phosphorlimager System (GE Healthcare) and software Image Quant.

Docking Protocol.

We employed the crystal structure of mouse ABCB1 reported previously (PDB entry

code: 3G5U) to complete this docking experiment.40 BBA, verapamil, and IAAP were
docked into the binding site of ABCB1. The 3D structures of BBA, verapamil, and IAAP
were built using the Sketch Molecule module in SYBYL 8.1 program package of Tripos,
Inc., and the structural energy minimization was performed using the standard Tripos
molecular mechanics force field and Gasteiger—Huckel charge. The max iterations for the
minimization was set to 2,000, and the minimization was terminated when the energy
gradient convergence criterion of 0.05 kcal/mol-A was reached. In present work, the residues
method was applied. Other parameters were established by default in software.

Animals and Tumor Xenograft Experiments.

Male nu/nu NCR nude mice from Taconic (Albany, NY), 5 to 6 weeks old and weighing

18 to 22 g, were housed at the animal facility of St. John’s University. All animals were
housed in barrier facilities and received sterilized food and water. All animal experiments
were conducted with the approval of the Institutional Animal Care and Use Committee

of St. John’s University. The KB-C2-inoculated nude xenograft model was established as
described by Fu and colleagues.*! Briefly, 1 x 10’ KB-C2 cells were implanted sc under
the shoulder of the nude mice. The mice were randomized into four groups after the tumors
reached a mean diameter of 0.5 cm, and then received various regimens: (a) control (saline,
g3d x 6, ip); (b) paclitaxel (q3d x 6, ip, 18 mg/kg); (c) BBA (g3d x 6, po, 15 mg/kg); (d)
BBA (g3d x 6, po, 15 mg/kg) and paclitaxel (q3d x 6, ip, 18 mg/kg) (BBA was dissolved
in 10% A-~methylpyrrolidinone and 90% polyethylene glycol 300, and was given 2 h before
paclitaxel was injected). The mouse weight, tumor volumes, feeding behavior, and activity
were recorded every 3 days. When the mean tumor weight reached about 1 g, the mice were
euthanized and xenografts were removed and measured. Tumor volumes and the ratio of
growth inhibition were estimated as previously described.*?
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Data Analysis.

Each experiment was performed at least three times, and data are expressed as mean +
standard deviation (SD). Significant difference was determined using Student’s #test (two-
tailed, a = 0.05).

RESULTS

BBA Sensitizes ABCB1-Overexpressing Cells to Chemotherapeutic Drugs.

The cytotoxic and modulating effects of BBA in ABCB1-, ABCC1-, and ABCG2-
overexpressing cell lines were determined by MTT assay. The subcytotoxic concentration of
BBA with 85% of cell survival was calculated to be 5 zM for the sensitive and resistant cell
lines (Supplementary Figure S1B in the Supporting Information). Concentrations of BBA at
0.625, 1.25, 2.5, and 5 ¢M were therefore used in the following experiments to determine

its MDR reversal activity and to explore underlying mechanisms. Investigation of BBA’s
modulating effect on MDR was first conducted in both parental (HepG2, MCF-7, and KB-3—
1) and resistant (HepG2/ADM, MCF-7/ADR, and KB-C2) cell lines. BBA greatly enhanced
the cytotoxicity of these chemotherapeutic drugs in MDR cells but not in parental cells
(Table 1). Similar experiments were then performed in ABCB1-transfected HEK293 cells.
Consistently, BBA sensitized HEK293/ABCB1 cells to the treatment of VCR, vinblastine,
and paclitaxel, but not cisplatin, which is not a substrate of ABCB1. To further study
whether BBA is a specific ABCBL1 reversal agent, we carried out experiments in the
ABCG2- and ABCC1-overexpressing cells. It is known that mutations at amino acid 482

in ABCG2 affect the specific property of ABCG2 substrates, therefore, we treated wild-type
and mutant ABCG2-overexpressing HEK293-ABCG2 cells with 5 /M BBA in the presence
of mitoxantrone or SN-38; the ABCC1-overexpressing cell lines KB-CV60 and KB/MRP1
were treated with VCR or vinblastine.36:43 |t was found that BBA slightly decreased the
sensitivity of ABCG2-482-R5 cells (wild-type ABCG2) to mitoxantrone, but no significant
difference was observed between ABCG2-482-T7 and ABCG2-482-G2 cells (mutant types)
treated with or without BBA (Table 2). In addition, BBA at 5 1M significantly increased

the sensitivity of three ABCG2-overexpressing cell lines to SN-38. However, BBA could
not reverse or reduce the drug resistance of KB-CV60 and KB/MRP1 cells (Table 2).

These results indicate that BBA specifically reverses ABCB1-mediated drug resistance, and
slightly reduces wild-type ABCG2-mediated drug resistance to SN-38, but has no effect on
ABCC1-mediated drug resistance.

BBA Modulates ABCB1-Mediated Transport.

In order to investigate whether BBA-induced improvement of sensitivities of
chemotherapeutic drugs in ABCB1-overexpressing cells is due to its inhibitory effect on

the transporter function of ABCB1, we measured accumulation of DOX in HepG2/ADM
cells using confocal microscopy and flow cytometry assay. Parental HepG2 cells and the
corresponding MDR HepG2/ADM cells treated with verapamil (5 #/M) were used as positive
controls. Untreated MDR cells (Control, shown in the second panel of Figure 1B) have
much lower levels of accumulation of DOX in cytosol; in a dose-dependent manner, BBA
treatment induced a remarkable increase in intracellular accumulation of DOX which was
indicated by stronger red fluorescence intensity (top row of Figure 1B). Then we tested
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the effect of BBA on accumulation of a specific ABCBL1 substrate rhdoaminel23. BBA
enhanced the intracellular accumulation of rhdomaine123 in a dose-dependent manner
(bottom row of Figure 1B). BBA at 5 M (purple color) had the strongest effect on

the accumulation of DOX and outperformed verapamil (turquoise color) at the same
concentration, azure blue peak (left panel of Figure 1C). Similar phenomena were observed
in rhodamine123 accumulation experiments in BBA-treated resistant cells (right panel of
Figure 1C). Both experimental results demonstrate that BBA promotes the accumulation

of ABCBL1 substrates. To better understand BBA-induced intracellular accumulation

of anticancer drugs, we further quantitatively measured intracellular concentrations of
rhodaminel123 after treating HepG2/ADM cells, with 5 M of BBA or verapamil, or without
treatment, for 2 h, and then washed at 10, 20, and 40 min, respectively. BBA treated MDR
cells had significantly higher intracellular levels of rhodamine123, indicating that BBA
attenuated rhodamine123 efflux (Figure 1D, —lB-) at all tested time points; its effect was
more potent than that of verapamil (Figure 1D, —A-). Collectively, our results suggest that
BBA modulates MDR by suppressing efflux of ABCB1 substrates, thereby increasing their
intracellular accumulation. Similar results were found in the other ABCB1-overexpressing
cell line MCF-7/ADR (Supplementary Figure S2A-C in the Supporting Information).

BBA Does Not Affect mMRNA and Protein Expression Levels of ABCB1.

A possible underlying mechanism of BBA’s effect in reducing drug efflux is that BBA
downregulates ABCB1 protein expression. We therefore measured mRNA and protein
expression levels of ABCBL1 in HepG2/ADM cell before and after BBA treatment. The
expression levels of MDR1 mRNA and ABCBL protein of HepG2/ADM cell with BBA
treatment did not show significant change (Figure 2A). To further investigate if there was
any change in expression of membrane-bound ABCBL1 protein, the immunofluorescence
analysis using Alexa Fluor 488-conjugated anti-mouse 1gG antibody was conducted,;
consistent with the above results, BBA treatment for 24 h at concentration even up to 5
4M could not alter the expression of ABCB1 located on membrane and cytosol of cells,
and it also could not trigger translocation of ABCB1 from membrane to cytosol (Figure
2B). Similar results were found in another ABCB1-overexpressing cell line, MCF-7/ADR
(Supplementary Figure S2D,E in the Supporting Information).

BBA Affects the ATPase Activity.

ABCBL1 is an ATP-dependent membrane transporter, and its transport function is regulated
by ATP hydrolysis. As shown in the results described in the previous section, BBA did not
alter ABCBL expression. Therefore, we speculate that reversal activity of BBA is due to
the effect of ATPase activity. The ATPase assay results (left panel of Figure 2C) showed
that BBA at lower concentrations up to 2.5 ¢M stimulated the basal activity of ABCB1 by
1.5-fold but at higher concentrations (up to 30 £M) it consistently reduced the activity to
near basal levels. At 30 zM, BBA also inhibited the verapamil-stimulated ATPase activity
with the maximum inhibition of 60% (in relation to control) (right panel of Figure 2C).

BBA Inhibits [I12°]IAAP Photolabeling of ABCB1.

The results of the [12°1]IAAP photoaffinity labeling assay showed that increasing
concentrations of BBA consistently reduced the amount of [1221]JIAAP incorporated into

Mol Pharm. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 9

ABCB1, suggesting that BBA inhibits [12°1]IAAP binding at the drug binding site of
ABCBL1 (Figure 2D). At 30 M of BBA, the inhibition of [1251]IAAP binding was 50%,
which was much lower compared to near 95% inhibition with known ABCB1 inhibitors
such as cyclosporine A at 10 M concentration. The incomplete inhibition with BBA even at
high concentration suggests that the BBA binding site on ABCB1 may only partially overlap
with that of [1221]IAAP.

BBA Is Not a Transported Substrate of ABCB1 and Has Persistent Reversal Activity.

BBA itself has an equally moderate inhibitory effect on the proliferation of HepG2 and
HepG2/ADM cell lines in a concentration-dependent manner (Figure 3A). These data
indicate that overexpression of ABCB1 does not confer cell resistance to BBA, and

BBA may not be a substrate of ABCB1. To further support this notion, the effects

of two ABCBL inhibitors, verapamil and cyclosporine A, on BBA cytotoxicity toward
ABCB1-overexpressing resistant cells were determined by MTT assay. As shown in Figure
3B, neither verapamil nor cyclosporine A treatment affected the sensitivity of BBA in
HepG2/ADM cells. These data indicate that BBA is not a transport substrate of ABCBL1, or
only an inhibitor of ABCB1. Furthermore, we studied the duration of BBA reversal activity
using the method described previously.## It was found that washout of BBA at different
concentrations (1.25 and 5 4M) after 24 h treatment still could increase the cytotoxicity of
DOX toward resistant cells, although this effect was weaker than for the group with BBA
existing in the medium (Figure 3C). In contrast, the MDR reversal activity of verapamil was
almost completely lost when it was washed out with fresh medium.

Molecular Docking Model of BBA Binding to ABCB1.

BBA is for the first time reported for its reversal activity on ABCB1-mediated MDR, and the
existing results have indicated that the effect of BBA on the ABCBL1 transport function may
be related to the direct interaction on ABCBL1. Therefore, to better confirm our hypothesis,
and to probe the probable binding site of BBA to ABCBL1, we performed a virtual docking
experiment. BBA (labeled in yellow) was able to bind to ABCBL1 at the same site as
verapamil (labeled in green) and IAAP (labeled in red), but did not completely overlap
(Figure 4A,; the right panel is the enlarged drawing). Among the residual amino acids of
BBA, ALA951, SER218, PR0219, ALA981, PHE979, and ILE977 (Figure 4B,C) were

the same as verapamil and IAAP. This docking result further confirmed that BBA binding
to ABCB1 partly coincided with the site of verapamil and IAAP, but did not completely
overlap.

BBA Suppresses the Phosphorylation of AKT and ERK1/2 in ABCB1-Expressing Resistant

Cells.

To elucidate the underlying mechanism of BBA reversal activity, we determined AKT
and ERK1/2 expression and phosphorylation levels in BBA-treated cells. It was shown
that BBA treatment at the higher concentration (5 M) led to a significant reduction

in phosphorylation of AKT at Thr308 and Ser473, but had no effect on the total

AKT level. Consequently, we found that BBA also inhibits total ERK1/2 level and

its phosphorylation. Another important molecule, Bcl-2, which promotes resistance by
prevention of chemotherapeutic drug-induced apoptosis, was detected in MDR cells, but
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there was no significant change observed in its expression level after BBA treatment.*>
BBA has no effect on the total level of AKT and ERK1/2, phosphorylation of AKT and
ERKZ1/2, or the expression level of Bcl-2 on HepG2 cell line (Supplementary Figure S3

in the Supporting Information). Taken together, our results suggest that the mechanism by
which BBA sensitizes resistant cells to chemotherapeutic drugs is at least partially linked to
inhibition of phosphorylation of AKT and ERK1/2.

BBA Reverses ABCB1-Mediated MDR in Nude Mouse Xenograft Model.

KB-C2 cell xenograft model in nude mice was used to investigate the efficacy of BBA to
reverse resistance to paclitaxel /n vivo. No significant difference was observed in tumor

size between experimental animals treated with saline and BBA. However, mean tumor

size in the combination group of BBA and paclitaxel was significantly smaller than that of
the other three groups (P< 0.05; Figure 5A,B). The tumor weight in combination group

was also significantly lower than that of the other groups (P < 0.05; Figure 5C). These
results suggest that BBA had a significant reversal effect on ABCB1-mediated MDR /n vivo.
Moreover, at the doses tested, no significant change in the body weight was observed in the
combination group (Figure 5D), indicating that the combination treatment probably did not
lead to increase side effect.

DISCUSSION

Natural sources are a fertile ground to find novel drugs; in recent years modification of
plant-derived natural products became a promising road to novel drug discovery. In order
to develop 23-hydroxybetulinic acid derivatives as MDR reversal agents, we carried out

a list of structural modifications of 23-hydroxybetulinic acid systemically as previously
shown and performed an extensive screening of new derivatives against their MDR
reversal activity.31 We found that introducing a bulky and hydrophilic moiety into C-23
site yields potent compounds, such as BBA, exhibiting excellent MDR reversal activities
(Supplementary Table 1 in the Supporting Information). Further study on the structure—
activity relationship is an ongoing effort in our laboratory. This study, examining the
BBA-induced changes in resistances to anticancer drugs, DOX, VCR, vinblastine, and
paclitaxel, in both parental and resistant cancer cell lines (HepG2, HepG2/ADM, MCF-7,
MCF-7/ADR, and KB-3-1, KB-C2), as well as ABCB1-transfected HEK293 cells, first
demonstrated that BBA remarkably reduces resistance of MDR cells to ABCBL1 substrates.
Based on the above results, further experiments were conducted /n vivo. The KB-C2 cell
xenograft model was selected, and the effect of BBA was observed. In this study, BBA
significantly enhanced the anticancer activity of paclitaxel, with no significant change in
the body weight in the combination group. Therefore, we conclude that BBA selectively
reverses ABCB1-mediated MDR in both /n vitro and in vivo. In addition, it has been found
that BBA has several distinguishing characteristics comparing to other MDR inhibitors as
following: (i) BBA is a derivative of natural product 23-hydroxybetulinic acid existing

in great quantities in the traditional Chinese herb Pulsatilla chinensis which has been
frequently used as an adjuvant in cancer treatment;6 it is also easy to prepare by extraction
and semisynthesis at relatively low cost as reported by our group.31:47 (ii) BBA has lower
toxicity toward mice compared with other third generation MDR reversers, indicated by the
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fact that no significant toxicity was found after treatment with BBA at 5 g/kg/day in single
dose acute toxicity test or 30 mg/kg/day for 40 consecutive days. (iii) BBA modulates the
P-gp ATPase activity in a biphase way and cannot be transported by P-gp, which is different
from the established third generation inhibitors. Collectively, these characteristics support
the potential of BBA to be developed into an adjuvant to anticancer chemotherapy. However,
we still need to further compare the MDR reversal activity of BBA with third generation
MDR reversers and investigate toxicity and pharmacokinetics of BBA alone or combined
with anticancer drugs.

The results from accumulation experiments indicated that BBA reduces anticancer drug
resistance by increasing intracellular drug accumulation. We subsequently performed an
efflux experiment using ABCBL1 specific substrate rhodamine123 to determine whether this
accumulation effect is directly associated with ABCB1 function. Our results showed that
BBA suppresses ABCB1-modulated efflux, resulting in intracellular retention of the drug in
HepG2/ADM and MCF-7/ADR cell lines.

The attenuated ABCBL transporting function can result from downregulated protein
expression. However, the RT-PCR and Western blot analysis of ABCBL1 expression, prior
to or after BBA treatment, in ABCB1-overexpressing cells showed that neither mMRNA

nor protein level of ABCB1 was decreased upon BBA treatment. Immunofluorescence
analysis confirmed that there was no translocation of ABCB1 from membrane to cytosol/
nuclei on HepG2/ADM cells. These findings support that BBA suppresses the process of
pumping anticancer drug out of MDR cells by a mechanism other than downregulating the
overexpressed ABCBL transporter.

Next, we looked into the effect of BBA on the function of ABCB1. ABCBLlisa 170

kDa membrane protein, with two transmembrane domains (TMD) and two nucleotide
binding domains (NBD). When a substrate is recognized by ABCB1, ATP hydrolysis
and binding to NBDs and a large conformational change in TMD are consequentially
induced, presenting the substrate and drug-binding site to the outer leaflet or extracellular
space.?0 The inhibition of drug transport could be resulting from the blockage of specific
recognition of the substrate to weaken its interaction with ABCBL, or coupling of ATP
hydrolysis for translocation of the substrate, which is related to the ATPase. Our result on
basal ABCB1 ATPase activity assay showed a classic bell-shaped ATPase response curve
varying with the concentrations of BBA, which is consistent with the observation reported
by Mufioz-Martinez.*8 At a lower concentration (<2.5 M), BBA stimulated the ATPase
activity; at a higher concentration (>2.5-30 ¢M), it inhibited ATPase activity. However,
BBA had an inhibitory effect on verapamil stimulated ATPase activity, which indicates that
BBA may compete with verapamil at the same binding site of ABCB1. The [12°1]IAAP
photoaffinity labeling experiment also showed that BBA may partly overlap with IAAP.
These results suggest that BBA has direct interaction with ABCB1, and the molecular
docking results further confirmed it. Nevertheless, the docking results also pointed out
that there is no completely coincident binding site with verapamil, indicating a different
mechanism of action of BBA from verapamil. Verapamil was identified as a substrate

of ABCB1 competing with anticancer drugs for efflux, and one typical character of the
substrate is that it can be transported by ABCB1.4° But our drug sensitivity study results
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showed that the cytotoxicity of BBA on both resistant and sensitive cell lines was almost
the same, and the addition of ABCBL. inhibitors cyclosporine A or verapamil did not change
its cytotoxicity on ABCB1 overexpressed cell line either, confirming that BBA is less likely
transported by ABCB1. A nonsubstrate modulator could potentially have lower toxicity as
lower concentration was applied and may have relatively sustained reversal activity. In fact,
persistent reversal activity of BBA at different concentrations (1.25 and 5 ¢M) was observed
after BBA washout post 24 h treatment. This not only further confirms that BBA is not a
transported substrate of ABCB1 but also suggests its inhibitory property against ABCBL.
The docking results also point out the different binding site from verapamil and IAAP,
indicating that BBA may regulate the function of ABCBL in a different way.

It has been well-known that aberrant activation of AKT and ERK1/2 pathways plays an
importance role in the development of the MDR phenotype of tumor cells, and Kim reported
that cancer cells either expressing constitutively active AKT or containing AKT gene
amplification are also far more resistant to paclitaxel than cancer cells expressing low levels
of AKT, thus suppression of AKT and ERK1/2 signaling pathways has been considered as
an effective therapeutic approach to overcome drug resistance.%9-52 Unchanged total AKT
protein level, along with significantly reduced ERK1/2 protein level and phosphorylation
levels in both protein kinases, indicates that the reversal activity of BBA may be associated
with suppression of ERK1/2 by inhibited AKT phosphorylation. Additional experiments
ought to be performed to confirm and further elucidate the underlying mechanism involved
in the cell signaling pathway, which is beyond the scope of this study.

In the present study, it is interesting to find that BBA has a better MDR reversal effect

than verapamil in HepG2/ADM and MCF-7/ADR cells, but a similar or less effect than
verapamil in KB-C2 and HEK293/ABCB1 cells. As reported by our collaborators, DOX-
induced ABCB1-overexpressing drug-resistant HepG2/ADM cells showed the upregulation
of several drug transporters (ABCB8, ABCB4) and other drug-resistant factors (Sorcin,
CDH1), which may be different with those drug resistance related molecules of colchicine-
selected ABCB1-overexpressing drug-resistant KB-C2 cells and ABCB1-transfected
HEK293/ABCB1 cells.>3:54 On the other hand, our results also showed that BBA reversed
drug resistance through more than one mechanism. In addition to attenuating ABCB1
transporter function, BBA also modulated other drug resistance-associated proteins, for
example, inhibition of phosphorylation of Akt and ERK. Recently, our preliminary study
demonstrated that BBA could also reverse ABCC10-mediated drug resistance (data not
shown). These results indicate that BBA reverses multidrug resistance through not only
inhibition of ABCB1 but also modulation of other drug-resistant factors, which still needs
to be further studied. In addition, it is also found that BBA slightly decreases the sensitivity
of ABCG2-482-R5 cells to mitoxantrone, possibly indicating that BBA itself as a weak
substrate for ABCG2 stimulates the transporter function of ABCG2 to pump mitoxantrone
out of cells. At the same time, BBA significantly increases the sensitivity of three ABCG2-
overexpressing cells to SN-38. This further confirms BBA is a substrate of ABCG2, and
increased sensitivity may be due to BBA binding to ABCG2 at the same site of SN-38,
thereby competitively inhibiting the transportation of SN-38 out of the cells by ABCG2.
These hypotheses will need to be further investigated by detection of ABCG2 transporter
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function before and after BBA treatment as well as analysis of the binding site of BBA to
ABCG2.

In conclusion, we found that BBA, a derivate of 23-HBA, reverses ABCB1-mediated MDR
by inhibition of its drug efflux function, and increases the intracellular accumulation of
anticancer drugs in ABCB1-overexpressing cells. The reversal activity may also be partially
associated with the suppression of ERK1/2 and its phosphorylation form and the inhibition
of phosphorylation of AKT. These results provide solid molecular evidence in supporting the
development of BBA to be a novel MDR modulator in clinical cancer therapy in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The chemical structure of BBA. BBA inhibited the function of ABCBL. (B) The

effect of BBA on the accumulation of DOX (top) and rhodamine123 (bottom) detected

by laser scanning confocal microscope. Original amplification, 63; bar, 10 gm. (C) The
accumulation of DOX (left) and rhodamine123 (right) in HepG2/ADM cells was analyzed
by flow cytometry. (D) The effect of BBA on the efflux of rhodamine123 in HepG2/ADM
cells. The mean values are plotted, and the error bars depict standard of deviation from at
least three independent experiments performed in triplicate.
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Figure 2.

BBA affected the ATP activity, and partly inhibited the photoaffinity labeling of ABCB1
with [I125]IAAP. (A) BBA did not affect the mMRNA (top) and protein expression (bottom)
of multidrug-resistant proteins in HepG2/ADM cells. (B) The localization of ABCB1 at
membrane and cytosol of HepG2/ADM cells. Immunofluorescence staining of cells with
primary antibody against ABCB1 and Alexa Fluor 488-conjugated secondary antibody
was observed by confocal microscope. Original amplification, 63; bar, 10 zm. No
immunostaining occurred when the primary antibody was omitted from the procedure (data
not shown). (C) The Vi-sensitive ATPase activity of ABCB1 was determined in membrane
vesicles as a function of concentration of BBA in the absence (left) and presence of 5 pM
verapamil (right). The values and the error bars represent the mean values and standard

of deviation from three independent experiments in plot A, while the values in plot B are
averages of three independent experiments. (D) The top panel shows the autoradiogram
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of incorporation of IAAP into the ABCBL1 band from a representative experiment. The
radioactivity associated with the ABCB1 band was quantified and represented in the lower
panel using a phosphorimager and the curve-fitting software GraphPad PRISM. The mean
values are plotted, and the error bars depict standard of deviation from at least three
independent experiments.

Mol Pharm. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 20

120 -
A ® HepG2
100 B  HepG2/ADM
S
= 80
g 60
>
S 404
o
20
0 T T 1
-7 -6 -5 -4 -3
Concentration (log M)
B 1207 e BBA
1004 B BBA+Verapamil

- A BBA+Cyclosporine A

Cell viability (%)
)
=1
1

40
20
0 . . .
L -6 -5 -4 -3
Concentration (log M)
c 120-
& DOX
__ 1004 O DOX+VRP 5 uM wash
& a6 O DOX+VRP 5 uM no wash
£ A DOX+BBAS5 uM wash
s 601 v DOX+BBAS5 ;M no wash
% 40 e DOX+BBA1.25 uM wash
o = DOX+BBA1.25 uM no wash
20-
G 1 1 1 1
7 5 5 -4 2

Concentration (log M)

Figure 3.
BBA was not a transported substrate of ABCB1 and had persistent reversal activity. (A)

Cytotoxicity of BBA on drug-sensitive HepG2 and drug-resistant HepG2/ADM cells. (B)
Effect of verapamil and cyclosporine A on the sensitivity of BBA in ABCB1-overexpressing
HepG2/ADM cells. Cells were treated with various concentrations of BBA in the presence
or absence of verapamil (5 ¢M) or cyclosporine A (5 (M) for 48 h, and cytotoxicity of BBA
was detected by MTT assay. The mean values are plotted, and the error bars depict standard
of deviation from at least three independent experiments. (C) Duration of BBA reversing
DOX resistance in HepG2/ADM cells. Cells were treated with or without BBA (1.25 and 5
4M) or verapamil (5 xM) for 24 h before being washed out, then treated with DOX for 48 h.
Cytotoxicity of DOX was detected by MTT assay. The mean values are plotted, and the error
bars depict standard of deviation from at least three independent experiments.
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Figure 4.
Docking analysis of BBA, verapamil, and IAAP toward ABCBL. (A) The binding mode and

position of BBA, verapamil, and IAAP with ABCBL. (B) The residual amino acid around
BBA. (C) The residual amino acid around BBA, verapamil, and IAAP; key residues were
labeled.
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Figure 5.

The MDR reversal effect of BBA on KB-C2 xenograft model. Potentiation of antitumor
effects of paclitaxel by BBA in ABCB1 overexpressing KB-C2 xenograft model is shown.
(A) A representative picture of the excised KB-C2 tumor sizes from different mice is shown
on the 18th day after implantation. (B) Changes in tumor volume over the time course of the
experiment in ABCB1 overexpressing KB-C2 xenograft model are shown. The treatments
were as follows: (a) control (saline, g3d x 6), (b) BBA (15 mg/kg, po, g3d x 6), (c)
paclitaxel (18 mg/kg, ip, q3d x 6), and (d) BBA (15 mg/kg, po, q3d x 6) + paclitaxel (18
mg/Kkg, ip, q3d x 6), BBA was given 2 h before paclitaxel administration. Points represent
mean of tumor volume for each group (n7= 6) after implantation. Each point on line graph
represents the mean of tumor volume (mm3) at a particular day after implantation, and each
bar represents SD. *, £< 0.05 versus the control group; #, P < 0.05 versus paclitaxel alone
group. (C) The bar graph represents the mean of tumor weights (mice, 7= 6) of the excised

Mol Pharm. Author manuscript; available in PMC 2021 August 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al.

Page 23

KB-C2 tumor from different mice. Each column represents the mean of determinations, and
the bar represents SD. *, £< 0.05 versus the control group; #, £ < 0.05 versus the paclitaxel
alone group. (D) Changes in the mean of body weight over the time course of the experiment
in ABCBL1 overexpressing KB-C2 xenograft model are shown. One pilot study and two
independent experiments were carried out using athymic (nu/nu) NCR nude mice implanted
sc with KB-C2 cells. A representative result is shown.
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