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Abstract
Endogenous cABCB1 is expressed abundantly in MDCKII cells, and its presence often
complicates the phenotyping of the transport process. Errors in estimating cER, as the result
of the variable expression of cABCB1, were examined for the dual substrates of ABCB1 and
ABCG2 in MDCKII cells expressing hABCG2. The mRNA and protein expression of
cABCB1 was 60% and 55% lower, respectively, in MDCKII cells expressing hABCG2
compared to the values for the wild type, suggesting that the expression of endogenous

endogenous efflux, cABCB1 was suppressed kinetically (i.e., using verapamil as a selective
inhibitor), or biochemically (i.e., transfecting short-hairpin RNA against cABCB1). Under
these conditions of suppression, the cER values for irinotecan and topotecan, dual substrates
of ABCB1 and ABCG2, were elevated by over 4-fold and 2-fold, respectively, in comparison
to the values without the suppression. The cER of olaparib was similarly increased to 3- and
5-fold in MDCKII cells under the kinetic and biochemical suppression of cABCB1,
respectively, suggesting that hABCG2-mediated efflux cannot be ruled out for olaparib.
Since the substrate selectivity for ABCB1 and ABCG2 is considerably overlapped, the
possibility of an inaccurate estimation of cER needs to be taken into consideration for the
dual substrates in the case of the variable expression of cABCB1 in MDCKII cells.
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Introduction
MDCKII cells are frequently used in bi-directional transport assays in studies of the
functional involvement of efflux transporters (Tang et al., 2002). The reasons for the
widespread use of this cell line may include a relatively rapid development in the tight
junction, easy maintenance and the fact that MDCKII cells expressing foreign transporters
are readily available. In fact, some regulatory agencies (e.g., FDA) recently recommended the
use of MDCKII cells as one of the assay systems in phenotyping efflux transporters (e.g.,

MDCKII cells express a relatively abundant number of canine transporters (e.g., cABCB1)
(Goh et al., 2002), thereby complicating the phenotyping of the transport process(es). The
method of ‘corrected’ efflux ratio (cER), the ratio of the ER calculated in cells expressing a
foreign transporter to that in control cells, is frequently used to account for the contribution of
endogenous transporters. In general, a cER value greater than 2 is regarded as a reasonable
threshold (FDA, 2017) for the indication of a contribution of an efflux transporter. This type
of correction, however, would only be valid when the baseline function of endogenous
transporters remains constant within the study period. In practice, however, the importance of
demonstrating the stationary function of an endogenous transporter appears to be less well
appreciated: For example, validation of the consistent function of endogenous transporters in
cell lines is not mandatory in the guidelines from the regulatory agencies. In contrast, there is
ample evidence in the literature wherein routine maintenance can lead to the variable
expression of endogenous transporter(s) (Xia et al., 2005; Siissalo et al., 2007). In a recently
reported study, Kuteykin-Teplyakov and co-workers (Kuteykin-Teplyakov et al., 2010)
showed that the functional expression of a foreign transporter led to variations in the
expression of endogenous transporter(s) and therefore to an inaccurate estimation of cER. It
4
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is noteworthy that the authors found that the functional expression of cABCB1 was reduced
in MDCKII cells expressing human ABCB1 (hABCB1), resulting in a cER value of less than
1.5 (viz, the value indicating an unlikely substrate) for vinblastine, one of the most well
characterized substrates of hABCB1 (Kuteykin-Teplyakov et al., 2010; Li et al., 2013). These
observations suggest that the cER method, as it is currently used, is not reliable for the
phenotyping of transport process in MDCKII cells when endogenous transporter(s) are not
expressed at constant levels.

transport of olaparib, a known hABCB1 substrate, was strongly inhibited in MDCKII cells
expressing hABCG2 in the presence of Ko143, a standard hABCG2 inhibitor (Allen et al.,
2002), at concentrations that would be ineffective in suppressing cABCB1 function, implying
that the anticancer agent may be an hABCG2 substrate. However, this implication is in direct
contradiction to the conclusions reported in a European Medicines Agency’s assessment
report for olaparib (CHMP, 2014). In theory, such an inconsistency may be a manifestation of
the inadequate estimation of cER due to the variable function of an endogenous transporter(s)
such as cABCB1, although this possibility was not directly examined in the study cited. The
objectives of this study, therefore, were to determine the possibility that endogenous
cABCB1 is expressed at variable levels in MDCKII cells expressing hABCG2, and its impact
on estimating the cER of olaparib, a potential substrate for both ABCB1/ABCG2.
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Materials and Methods
Chemicals and reagents
[3H]-Digoxin (specific activity 39.8 Ci/mmol) and [3H]-prazosin (specific activity 84.2
Ci/mmol) were purchased from Perkin Elmer (Waltham, Massachusetts). Unlabeled digoxin,
imipramine, Ko143 hydrate, verapamil, tariquidar, zosuquidar, and topotecan were obtained
from Sigma-Aldrich (St Louis, MO, USA). Olaparib [the purity over 99%; LC laboratories
(Woburn, MA, USA)] was also used in this study. Unlabeled prazosin and irinotecan were

Arbor, MI), respectively. High-performance liquid chromatography-grade methanol and
formic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA) and Fluka
(Cambridge, MA), respectively.

Cell lines and Cultures
Cells from a wild type MDCKII (MDCKII/WT) cell line (passage number from 47 to 60)
(European Collection of Authenticated Cell Culture, Salsbury, UK) and LLC-PK1 cell line
(passage number from 196 to 221) (American Type Culture Collection, Rockville, MD) were
used in this study. MDCKII cells were grown in Dulbecco’s modified Eagle’s medium
(Welgene Inc., Daegu, Korea) containing 10% fetal bovine serum (Welgene Inc., Daegu,
Korea), 1% nonessential amino acid solution, 100 units/mL penicillin, and 0.1 mg/mL
streptomycin under a humidified atmosphere of air containing 5% CO2 at 37°C, and cultured
under previously described conditions (Lee et al., 2015; Hyung et al., 2017; Yim et al., 2017).

Generation of MDCKII/hABCG2 and LLC-PK1/hABCG2 cells
In this study, a commercially available plasmid construct containing cDNA for hABCG2
(pCMV6-AC; Origene, USA) was transfected to functionally express the human transporter.
6
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MDCKII wild type cells (MDCKII/WT, passage number of 49) and LLC-PK1 wild type cells
(LLC-PK1/WT, passage number of 202) were seeded in 12-well plates 24 hours prior to
transfection. When the cells reached a 50~70% confluence, they were transfected using the
FuGENE® HD Transfection Reagent (Promega, Madison, WI) according to the
manufacturer’s instructions. Briefly, 2 µg of the plasmid DNA was transfected with 6 µL of
the transfection reagent mixed with Opti-MEM (Thermo Fisher Scientific, USA), and the
cells were transferred to a 100-mm dish after 24 hours of transfection. Geneticin was

LLC-PK1 cells, respectively) on the next day of the cell transfer. The selection media were
maintained for at least 14 days to select the clones resistant to the antibiotics. A
Hoechst® 33342 dye efflux assay (Scharenberg et al., 2002) was then carried out to select the
clone having the most distinct functional expression (i.e., the least fluorescent clone) of the
transporter. When necessary, semi-quantitative PCR analysis was carried out using the
following the primers and cycling conditions: 5’-GCCTCACCTTATTGGCCTCA-3’ and 5’AGTTCCACGGCTGAAACACT-3’ for canine ABCB1; 5’AGATTGTCAGCAATGCCTCC-3’ and 5’-GAGCTTGACAAAGTGGTCATT-3’ for
canine GAPDH; 5’-GAGTGAACGGATTTGGCCGC-3’ and 5’TCTCATGGTTCACGCCCATC-3’ for porcine GAPDH; PCR conditions consisted of
denaturation in 94˚C for 30 sec, annealing at 56˚C for 30 sec and elongation in 72˚C for 2
min 30 sec. A bi-directional transport study of [3H]-prazosin (i.e., primarily a substrate for
hABCG2; along with unlabeled prazosin; final concentration of prazosin to be 1 μM) (Lepist
et al., 2012; FDA, 2017) was carried out for further confirmation of the functional expression.
In this study, the ER of prazosin at a value greater than 9 (i.e., for MDCKII/hABCG2; in
comparison to the ER of 1 in MDCKII/WT) or 7 (i.e., for LLC-PK1/hABCG2; in comparison
to the ER of 2.4 in LLC-PK1/WT) was accepted as an indication of the functional expression
7
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of the efflux transporter (Fig. S1 and Fig. S2, Supplemental material) and was used in
subsequent studies.
In parallel, mock-transfected MDCKII and LLC-PK1 cells were also generated by
transfecting the wild type cells with the corresponding empty vector. For MDCKII cells, a bidirectional transport study of [3H]-digoxin (i.e., primarily a substrate for cABCB1; along with
unlabeled digoxin; final concentration of digoxin to be 1 μM) was carried out to compare the
functional activity of cABCB1 in transfected and un-transfected cells. In our study, mock-

cABCB1 (i.e., ER of digoxin was 6.7 in MDCKII/Mock, compared to an ER of 6.3 in
MDCKII/WT). Thus, in subsequent studies, MDCKII/WT cells were considered to be
functionally identical to MDCKII/Mock cells and were used as controls in the estimation of
cER.

Quantitative real-time PCR (qPCR)
To determine the extent of target mRNA in MDCKII cells, a qPCR study was carried out
using standard protocols. Briefly, total RNA was extracted from MDCKII cells using the
HybridR RNA extraction kit (GeneAll, Korea) and reverse-transcribed with an oligo dT
primer using a PrimeScript RT-PCR kit (Takara, USA) according to the manufacturer’s
instructions. Amplification was detected by TOPreal ™ qPCR 2× PreMIX with SYBR Green
(Enzynomics, Korea) on a StepOnePlusTM Real-Time PCR system (Applied Biosystems,
USA). Thermocycling was carried out using a reaction mixture of 15 μL [i.e., 7.5 μL premix,
0.1 μL of forward and reverse primers (final concentration at 0.1 μM), 6.3 μL of PCR grade
water, and 1 µL target cDNA]: The sequences for the forward and reverse primers were 5’TTGCTGGTTTTGATGATGGA-3’ and 5’-CTGGACCCTGAATCTTTTGG-3’,
respectively, for cABCB1 (Kuteykin-Teplyakov et al., 2010) and 5’8
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ATTCCACGGCACAGTCAAG-3’ and 5’-TACTCAGCACCAGCATCACC-3’,
respectively, for cGAPDH (Kuteykin-Teplyakov et al., 2010; Gartzke et al., 2015). In this
study, the reaction mixture that did not contain a template was considered to be a negative
control in the study. The conditions for the thermal cycling consisted of an initial activation
of DNA polymerase for 10 min at 95˚C, followed by 50 cycles of amplification at 95˚C for
10 s, 60˚C for 15 s and then 72˚C for 30 s with a final melting step of 95˚C for 15 s. In this
study, the level of canine GAPDH mRNA detected in the amplification was used for

Western blot analysis
Western blotting analysis was carried using total cell lysates. Briefly, MDCKII cells were
lysed with lysis buffer containing protease inhibitors (Complete® ; Roche, IN, USA). After
brief centrifugation (10,000 g, 10 min, 4°C), the resulting supernatant was analyzed by a
bicinchoninic acid assay (Smith et al., 1985). Samples containing an equivalent amount of
total protein (60 µg) were mixed with Laemmli buffer (Laemmli, 1970) and heated at 50°C
for 30 min. The heated samples were resolved by 7.5% sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Subsequently, the blot was prepared using a poly
(vinylidene) fluoride membrane and incubated in a 0.05% Tween 20/phosphate buffered
saline (TPBS) solution containing 3% bovine serum albumin (BSA) for 1 hour to block nonspecific binding. For the detection of cABCB1, the membrane was probed using the
commonly used anti-ABCB1 antibody C219 (Biolegend, USA; dilution 1:200, 3% BSA in
TPBS) (Kuteykin-Teplyakov et al., 2010; Gartzke and Fricker, 2014; Gartzke et al., 2015).
As a gel-loading control, the membrane was probed using β-actin antibody (Cell signaling,
USA; dilution 1:200, 3% skim milk in TPBS). Following the incubation with appropriate
secondary antibodies conjugated with HRP (anti-mouse or anti-rabbit IgG-HRP, Thermo
9
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Fisher Scientific, USA), immuno-reactive bands were visualized using enhanced
chemiluminescence (Supersignal Femto and Pico reagents for the detection of cABCB1 and
β-actin, respectively; Thermo Fisher Scientific, USA) and ImageQuant LAS4000 instrument
(GE healthcare, NJ, USA).

Generation of shRNA-transfected MDCKII cell lines
To biochemically suppress the expression of endogenous cABCB1, plasmid constructs

custom designed and introduced to both MDCKII/WT and MDCKII/hABCG2 cells. The
transfection of cABCB1-shRNA was carried out with FuGENE® HD Transfection Reagent
(Promega, Madison, WI) according to the manufacturer’s instructions. Briefly, parental
MDCKII cells were seeded in a 12-well plate 24 hours prior to the transfection. Two µg of
cABCB1-shRNA was added to a mixture consisting of 6 µL of the transfection reagent and
100 µL Opti-MEM (Rockville, Maryland, USA): The solution was added to MDCKII cells
for transfection. The cells were then transferred to a 100-mm dish after 24 hours of the
transfection. Hygromycin, the selection agent, was introduced on the next day at a
concentration of 0.2 mg/mL. The selection media were maintained for at least 14 days to
select the clone(s) resistant to the antibiotics. The clones were further screened for their
functional activity of cABCB1 by comparing the Papp and ER of [3H]-digoxin (primarily a
substrate for cABCB1; along with unlabeled digoxin; the final total concentration of digoxin
to be 1 μM) with bi-directional transport assays (Table 2). In addition, a qPCR study was
carried out to confirm that the expression level of cABCB1 was reduced in the shRNAtransfected clones, compared to that in non-transfected MDCKII/WT. In the clones showing a
marked decrease in digoxin efflux (i.e., from ER of approximately 7 to less than 1.3), the
cABCB1 mRNA levels were also reduced by > 70% compared to non-transfected cells (the
10
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cABCB1 protein levels also decreased, Fig. S3, Supplemental material). Therefore, these
clones were considered to have biochemically suppressed cABCB1 expression and were used
in subsequent studies.

Evaluation of representative human ABCB1 inhibitors for their inhibitory potency
toward cABCB1 in MDCKII cells
For the evaluation of the inhibitory potency of representative ABCB1 inhibitors [i.e.,

2005; Agarwal et al., 2010; Römermann et al., 2015)] toward cABCB1, the basolateral to
apical or apical to basolateral transport of [3H]-digoxin (primarily a substrate for cABCB1;
along with unlabeled digoxin; with the final total concentration of digoxin being 1 μM) was
determined in MDCKII/WT in the presence of various concentrations of inhibitors. In
addition, the transport of [3H]-prazosin (primarily a substrate for hABCG2; along with
unlabeled prazosin, the final total concentration of prazosin being 1 μM) was examined in
MDCKII/hABCG2 for the evaluation of the inhibitory potency of the inhibitors toward
hABCG2.
Bi-directional transport studies were carried out as described previously (Jeong et al.,
2017). Briefly, MDCKII cells were seeded on Transwell ® filters (12 mm diameter, 0.4 μm
pore size; Corning, USA) at a density of 0.5 × 106 cells∙mL-1, and then cultured for 5-6 days
before being used in transport assays. Transport was initiated by adding transport buffer
containing the substrate (i.e., digoxin or prazosin) to the donor compartment, followed by
incubation at 37°C for 120 min. Aliquots (300 µL) of the receiver and donor samples were
collected at the end of the incubation. Scintillation fluid (Ultima Gold, Perkin Elmer, USA)
was subsequently added to the samples and the radioactivity determined by liquid
scintillation counting (Tri-Carb 3110 TR, Perkin Elmer, USA). In this study, the final
11
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concentration of DMSO (i.e., an agent used for the solubilization of ABCB1 inhibitors) in the
transport buffer was equal to or below 0.1% in all inhibition experiments except for
cyclosporine A (i.e., final concentration of DMSO was 0.5%). From our preliminary
experiment, DMSO at a concentration below 1% in the transport medium was found to have
no appreciable impact on transporter function, consistent with other literature findings (Taub
et al., 2002).

The transcellular transport of dual substrates of ABCB1 and ABCG2 (e.g., irinotecan and
topotecan; final concentration of 10 µM) was determined in the presence of 100 µM
verapamil in MDCKII/WT and MDCKII/hABCG2 cells (i.e., subsequently referred to as
‘verapamil-treated’) or in MDCKII/WT and MDCKII/hABCG2 cells expressing cABCB1shRNA (i.e., subsequently referred to as ‘shRNA-transfected’). Olaparib was also included
(i.e., at a final concentration of 10 µM) in this transport assay, since the drug could
potentially serve as a substrate for both transporters. The transport of the dual substrates was
studied for a period of 120 min at 37˚C. When necessary, 1 µM Ko143 (i.e., a standard
inhibitor of hABCG2; Figure S5, Supplemental materials) was added to the transport media
to further confirm hABCG2-mediated transport. For the chromatographic quantification of
the dual substrates, previously reported assays were used with minor modifications (Luo et
al., 2002; Vries et al., 2007; Sparidans et al., 2011). In this study, the system was equipped
with a Waters e2695 high-performance liquid chromatography system (Milford, MA) and an
API 3200 QTRAP mass spectrometer (Applied Biosystems, Foster City, CA). Separations
were carried out using a linear gradient of 0.1% formic acid in methanol and 0.1% formic
acid in water at a flow rate of 0.25 mL/min with a reversed-phase high-performance LC
column (Agilent Eclipse XDB-C18, 3.5 mm, 2.1 × 100 mm). Samples were monitored at the
12
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following Q1/Q3 transitions (m/z): 587.2/124.1 for irinotecan, 422.9/378.0 for topotecan,
435.2/281.0 for olaparib and 281.3/86.1 for imipramine (i.e., an internal standard of the
assay). The specificity, linearity, precision and accuracy of the assay were found to be within
the acceptance criteria of the guidelines of assay validation (FDA, 2013). The limit of
quantification was 10, 20 and 10 nM for irinotecan, topotecan and olaparib, respectively.

Transcellular transport of olaparib in LLC-PK1 cells

LLC-PK1 cells. Cells were seeded onto Transwell ® filters (12 mm diameter, 0.4 μm pore
size; Corning, USA) at a density of 0.5 × 106 cells∙mL-1, and cultured for 5-6 days prior to the
transport assays. Transport was initiated by adding transport buffer containing 10 µM
olaparib to the donor compartment, followed by incubation at 37°C for 120 min. When
necessary, 1 µM Ko143 (i.e., a standard inhibitor of hABCG2) was included in the transport
media. Aliquots of the donor and receiver samples were collected at the end of the
incubation, and were subjected to chromatographic quantification as described above.

Data analysis
When it was necessary to estimate the apparent permeability coefficient (Papp), the
following equation was used (Eq. 1):
𝑃𝑎𝑝𝑝 =

1 1 𝑑𝑄
× ×
𝐴 𝐶0 𝑑𝑡

(1)

where dQ/dt, A and C0 represent the transport rate, the surface area of the insert and the
initial concentration of the compound in the donor compartment, respectively. ER was
calculated by dividing the basolateral to apical Papp by the apical to basolateral Papp (Wang et
13
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al., 2005). In inhibition studies, the % ER was also calculated by dividing the value for ER in
the presence of the inhibitor by that without the inhibitor (i.e., control). When necessary,
the % ER value was used to evaluate the half maximal inhibitory concentration (IC50) by a
nonlinear regression analysis using Winnonlin Professional 5.0.1 software (Pharsight
Corporation, Mountain View, CA) and the following equation (Eq. 2):
V = 𝑉𝑚𝑎𝑥 − (𝑉𝑚𝑎𝑥 − 𝑉0 ) × [

[𝐼]
]
[𝐼] + 𝐼𝐶50

(2)

where V, Vmax, V0 and [I] are the rate of transport in the presence of inhibitor, the maximal

Assuming the mechanism of inhibition to be competitive, the inhibitory constant (Ki) of the
inhibitor was calculated for the estimated IC50 by using the following equation (Eq. 3)
(Cheng and Prusoff, 1973) :
𝐾𝑖 =

𝐼𝐶50
[𝑆]
1+ 𝐾
𝑚

(3)

where [S] is concentration of the substrate and Km represents the Michaelis-Menten
constant. For the comparison of apparent selectivity of cABCB1 inhibitors, the ratio of Ki
values [i.e., dividing Ki,hABCG2 (i.e., estimated Ki with MDCKII/hABCG2) to Ki,cABCB1 (i.e.,
estimated Ki with MDCKII/WT)] was calculated for the inhibitors.
When it was necessary, ‘corrected’ efflux ratio (cER) was calculated by dividing the ER
obtained in MDCKII/hABCG2 by the ER obtained in MDCKII/WT (Eq. 4):
cER =

𝐸𝑅𝑀𝐷𝐶𝐾𝐼𝐼/ℎ𝐴𝐵𝐶𝐺2
𝐸𝑅𝑀𝐷𝐶𝐾𝐼𝐼/𝑊𝑇

14
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Statistics
For the comparison of means between / amongst groups, the two-tailed/unpaired
Student’s t-test (for qPCR studies), or the one-way ANOVA (analysis of variance; for bidirectional transport studies), followed by Tukey’s post hoc test, was used. In this study, a
value of P < 0.05 was considered to denote statistical significance.
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Results
Variable expression of cABCB1 in MDCKII cell lines
We compared the endogenous expression of cABCB1 between MDCKII/WT and
MDCKII/hABCG2 cells. The qPCR results indicated that the levels of cABCB1 mRNA was
by approximately 60% lower in MDCKII/hABCG2 than in MDCKII/WT (Fig. 1A, n=3
independently prepared sets). The mRNA levels of canine ABCG2 were quite low with the
threshold cycles greater than 33 in both MDCKII/WT and MDCKII/hABCG2, consistent

cells (data not shown) (Di et al., 2011). The observed downregulation of cABCB1 mRNA was
accompanied by a decrease in the cABCB1 protein level. When the immunoblotting analysis
was performed using the commonly used ABCB1 antibody C219 [which can react with
cABCB1 (Ito et al., 1999; Kuteykin-Teplyakov et al., 2010; Römermann et al., 2015)],
multiple immunoreactive bands were detected. The band near 130 kDa likely comes from
cross-reactivity with ABCB4 according to the previous reports (Schinkel et al., 1991;
Scheffer et al., 2000). Thus, the densitometric analysis was performed on the two upper bands
with their electrophoretic mobility of 150 - 170 kDa, likely arising from differing degrees of
post-translational modifications including glycosylation, as reported previously (Tang et al.,
2002). When the band intensities were compared using 3 independently prepared sets of
samples, MDCKII/hABCG2 cells displayed the cABCB1 protein levels lower than
MDCKII/WT cells (on average by 55%, Fig. 1B). Among the independently prepared
samples (passage number differences within 5), the levels of cABCB1 protein also varied.
Intriguingly, the cABCB1 level was consistently lower in the MDCKII/hABCG2 cells than
MDCKII/WT cells. These collective observations indicate that the expression of cABCB1 in
MDCKII cells was reduced in MDCKII/hABCG2, compared with MDCKII/WT. We
16

Downloaded from jpet.aspetjournals.org at ASPET Journals on February 19, 2019

with a literature report indicating that canine ABCG2 is not abundantly expressed in MDCKII

JPET Fast Forward. Published on November 5, 2018 as DOI: 10.1124/jpet.118.250225
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250225

reasoned that the downregulation of cABCB1 may lead to a violation of the assumption
regarding the consistency of baseline transport, thereby negatively impacting the accuracy of
cER, especially for dual substrates of cABCB1 and hABCG2.

Differential inhibition of cABCB1 and hABCG2 in MDCKII/hABCG2 cells in the
presence of human ABCB1 inhibitors
In this study, the comparative selectivity of commercially available human ABCB1

Taub et al., 2005; Agarwal et al., 2010; Römermann et al., 2015)] towards cABCB1 and
hABCG2 was examined in MDCKII/WT and MDCKII/hABCG2 cells. The apical to
basolateral and basolateral to apical transport of digoxin (i.e., an index for cABCB1 function)
were measured in the presence of various levels of inhibitors and IC50 / Ki values calculated
(Table 1 and Fig. 2). Tariquidar was found to be an inadequate inhibitor of cABCB1 at the
concentration (i.e., 0.2 µM) reported for inhibiting ABCB1 (Römermann et al., 2015).
Furthermore, at higher concentrations, tariquidar and cyclosporine A were both found to be
significant inhibitor of both cABCB1 and hABCG2: Ki values toward hABCG2 and cABCB1
were not substantially different between each other (i.e., fold differences of less than 10).
hABCG2 was not inhibited by any of the concentrations of zosuquidar tested. However, this
inhibitor had limited solubility in the aqueous media of the transport study and it was not
possible to increase its concentration further. Therefore, based on the kinetic estimates of Ki,
the difference in the Ki values for the transporters was calculated to be approximately 16.2
for zosuquidar. Amongst the inhibitors studied, verapamil showed a relatively higher
selectivity for the inhibition toward cABCB1 (i.e., Ki ratio of 191, indicating a 191-fold
lower Ki value towards cABCB1). In subsequent studies, the presence of verapamil at a
concentration of 100 µM (Fig. 3 and 4) was assumed to have functional inhibition toward
17
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cABCB1 with no appreciable inhibition toward hABCG2. In addition, our sensitivity analysis
indicated that verapamil at 100 μM would permit an adequate selectivity to be maintained in
a wide range of substrates having Km values from 1 to 100 µM (Fig. S4, Supplemental
material).

Transport of dual substrates in the presence of the functional inhibition / reduced
expression of cABCB1 in MDCKII cells

an improved estimation of cER, control studies were carried out using MDCKII cells in the
presence of 100 µM verapamil (i.e. ‘verapamil-treated’) and in MDCKII cells expressing
shRNA directed to cABCB1 (i.e., ‘shRNA-transfected’) for the dual substrates of ABCB1
and ABCG2. In this study, the ER values of digoxin (primarily a substrate for cABCB1) were
reduced to close to unity in MDCKII cells under the two suppressive conditions (i.e.,
theoretically, an adequate suppression of cABCB1 activity/expression would result in an ER
of 1) (Fig. 3A, Table 2). In contrast, the cER of prazosin (primarily a substrate for hABCG2)
in the two conditions under which cABCB1 functions were suppressed appeared to be
unaltered [i.e., the value remained in the range of 9.9-12.5 (Fig. 3B, Table 2; as a reference,
the value for cER without suppression to be 9.6)], indicative of no meaningful reduction in
hABCG2 function under conditions where cABCB1 function was suppressed. As expected,
the ER values were high for olaparib, irinotecan and topotecan (i.e., dual substrates) in
MDCKII/WT without suppression, while the values were reduced to close to unity when
cABCB1 function was inhibited, either kinetically or biochemically (Fig. 3A, Table 2) in
MDCKII/WT cells. As a result, the cER values of irinotecan and topotecan were elevated by
4.8-fold and 2.3-fold in the case of the verapamil treatment, and 4.5-fold and 2.4-fold in the
shRNA-transfected case (Fig. 3B, Table 2). Collectively, the above observations suggest that
18
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the two suppressive methods are both effective in improving the cER estimation for dual
substrates of ABCB1/ABCG2 in MDCKII cells expressing hABCG2.

Estimation of the cER for olaparib in MDCKII cells expressing hABCG2 under the
functional suppression of cABCB1
In this study, we found that the ER values for olaparib in MDCKII/hABCG2 and
MDCKII/WT were comparable (Fig. 4A; viz, cER estimation close to 1), suggesting that

(McCormick and Swaisland, 2016). In contrast, however, in the presence of Ko143, the ER
for olaparib in MDCKII/hABCG2 was significantly decreased (Fig. 4A). Under verapamiltreatment conditions, the ER in MDCKII/WT was markedly reduced but the extent of the
reduction was less in MDCKII/hABCG2. Similarly, the ER for olaparib was markedly
decreased in shRNA-transfected MDCKII/WT. As a result, the cER of olaparib was 2.81 ±
0.376 (verapamil-treatment conditions, P < 0.01) or 4.62 ± 0.421 (shRNA-transfected
condition, P < 0.01), compared to 0.926 ± 0.0889 (without cABCB1 suppression). The
addition of Ko143 resulted in a further reduction in the ER (P < 0.01; Fig. 4B and 4C).
Furthermore, addition of elacridar and fumitremorgin C also resulted in reduction of the ER
to 0.97-1.20 (Fig. S6, Supplemental material). Collectively, these observations indicate that
the possibility of hABCG2-mediated transport cannot be excluded for olaparib.

Human ABCG2-mediated transport of olaparib in hABCG2-overexpressing LLC-PK1
When transcellular transport of olaparib was determined in hABCG2-overexpressing LLCPK1 (LLC-PK1/hABCG2), ER was significantly elevated for olaparib compared to LLCPK1/WT or LLC-PK1/Mock cells, resulting in cER of 1.88 ± 0.192 or 2.20 ± 0.571,

19
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respectively. Upon addition of Ko143, the ER value was reduced comparable to control cells
(Fig. 5).
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Discussion
The findings reported in this study indicate that cABCB1 expression was statistically
reduced in MDCKII cells expressing hABCG2 (Fig. 1) in comparison to that in wild type
MDCKII cells. As previously noted in the literature, the expression of endogenous
transporters can be downregulated as a compensatory response to the transfection and
elevated expression of exogenous transporters sharing substrates (Lloyd et al., 1992; Litman
et al., 2001; Agarwal et al., 2011). In addition, routine batch-to-batch or passage-dependent

(Kuteykin-Teplyakov et al., 2010; Di et al., 2011; Gartzke and Fricker, 2014). Our current
study was aimed to examine the robustness of cER in relation to hABCG2, and to study
experimental methodologies (i.e., kinetic/biochemical suppression) for improving the cER
estimation accuracy under fluctuating levels of endogenous cABCB1. Thus, the molecular
mechanisms underlying the observed down-regulation of cABCB1 or any causal relationship
between the changes in hABCG2 and cABCB1 was not directly examined. To our
knowledge, our observation represents the first to document that estimating cER can become
unreliable for dual substrates of ABCB1 and ABCG2 by the variable expression of cABCB1
in MDCKII cells. In the literature, it was previously noted that the functional expression of
cABCB1 was reduced in MDCKII cells after the expression of human ABCB1 (KuteykinTeplyakov et al., 2010; Li et al., 2013). Taken together, variations in the expression of
cABCB1 may not be uncommon in MDCKII cells, especially when foreign transporter
gene(s) is (are) introduced into the cell line. In particular, our results, as well as others
(Kuteykin-Teplyakov et al., 2010; Li et al., 2013) clearly demonstrate that the variable
expression of cABCB1 was associated with an incorrect estimation of cER leading to
inadequate phenotyping of the compounds toward efflux transporters. Considering a number
of substrates shared between ABCB1 and ABCG2 (Litman et al., 2001; Agarwal et al., 2011),
21
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the possibility of inadequate transporter phenotyping for dual substrates of ABCB1/ABCG2,
such as olaparib, cannot be excluded under conditions where the expression of endogenous
ABCB1 becomes variable. The careful use of cER in transporter phenotyping is, therefore,
warranted in studies when dual substrates of ABCB1/ABCG2 are being studied in cells
expressing these transporters.
In this study, the activity of cABCB1 was suppressed, kinetically or biochemically, in an
attempt to minimize the contribution of the endogenous efflux system and to improve cER

selectivity of four well-known inhibitors of human ABCB1 (zosuquidar, tariquidar, verapamil
and cyclosporine A) against the transport of digoxin (i.e., primarily transported by cABCB1)
and prazosin (i.e., primarily transported by hABCG2). We found that verapamil was the most
selective toward cABCB1 against hABCG2 (e.g., 191-fold lower Ki value towards cABCB1,
Table 1). In parallel, the biochemical suppression on the expression of cABCB1 was also
attempted in MDCKII cells using an shRNA approach. In these two separate experimental
designs, the basal to apical transport of digoxin was significantly depressed (P < 0.01), in
comparison to untreated MDCKII/WT (Table 2), with ER values in the range from 1.0 to 1.3
for digoxin in the case of kinetic and biochemical suppression, respectively, suggesting that
these two methods are equally effective in suppressing the contribution of cABCB1.
Consistent with this statement, the cER values obtained in the two methods were quite
comparable for the three dual substrates (e.g., irinotecan, topotecan and olaparib) of the two
efflux transporters (Fig. 3B). Other methods for suppressing cABCB1 function [e.g., the
CRISPR-Cas9 dependent knock-out of cABCB1 (Simoff et al., 2016; Karlgren et al., 2017)]
may also be used to improve the reliability of the estimation of cER, although the generation
and validation of such an experimental system would likely be time-consuming. For the case
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of the kinetic suppression approach, a selection procedure would not be necessary for this
method, which would make it immediately applicable.
It was previously reported that, using an experimental system essentially identical to that
used in the current study, hABCG2-mediated efflux was not likely for olaparib, since the cER
value was calculated to be 0.5-1.0 in the study (CHMP, 2014; McCormick and Swaisland,
2016). In the literature, it was also found that Sf9 membrane vesicle ATPase study was
incapable of identifying olaparib as a substrate of hABCG2 (CHMP, 2014). However, it is

transporter through the detection of ATP hydrolysis rather than a direct measurement of the
transported substrate itself. Such indirect activity assessment may be more prone to errors,
particular for substrates transported at a reduced rate, viz weak substrates (Glavinas et al.,
2008; Zhang and Surapaneni, 2012; Polli et al., 2001). Interestingly, a distinct decrease was
previously noted for basolateral to apical Papp in the presence of Ko143 (i.e., a standard
inhibitor for ABCG2) (McCormick and Swaisland, 2016), thus contradicting the conclusion
for the cER estimation described in an assessment report from the European Medicines
Agency (CHMP, 2014). In our study, the cER of olaparib was found to be 2.81 ± 0.376
(kinetic suppression approach, P < 0.01) or 4.62 ± 0.421 (biochemical suppression approach,
P < 0.01), compared to 0.926 ± 0.0889 (without cABCB1 suppression) (Fig. 4), suggesting
that hABCG2-mediated efflux cannot be ruled out for olaparib. In addition, cER was
estimated to be close to 2 in hABCG2-overexpressing LLC-PK1 cells, suggesting that
hABCG2-mediated transport of olaparib is not limited to one cell system.
Olaparib is an orally active, small molecule inhibitor of poly ADP-ribose polymerase
(PARP): This PARP inhibitor was recently approved for the treatment of advanced ovarian
cancer and BRCA-mutated metastatic breast cancer with the possibility of applications to
other cancer types as well (Robert et al., 2017). Since olaparib was previously regarded
23
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primarily as a substrate for ABCB1, the decrease in intracellular exposure in cancer cells was
thought to be entirely mediated by ABCB1 (Vaidyanathan et al., 2016). However,
considering the possibility of ABCG2-mediated transport for olaparib, collaborative efflux
transport via ABCB1 and ABCG2 may be a distinct possibility for the PARP inhibitor in
cells/tissues expressing the two transporters. Increased expression of ABCG2 was observed
in tumor bearing mice (Rottenberg et al., 2008) or a triple negative breast cancer cell line
(Dufour et al., 2015) that had been exposed to olaparib, although the increase was

a complete understanding of the involvement of ABCG2 in the in vivo pharmacokinetics and
pharmacodynamics of olaparib.
In conclusion, the expression of cABCB1 was found to be variable in MDCKII cells
expressing hABCG2 in comparison with untreated MDCKII cells. Both kinetic (i.e., the
presence of 100 μM verapamil) or biochemical (i.e., the expression of cABCB1-targeting
shRNA) suppression of cABCB1 appeared to be effective in reducing the contribution of
cABCB1, leading to an improved estimation of cER for dual substrates of ABCB1 and
ABCG2 in MDCKII cells. It is particularly noteworthy that the cER for olaparib under
conditions where the function of cABCB1 is suppressed was consistently greater than 2 in
MDCKII/hABCG2 cells, suggesting that hABCG2-mediated efflux cannot be ruled out for
olaparib.

24
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Figure Legends
Figure 1. (A) Expression of canine ABCB1 mRNA in MDCKII/WT and
MDCKII/hABCG2, as measured by qPCR (n=3). (B) Representative immunoblots for canine
ABCB1 protein in MDCKII/WT and MDCKII/hABCG2 (n=3 independently prepared sets;
lysates of MDCKII/hABCB1 cells were used as a positive control; β-actin was used as a gel
loading control). Dagger in the ABCB1 blot indicates the non-specific band potentially
arising from the interaction of the C219 antibody with ABCB4 as reported previously

two upper bands and the relative intensities were obtained by comparing the signals of the
samples within the same set. Data are expressed as the mean ± S.D.

Figure 2. Inhibitory profiles of tariquidar, cyclosporine A, zosuquidar, and verapamil
against the transport of (A) digoxin in MDCKII/WT and (B) prazosin in MDCKII/hABCG2.
The apparent permeability coefficient of the compounds are shown in apical to basolateral (●;
a-B) and basolateral to apical (■; b-A) directions. (C) The percent of control ER (%ER) was
shown together with the best-fit values generated from the nonlinear regression analysis
based on Eq. 2. Asterisks indicate statistical differences (*P < 0.05; **P < 0.01; ***P <
0.001) from the control group (i.e., without inhibitor) by one-way ANOVA, followed by the
Tukey’s post hoc test. Data are presented as mean ± S.D. of triplicate runs.

Figure 3. (A) Estimate of ER for ABCB1 and/or ABCG2 substrate(s) in MDCKII/WT
cells. (B) Estimate of cER for ABCB1 and/or ABCG2 substrate(s), calculated from ER
values obtained for MDCKII/WT and MDCKII/hABCG2 cells. Key: No suppression (○),
verapamil-treated (●), and shRNA-transfected (■) conditions. The dashed line in Panels A
34
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and B indicates ER/cER at unity. Data are presented as the ER (i.e., mean Papp from
basolateral to apical side divided by that from apical to basolateral side) or cER (i.e., ER for
MDCKII/hABCG2 divided by that for MDCKII/WT), obtained from triplicate or
quadruplicate runs.

Figure 4. Bi-directional transport of olaparib in the absence of any suppression (A), in the
presence of verapamil treatment (B), or in the presence of shRNA-transfected (C) conditions

1 µM (indicated as ‘+Ko143’), was added to the incubation mixture. ER was calculated by
dividing Papp from basolateral to apical side to that from apical to basolateral side. Data are
presented as the mean ± S.D. of three independent experiments, each with quadruplicate runs.
Asterisks indicate statistical differences based on one-way ANOVA, followed by Tukey’s
post hoc test (**P < 0.01).

Figure 5. Bi-directional transport of olaparib in LLC-PK1/WT and LLC-PK1/hABCG2
cells. When necessary, Ko143, at a concentration of 1 µM (indicated as ‘+Ko143’), was
added to the incubation mixture. ER was calculated by dividing Papp from basolateral to
apical side to that from apical to basolateral side. Data are presented as the mean ± S.D. of
three independent experiments, each with quadruplicate runs. Asterisks indicate statistical
differences based on one-way ANOVA, followed by Tukey’s post hoc test (*P < 0.05).
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Table 1. IC50 and Ki values of some representative ABCB1 inhibitors
hABCG2

Ki Ratio

IC50

Kia

IC50

Ki a

(μM)

(μM)

(μM)

(μM)

tariquidar

2.19

2.17

0.491

0.482

4.51

cyclosporine A

4.69

4.65

0.788

0.774

6.01

zosuquidar

>10

>9.8

0.617

0.606

>16.2

verapamil

417

414

2.21

2.17

191

(Ki,ABCG2/Ki,cABCB1)

Calculated by using Km value of prazosin towards hABCG2 (i.e., 128 µM), and Km value

of digoxin towards cABCB1 (i.e., 53.9 µM), estimated from Papp,a-B in MDCKII/hABCG2
and MDCKII/WT, respectively.
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Table 2. Bi-directional transport of ABCB1 and/or ABCG2 substrate(s) for MDCKII/WT
and MDCKII/hABCG2 cells.
Papp,a-B

Papp,b-A

(10-6 cm/sec)

(10-6 cm/sec)

MDCKII/WT

1.04 ± 0.0312

6.53 ± 0.268

6.3

MDCKII/hABCG2

1.18 ± 0.174

5.00 ± 0.734

4.2

MDCKII/WT

1.55 ± 0.0764

1.65 ± 0.0465

1.1

MDCKII/hABCG2

1.81 ± 0.0974

1.99 ± 0.0893

1.1

MDCKII/WT

1.32 ± 0.0286

1.72 ± 0.0932

1.3

MDCKII/hABCG2

1.23 ± 0.290

1.26 ± 0.167

1.0

MDCKII/WT

2.75 ± 0.414

27.3 ± 2.72

9.9

MDCKII/hABCG2

2.73 ± 0.464

25.1 ± 4.56

9.2

MDCKII/WT

8.16 ± 0.164

13.3 ± 0.514

1.6

ER

no suppression

digoxin

0.7

verapamil-treated

1.0

0.8

no suppression

0.9

verapamil-treated

3.2
MDCKII/hABCG2

4.40 ± 0.386

22.5 ± 1.99

5.1

MDCKII/WT

9.35 ± 0.844

9.83 ± 0.400

1.1

shRNA-transfected

4.9
MDCKII/hABCG2

4.02 ± 0.435

20.8 ± 0.852

5.2

MDCKII/WT

0.611 ± 0.364

4.47 ± 0.573

7.3

MDCKII/hABCG2

0.404 ± 0.147

8.95 ± 0.280

22.1

MDCKII/WT

1.60 ± 0.257

2.34 ± 0.150

1.5

MDCKII/hABCG2

0.411 ± 0.150

8.62 ± 0.377

21.0

MDCKII/WT

1.65 ± 0.455

1.78 ± 0.360

1.1

MDCKII/hABCG2

0.423 ± 0.045

6.16 ± 0.263

14.6

MDCKII/WT

1.06 ± 0.0521

4.10 ± 0.381

3.9

MDCKII/hABCG2

0.452 ± 0.0880

9.84 ± 0.570

21.8

MDCKII/WT

1.67 ± 0.115

1.86 ± 0.134

1.1

MDCKII/hABCG2

0.711 ± 0.140

10.3 ± 0.487

14.5

no suppression

irinotecan

3.0

verapamil-treated

14.3

shRNA-transfected

13.5

no suppression

5.6

topotecan
verapamil-treated

13.1
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MDCKII/WT

1.59 ± 0.155

1.06 ± 0.179

0.7

MDCKII/hABCG2

0.618 ± 0.221

5.53 ± 0.449

9.0

MDCKII/WT

16.3 ± 0.527

16.2 ± 0.683

1.0

MDCKII/hABCG2

2.76 ± 0.110

26.1 ± 1.19

9.5

MDCKII/WT

17.3 ± 1.91

14.6 ± 0.880

0.8

MDCKII/hABCG2

2.66 ± 0.126

28.0 ± 1.44

10.5

MDCKII/WT

16.3 ± 0.928

15.0 ± 0.121

0.9

MDCKII/hABCG2

3.96 ± 0.0692

35.8 ± 1.86

9.1

shRNA-transfected

13.5

no suppression

prazosin

9.6

verapamil-treated

12.5

shRNA-transfected

9.9
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relative cABCB1 expression
(normalized to cGAPDH)

(A) qPCR

(B) Western blot

1.5

1.0

*
0.5

0.0

MDCKII/WT

MDCKII/hABCG2

Figure 1.
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