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a b s t r a c t

The Breast Cancer Resistance Protein (BCRP) is a key transporter in drug efflux and drug-drug in-
teractions. However, endogenous expression of Multidrug Resistance Protein 1 (MDR1) confounds the
interpretation of BCRP-mediated transport in in vitro models. Here we used a CRISPR-Cas9 edited Madin-
Darby canine kidney (MDCK) II cell line (MDCKcMDR1-KO) for stable expression of human BCRP (hBCRP)
with no endogenous canine MDR1 (cMDR1) expression (MDCK-hBCRPcMDR1-KO). Targeted quantitative
proteomics verified expression of hBCRP, and global analysis of the entire proteome corroborated no or
very low background expression of other drug transport proteins or metabolizing enzymes. This new cell
line, had similar proteome like MDCKcMDR1-KO and a previously established, corresponding cell line
overexpressing human MDR1 (hMDR1), MDCK-hMDR1cMDR1-KO. Functional studies with MDCK-
hBCRPcMDR1-KO confirmed high hBCRP activity. The MDCK-hBCRPcMDR1-KO cell line together with the
MDCK-hMDR1cMDR1-KO easily and accurately identified shared or specific substrates of the hBCRP and the
hMDR1 transporters. These cell lines offer new, improved in vitro tools for the assessment of drug efflux
and drug-drug interactions in drug development.
© 2020 American Pharmacists Association

®

. Published by Elsevier Inc. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

The Breast Cancer Resistance Protein (BCRP; gene name ABCG2)
discovered in 1998 was originally cloned from a doxorubicin
resistantMCF-7 breast cancer cell line.1 However, BCRP is expressed
in a variety of healthy as well as malignant tissues including
membrane barriers and tissues important in drug disposition, e.g.,
intestinal epithelium, apical membranes of human hepatocytes,
kidney proximal tubules, placenta, and the blood-brain barrier.2e4

The BCRP transporter translocates both endogenous and exog-
enous compounds. As implied by its name, it transports cytotoxic
agents including mitoxantrone, camptothecin derivates, flavopir-
idol, and methotrexate, but it also transports compounds such as
prazosin, estrone-3-sulphate, Hoechst 33342, and pheophorbide
A.5 Its substrate specificity overlaps with other ABC transporters
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and the overlap with substrates of Multi Drug Resistance Protein 1
(MDR1, P-glycoprotein; Pgp, ABCB1) has gained special attention.
BCRP and MDR1 are concomitantly expressed in many tissues.6

Especially in the blood-brain barrier, BCRP and MDR1 cooperate
to limit the exposure of the brain to drugs and potentially haz-
ardous compounds.7

Today, BCRP is recognized as one of the key transporters in drug
transport and drug-drug interactions.2 As a result, the U.S. Food and
Drug Administration (FDA) guidelines include it for drug interac-
tion studies.8e10 Their 2020 guidelines state that in vitro studies
should be conducted for all investigational drugs to evaluate if they
are inhibitors of BCRP.10 In addition, the FDA guidelines state that
the drugs belonging to the Biopharmaceutics Classification System
class II-IV should be evaluated in vitro to determine if they are
substrates of BCRP.10

The in vitro models recommended by the FDA for studying BCRP
transport and inhibition are the colon adenocarcinoma cell line
Caco-2, membrane vesicles, transfected cells such as the Madin-
Darby canine kidney II (MDCK) cells or the pig kidney cell line LLC-
PK, or knockout/knockdown cell lines.10 These models each come
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with advantages and disadvantages, but a general problem (e.g., with
Caco-2, MDCK, and LLC-PK cells) is the endogenous background of
other ABC transporters. In particular, MDR1 influences the results
and complicates the interpretation of data, as MDR1 transports
substrates of high structural diversity,11e14 and as endogenousMDR1
expression is present in different cell models used for studying drug
transport in drug discovery.15,16 To distinguish BCRP-mediated
transport from transport by other endogenously expressed trans-
porters, knockdown (RNA interference (RNAi)) or knockout (zinc
finger nucleases (ZFN)) methods have been used to reduce the
expression of endogenous MDR1, BCRP, and/or MDR2 in Caco-2 cells
and in sandwich cultured rat hepatocytes.17e21 MDR1-specific in-
hibitors have been used for MDCK to distinguish BCRP-mediated
transport from endogenous MDR1 mediated transport.22 However,
many inhibitors of ABC transporters are only truly specific within a
specified concentration range.23 To our knowledge, only one study,
with inconclusive results, describes ZFN-mediated knockout of
endogenous canine MDR1 (cMDR1) expression in an MDCK cell line
overexpressing human BCRP (hBCRP).24 Further, unspecific effects
are seen in the ZFN knockout cell lines on the expression levels of
other endogenous drug transporters.

In two recent studies we have successfully used the CRISPR-Cas9
gene editing technology to develop MDCK cell lines completely
lacking endogenous cMDR1 expression.25,26 In the first one, we
knocked out cMDR1 in an MDCK wildtype cell line (MDCKcMDR1-

KO),25 and in the second, we used the same approach to knock
out cMDR1 in an MDCK cell line already overexpressing human
MDR1 (MDCK-hMDR1cMDR1-KO).26 In the current study, we present
a stable MDCK cell line overexpressing the hBCRP transporter
which completely lacks endogenous cMDR1; it originates from the
MDCKcMDR1-KO cell line (for an overview of the different cell lines,
see Fig. 1). We evaluated this new cell line with functional studies
and used global proteomics to characterize and compare the three
cMDR1 knockout cells lines. Together these three cell lines are an
improved in vitro tool for drug efflux and drug-drug interactions
studies without the need for background correction or the inclu-
sion of inhibitors. In addition, with the mapping of the complete
proteome, these models offer a higher transparency than many
other in vitro models in drug absorption, distribution, metabolism,
and excretion (ADME) and drug-drug interaction studies.
Fig. 1. Overview of the MDCK cell lines in this article. Three newMDCK cells lines were
generated using an MDCK wildtype (wt) cell line as starting point, and a combination
of CRISPR-Cas9 gene knockout (KO) and traditional stable transfection. The three cell
lines completely lack endogenous canine MDR1 (cMDR1) expression. One of them
overexpresses the human BCRP transporter (hBCRP) and one of them the human
MDR1 (hMDR1) transporter.
Methods

Cell Culture

MDCK wildtype cells (American Type Culture Collection (ATCC)
CRL-2936, Rockville, MD), MDCKcMDR1-KO cells25, and MDCK-
hMDR1cMDR1-KO cells26 were cultured as previously described.25,26

For MDCK cells overexpressing the hBCRP transporter, culturing
media was supplemented with 600 mg/ml geneticin. Cell culture
media and supplements were from ThermoFisher Scientific (Wal-
tham,MA, USA) or Sigma-Aldrich (St. Louis, MO). Cells were cultured
at 37 �C, 95% humidity and 5% CO2 and sub-cultured twice a week.

Transfection and Clonal Selection

MDCKcMDR1-KO cells were stably transfected with an hBCRP-
pcDNA3.1 vector (custom made by ThermoFisher Scientific), using
the Lipofectamine 2000 transfection reagent, according to the
manufacturer's protocol. Prior to transfection, the plasmid was
linearized using PvuI. The transfection was performed in 6-well
plates at 80e90% confluence. Approximately 16 h post-
transfection, the medium was replaced with culture medium
without any selection antibiotic. At 24 h post-transfection, cells
were trypsinized and transferred to Ø10-cm dishes at a 1:50 dilu-
tion and subjected to clonal selection with geneticin. Single clones
were transferred to 96-well cell culturing plates using sterile
pipette tips, one cell clone per well, for continued culturing.

Functional Screening

Isolated stable clones were subjected to functional screening
using the BCRP substrate pheophorbide A (PhA), using a slightly
modified version of the procedure in Henrich et al.27 In short,
100,000 cells/well were seeded in black-wall clear-bottom 96-well-
plates. At 24 h post-seeding, cells were incubated at 37 �C with
1 mM PhA, with or without the BCRP inhibitor KO143 (2 mM to
ensure full inhibition). After 18 h incubation, cells werewashed five
times with phosphate buffered saline (PBS) containing Ca2þ/Mg2þ.
Thereafter relative fluorescence was measured using a Tecan plate
reader (Tecan, Gr€odig, Austria) with excitation and emission
wavelengths of 395 nm and 670 nm, respectively. An MDCKII-BCRP
cell line and corresponding MDCKII-parental cell line, kindly pro-
vided by Prof. A. Schinkel, were included in each run as controls.28

Transwell Transport Assays

For Transwell transport experiments, 500,000 cells were seeded
on 12-mm, 0.4-mm Transwell membrane inserts (Corning,
Amsterdam, Netherlands). Twenty-four hours prior to the transport
experiment, the medium was changed. Four days after seeding,
Transwell transport experiments were performed as described in
Simoff et al., 2016.25 Compound concentrations in all samples were
analyzed by LC-MS/MS using an Acquity UPLC coupled to a XEVO
TQ triple-quadrupole (both from Waters Corp, Milford, MA) or
QTRAP 6500 mass spectrometer (AB Sciex, Warrington, UK) with
positive electrospray ionization (for more details see Table S1). The
MDCKcMDR1-KO cell line was used as control in all transport exper-
iments and warfarin was used as internal standard for the LC-MS/
MS analysis. Transepithelial electrical resistance was measured
before and after the transport experiments to verify the integrity of
the cell monolayers. Student's t-test was used for statistical com-
parisons. For Transwell experiments with cells pre-treated with
sodium butyrate, culturing medium supplemented with 10 mM
sterile-filtered sodium butyrate was added to the cells 24 h prior to
the transport experiment.
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Protein Quantification

For targeted protein quantification of hBCRP and endogenous
cMDR1, cells were cultured on 12-mm, 0.4-mm Transwell mem-
brane inserts as described above. Four days after seeding, six filters
of each cell type were excised and the cells homogenized and lysed
in a Tris-HCl buffer (pH 7.4) containing 2% SDS. Thereafter, proteins
were extracted and digested using filter-aided sample preparation
(FASP) with trypsin as digestion enzyme.26 Peptides were quanti-
fied on a QTRAP 6500 using a previously described targeted pro-
teomics approach.25,26,29 Data were processed using MultiQuant
(Version 3.0.5373.0, AB Sciex). Protein concentrations were calcu-
lated by the peak area ratios of the internal standard peptide and
the sample peptide transitions.

A global proteomics approach was used to compare the pro-
teomes of the different cell systems. In brief, cells lysed in Tris-HCl
buffer containing 2% SDS were subjected to multi-enzyme diges-
tion filter-aided sample preparation (MED-FASP) protocol, in which
the proteins are digested with LysC and trypsin.30 Peptides were
quantified using a Q Exactive HF (Thermo Fisher Scientific). The
resulting MS data were processed with MaxQuant (version
1.6.0.16),31 which identifies proteins by searching MS and MS/MS
data of peptides against the canine UniProtKB (UP000002254) with
the addition of hBCRP and hMDR1. Spectral raw intensities were
normalized with variance stabilization (vsn),32 and subsequently
used to calculate the protein concentrations using the Total Protein
Approach.33

Bioinformatics

Global proteomics datasets were filtered and processed with
Microsoft Excel, R, and the Perseus platform.34 The Perseus plat-
formwas used for principal component analysis (PCA) and proteins
with significantly different concentration levels in the different cell
types were identified using a t-test with a permutation-based FDR
calculation (implemented in Perseus, S0 ¼ 0.1, FDR ¼ 0.01). Func-
tional annotation clustering of proteins with significantly different
concentrations was performed with DAVID Bioinformatics Re-
sources (version 6.8), based on gene ontology (GO) terms and KEGG
pathways.35 Proteins were searched against the canine proteome
using default settings, and annotation clusters were considered
significant at enrichment scores above 1.3 (corresponding to P-
values < 0.05).

Results

Model Generation and Functional Screening

The MDCKcMDR1-KO cell line was stably transfected with human
BCRP using the BCRP-pcDNA3.1 vector. Following transfection,
96 cell clones were isolated and after subsequent selection and
expansion, 35 geneticin-resistant cell clones were obtained. These
were screened for BCRP activity using the fluorescent BCRP sub-
strate PhA as described above. For subsequent evaluation, a cut-off
ratio of two (i.e. representing a 100% increase in accumulation in
presence if the inhibitor and in line with suggested cut-offs by e.g.
the International Transporter Consortium and the FDA2,10) between
the relative fluorescence units (RFU) of the accumulation of PhA in
the presence or absence of the BCRP inhibitor KO143 was selected.
Based on this criterion, three cell clones (H12, C10, and G1) were
subjected to subsequent proteomics analysis (Fig. 2a). Targeted
proteomics analysis verified that the three selected clones
expressed hBCRP, with the highest expression levels in H12, fol-
lowed by C10 and G1 (Fig. 2b). cMDR1 could not be detected in any
of the clones. On the basis of the PhA screening and hBCRP protein
expression levels, clone H12 was selected for continued validation
and is hereafter referred to as MDCK-hBCRPcMDR1-KO.

Five known BCRP substrates were chosen from Poirier et al.36 for
initial functional validation of the MDCK-hBCRPcMDR1-KO cell line in
Transwell assays. Four of the compoundsdpitavastatin, cimetidine,
fluvastatin, and irinotecandshowed efflux ratios (ERs) > 2 (range
3.7e5.9) and were significantly different from the ERs in the
MDCKcMDR1-KO control cell line (Fig. 2c) classifying them as BCRP
substrates. For rifampicin, an ER > 2 was also obtained, but it was
not significantly different from the ER in the MDCKcMDR1-KO cell
line.
Proteomics Analysis of MDCK Transfected Cell Lines

Label-free, global proteomics was performed to evaluate the
protein profiles of the modified MDCK cell lines (MDCKcMDR1-KO,
MDCK-hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KO) and the MDCK
wildtype cell line. In total, 6149 proteins were identified with at
least two peptides in the different cell lines. Principal component
analysis of the sample types showed that the largest variability
(principal component 1 ¼ 40.1%) were obtained from the CRISPR-
Cas9-mediated cMDR1 knockout of the wildtype cell line (Fig. 3a).
Up to 686 proteins were significantly altered (1.5-fold and
FDR ¼ 0.01) in the CRISPR-Cas9 gene-edited cells compared to in
the wildtype cells. Of these 686 proteins, the 243 proteins that had
significantly higher concentrations in all modified cell lines were
involved in cellular processes such as translational and catabolic
processes (Table S2-4). Less variability in protein concentrations
was observed between MDCKcMDR1-KO and MDCK-hMDR1cMDR1-KO

and between MDCKcMDR1-KO and MDCK-hBCRPcMDR1-KO; this con-
firms the appropriateness of the MDCKcMDR1-KO as control cells for
functional studies (Figs. 3a and b). No proteins were significantly
altered in MDCK-hMDR1cMDR1-KO compared to MDCKcMDR1-KO.
Meanwhile the concentration of only one protein, the RNA helicase
DDX58, was significantly increased in the MDCK-hBCRPcMDR1-KO

cells compared to MDCKcMDR1-KO. Importantly, the levels of the
endogenously expressed ABC and solute carrier (SLC) transporters,
and cytochrome P450 (CYP) enzymes were unaltered in the
CRISPR-Cas9 transfected cells (Fig. 3cef and Table S5).

Nevertheless, 15 ABC transporters, 76 SLC transporters, and ten
CYPs was quantified with at least three peptides (Fig. 3d and
Table S5) in the transfected cell lines. Of these endogenously
expressed transporters, the only transporters associated with drug
transport2,3 were SLC16A1 (MCT1), ABCC4 (MRP4), and ABCC3
(MRP3) (Fig. 3c). Similarly, the only CYP involved in drug meta-
bolism and expressed in these cells was CYP1B1 (Fig. 3c). None of
these four ADME proteins showed any significant differences in
protein levels in the three cell lines. Interestingly, the renal drug
uptake transporter SLC22A2 (OCT2), previously found to be
endogenously expressed in MDCK cells,37 was not expressed in our
MDCK clones.

A further comparison of 683 ADME-related proteins38 in our
MDCK cells lines detected 261 ADME-related proteins (Table S6). A
few phase II enzymes (e.g. GSTA4, GSTK1, GSTM4, GSTO1, GSTP1,
GSTZ1, UGT8, and SULT1A1) were found. None of these, however,
have any major impact on drug metabolism or are included in
regulatory guidelines.

Besides ADME-related proteins, 11 tight junction pro-
teinsdinvolved in tight junction formation and the paracellular
permeability across the cell monolayerdcould be quantified in the
three cell lines (Fig. 3g and Table S5). No significant difference in
levels of these proteins was detected for the three cell lines.
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Fig. 2. Screening and selection of clones expressing hBCRP. The 35 geneticin resistant clones obtained were screened for BCRP activity by measuring pheophorbide A (PhA)
accumulation with and without the BCRP inhibitor KO143 (a). MDCK cells overexpressing BCRP and corresponding parental MDCK cells (obtained from Prof. Schinkel's group) were
used as positive and negative controls, respectively. For determination of hBCRP protein expression, the clones with highest PhA accumulation (i.e., clones H12, C10, and G1) were
subjected to targeted proteomics (b). Functional validation using Transwell assays and known BCRP substrates was performed for clone H12, hereafter MDCK-hBCRPcMDR1-KO (c). The
MDCKcMDR1-KO cell line was used as control. Dotted line indicates an efflux ratio of 1. Data are presented as mean ± SD for one representative experiment performed in triplicate. *,
p < 0.05; ns, not significant using Student t-test.
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Functional Validation

For the functional validation, the MDCK-hBCRPcMDR1-KO cells
were pre-treated with sodium butyrate to further increase their
hBCRP activity. Nine prototypical BCRP substrates were chosen, of
which eight showed ERs >2, ranging from 2.9 (for cimetidine) up to
15.3 (for imatinib); (Fig. 4a). The ER ratios in the MDCK-
hBCRPcMDR1-KO cell line were also significantly different from the
corresponding ratios in the MDCKcMDR1-KO cell line (all close to
unity) for these eight compounds. Based on these results, the eight
compounds could all be classified as BCRP substrates. The only
compound with an ER close to unity in both MDCK-hBCRPcMDR1-KO

and MDCKcMDR1-KO cells, i.e. indicative of no BCRP-mediated
transport, was rifampicin.
Quantification of hBCRP Expression

Expression levels of hBCRP in the MDCK-hBCRPcMDR1-KO cell line
were quantified, using targeted proteomics, in cells grown on
Transwell filters with or without sodium butyrate treatment. The
concentration of hBCRP in untreated cells was 0.6 ± 0.2 fmol/mg
total protein, which increased to 9.2 ± 1.9 fmol/mg total protein after
sodium butyrate treatment. No cMDR1 was detected in the
samples.
Global Proteomics Analysis of MDCK Transfected Cell Lines After
Sodium Butyrate Treatment

Principal component analysis showed that sodium butyrate
treatment did not affect the proteomes of both MDCKcMDR1-KO and
MDCK-hBCRPcMDR1-KO cells to a large extent (Fig. 4b). Proteins
involved in extracellular matrix regulation and adhesion proteins,
such as ITGB8, ITGB6, and GNG2, were significantly downregulated
in MDCKcMDR1-KO treated with sodium butyrate, suggesting a
poorer attachment of these cells. Nevertheless, no annotation
clusters were obtained for significantly different concentrations of
proteins in either cell line, indicating that sodium butyrate did not
alter one specific biological pathway (Tables S7 and S8).

Overall, the endogenous protein levels were similar in MDCK-
hBCRPcMDR1-KO and MDCKcMDR1-KO cells after treatment with so-
dium butyrate (Fig. 4c). A comparison of the levels of tight junction
proteins and the ADME-related proteins investigated in Fig. 3,
(SLC16A1, ABCC3, ABCC4, and CYP1B1), showed that only CYP1B1
was significantly affected by sodium butyrate (Fig. 4d and Table S7).
Investigation of Selective and Shared BCRP and MDR1 Substrates

Fifteen compoundswere chosen for functional evaluation and to
test applicability of the MDCK-hBCRPcMDR1-KO and MDCK-



Fig. 3. Global proteomics profiling of the MDCK cell lines generated by CRISPR-Cas9 dMDCKcMDR1-KO, MDCK-hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KOdand the MDCK wildtype.
Principal component analysis of proteomes of the four cell lines (a). Distribution of fold change in protein concentrations between MDCK-hMDR1cMDR1-KO and MDCKcMDR1-KO, and
between MDCK-hBCRPcMDR1-KO and MDCKcMDR1-KO (b). Endogenous protein levels of drug transporters and drug metabolizing enzymes in the MDCKcMDR1-KO, MDCK-hMDR1cMDR1-

KO, and MDCK-hBCRPcMDR1-KO cell lines (c). Endogenous protein levels of the 20 SLC transporters with the highest protein concentration levels in the MDCKcMDR1-KO, MDCK-
hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KO cell lines (d). (For protein levels of all SLC transporters, see Table S5.). Endogenous protein levels of quantified ABC transporters in the
MDCKcMDR1-KO, MDCK-hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KO cell lines (e). Endogenous expression levels of quantified cytochrome P450 drug metabolizing enzymes (CYPs) in
the MDCKcMDR1-KO, MDCK-hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KO cell lines (f). Endogenous protein levels of quantified tight junction proteins in the MDCKcMDR1-KO, MDCK-
hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KO cell lines (g). Only proteins quantified with three peptides are included in Figure ceg. Mean concentrations ± SD are given in fmol/mg
total protein. No significant differences in protein levels between the MDCKcMDR1-KO and the MDCK-hMDR1cMDR1-KO cell line or between the MDCKcMDR1-KO and MDCK-hBCRPcMDR1-

KO cell line were obtained with t-test with a permutation-based FDR calculation (implemented in Perseus, S0 ¼ 0.1, FDR ¼ 0.01).
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hMDR1cMDR1-KO cell lines. Nine of these compounds are reported to
be shared substrates for BCRP and MDR12,7,39,40; two to be selective
substrates for BCRP41e44; and three to be selective substrates for
MDR1.26,44e46 We have previously evaluated several of these
compounds in one of the cell lines (see Fig. 4a or Karlgren et al.26).
Here, additional experiments were performed to expand and
complete the compound panel. Similarly to previous studies,
MDCK-hBCRPcMDR1-KO were here pre-treatedwith sodium butyrate.



Fig. 4. Functional validation and global proteomics analysis of the MDCK-hBCRPcMDR1-KO cell line after sodium butyrate (NaBut) treatment. Functional validation in sodium
butyrate-treated MDCK-hBCRPcMDR1-KO cells, compared to sodium butyrate-treated MDCKcMDR1-KO cells, using Transwell assays and prototypical BCRP substrates (a). Dotted line
indicates an efflux ratio of 1. Data are presented as mean ± SD for one representative experiment performed in triplicate. *, p < 0.05; ns, not significant using Student's t-test.
Principal component analysis of untreated vs sodium butyrate-treated cells (b). Mean protein expression levels in sodium butyrate-treated MDCK-hBCRPcMDR1-KO cells vs. sodium
butyrate-treated MDCKcMDR1-KO cells for all proteins quantified using global proteomics (c). Dashed line indicates unity; dotted lines indicate 10-fold difference from unity.
Endogenous proteins are shown in light gray, and hBCRP expression in blue. Effect of sodium butyrate treatment on expression levels of important ADME proteins and tight junction
proteins (d). Differences in expression levels are shown as fold difference between untreated and sodium butyrate-treated cells.
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The shared substrates evaluated were cimetidine, pitavastatin,
prazosin, nilotinib, gefitinib, glibenclamide, topotecan, imatinib,
and irinotecan. All of them had significantly higher ERs in the
MDCK-hBCRPcMDR1-KO and the MDCK-hMDR1cMDR1-KO cell lines
compared to MDCKcMDR1-KO (Fig. 5a). Further, all ERs in the MDCK-
hBCRPcMDR1-KO and the MDCK-hMDR1cMDR1-KO cell lines were >2
(ranging between 2.9 and 15.6 for MDCK-hBCRPcMDR1-KO and be-
tween 4.2 and 152 for MDCK-hMDR1cMDR1-KO). In contrast, corre-
sponding ERs in the control experiments usingMDCKcMDR1-KO were
at, or very close to, unity.

For the two BCRP selective substrates fluvastatin and
dantrolene,41e44 significantly higher ERs (6.8 and 9.4, respectively)
were seen in the MDCK-hBCRPcMDR1-KO cell line than in MDCKcMDR1-

KO (Fig. 5b). In comparison, the corresponding ERs in MDCK-
hMDR1cMDR1-KO were 1.8 for fluvastatin and 0.6 for dantrolene. For
the three MDR1 selective substratesdverapamil, quinidine, and
ritonavir26,44e46dsignificantly higher ERs (ranging from 6.6 to 362)
were seen in theMDCK-hMDR1cMDR1-KO cell line than inMDCKcMDR1-

KO (Fig. 5c). In contrast, all ERs in the MDCK-hBCRPcMDR1-KO and
MDCKcMDR1-KO cell lines were at, or very close to, unity.
Discussion

An investigation of BCRP-mediated transport and drug-drug
interactions is generally required during drug development.
MDCK cells are one of the most common models for such studies,
due to their easy handling, formation of tight monolayers, and
stable heterologous expression of human transporters. However,
determining BCRP-mediated transport using cell models, including
MDCK, has proven difficult due to significant endogenous back-
ground expression of other ABC transporters, especially MDR1.
Chen et al.47 show that as many as 38% of investigated compounds
have background efflux activity in an MDCK I wildtype cell line.
This is especially noticeable for low permeable compounds of
which more than 80% show endogenous efflux activity. Hence,
endogenous efflux activity might be an even greater problemwhen
MDCK is used as model system for BCRP, which tend to have more
hydrophilic substrates (and thus lower permeability) than MDR1.

An alternative approach for BCRP substrates with low passive
permeability is to use inverted membrane vesicles from cells
overexpressing BCRP.48 However, this model excludes potentially
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Fig. 5. Functional evaluation of shared and selective BCRP and MDR1 substrates. Efflux
ratios for compounds previously described as shared BCRP and MDR1 substrates (a).
Efflux ratios for compounds previously described as BCRP selective substrates (b) and
MDR1 selective substrates (c). MDCK-hBCRPcMDR1-KO was pre-treated with sodium
butyrate (NaBut) in all experiments. Pre-treated or untreated MDCKcMDR1-KO cells were
used as controls for MDCK-hBCRPcMDR1-KO or MDCK-hMDR1cMDR1-KO, respectively.
Dotted line indicates an efflux ratio of 1. Data are presented as mean ± SD for one
representative experiment performed in triplicate. Significant differences from the
MDCKcMDR1-KO control were determined using Student's t-test. Differences between
MDCK-hBCRPcMDR1-KO and MDCKcMDR1-KO are indicated with *, p < 0.05. Differences
between MDCK-hMDR1cMDR1-KO and MDCKcMDR1-KO are indicated with þ, p < 0.05. ns,
not significant. MDCK-hMDR1cMDR1-KO and corresponding MDCKcMDR1-KO data for
prazosin, verapamil, quinidine, and ritonavir are obtained from Karlgren et al.26
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shared, lipophilic BCRP/MDR1 substrates (cf.23). In previous studies,
we have successfully used CRISPR-Cas9 to generate two MDCK cell
lines completely lacking endogenous cMDR1 expression.25,26 In the
current study, we used one of these previously established MDCK
cell lines as a host cell line, MDCKcMDR1-KO, to develop an MDCK cell
line stably overexpressing hBCRP, MDCK-hBCRPcMDR1-KO.

Genome-editing tools, such as CRISPR-Cas9, ZFN and tran-
scription activator-like effector nucleases (TALENs), have made it
possible for rapid and selective modification of specific genes of
interests and thereby develop better and more predictive ADME
models or explore putative ADME genes. The efficacy of the
different techniques may vary, however gene editing has been
applied in the ADME field where selective knockout of specific drug
metabolizing enzymes, drug transporters, and nuclear receptors
has been done in vitro and in vivo. In addition, gene editing tech-
nologies have been used for insertions and deletions of specific
DNA fragments, correction of single nucleotide polymorphisms,
and conversion of specific alleles etc. (For a review of this field with
a focus on the CRISPR-Cas9 technology see Karlgren et al., 2018.49)
A limitation for widespread application of these technologies in
in vitro ADME studies are the time and costs associated with
development and validation of newmodels. More important from a
scientific perspective is that genetic modifications but also over-
expression of proteins may lead to off target effects50e52 and/or
altered expression levels of endogenous proteins (cf.53). We
therefore used global proteomics to characterize the endogenous
background and to identify potential differences in the proteomes
from the three knockout cell linesdMDCKcMDR1-KO, MDCK-
hMDR1cMDR1-KO, and MDCK-hBCRPcMDR1-KOdand the original
MDCK wildtype cell line (as visualized in Figs. 3a and b). The small
differences in the proteomes of the three knockout models
demonstrate the suitability of combining these cell lines for studies
of BCRP- and MDR1-mediated drug transport.

The global protein quantification also allowed us to investigate
the specific ADME background in our cell models, which is impor-
tant because many drugs interact with multiple transporters and/or
drug metabolizing enzymes (DMEs). Although we were able to
quantify several endogenous transporters and metabolizing en-
zymes in our MDCK cell lines (see Fig. 3c-f and Supplementary
Material), they are not included as drug transporters or DMEs in
regulatory guidelines (and hence would at this point not be
considered in drug ADME and drug-drug interaction studies). The
only quantified proteins that may be of some interest in this regard
were: SLC16A1 (involved in the transport of lactate54,55), ABCC4
(transporting e.g., methotrexate, topotecan, and furosemide2),
ABCC3 (transporting e.g. methotrexate and fexofenadine2), and
CYP1B1 (involved in the metabolism of estradiol, several procarci-
nogens and anticancer drugs56). (These proteins are included in the
publication by the International Transporter Consortium,2,3 or
belong to the drug metabolizing CYPs responsible for the meta-
bolism of ~75% of all drugs.57) Further, none of these proteins show
similar promiscuity as MDR1 with regard to structural diversity of
substrates and inhibitors.58e61 Although these proteins were not
significantly altered in the MDCK-hMDR1cMDR1-KO and MDCK-
hBCRPcMDR1-KO compared to MDCKcMDR1-KO, we cannot rule out that
they may interfere in permeability and transport studies of specific
substrates. Nevertheless, the overall ADME background in these cells
was low or negligible (Fig. 3c-f and Supplementary Material). Based
on this analysis, we conclude that the MDCKcMDR1-KO cell line is an
appropriate control for both the MDCK-hMDR1cMDR1-KO and the
MDCK-BCRPcMDR1-KO cell lines. Interference and misclassification of
compounds due to extensive background differences or alterations
of endogenous transport proteins (as previously described with
other MDCK models53) is unlikely to occur with these models.

For functional validation of hBCRP expression in the MDCK-
hBCRPcMDR1-KO cell line, cells were pretreated with sodium butyrate
(the only exception where sodium butyrate was not used are the
initial functional experiments shown in Figs. 2a and c). Increasing
the levels of heterologously expressed transporters with sodium
butyrate is a standard procedure in many laboratories and has pre-
viously been successfully applied for both HEK293 and MDCK
cells.62,63 The increase in expression and the subsequent effect on
BCRP function would increase model sensitivity and reduce the risk
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of false negative predictions. Therefore sodium butyrate treatment
was used as a standard procedure in functional BCRP experiments in
this study. Here sodium butyrate pretreatment resulted in a 16-fold
higher expression level of hBCRP than in untreated cells. Global
proteomics analysis confirmed that therewas no significant effect on
other endogenous ADME proteins or biological processes (Fig. 4 and
Supplementary Material). Expression levels of tight junction pro-
teins that determine paracellular permeability were also unaffected.

The higher levels of CYP1B1 protein observed in the MDCK-
hBCRPcMDR1-KO treated cells (Fig. 4d) could be due to an interaction
with the aryl hydrocarbon receptor (AhR), because sodium butyrate
induces CYP1B1/Cyp1b1 mRNA via this receptor in other cells.64

However, this does not explain the lower levels of CYP1B1 in
treated MDCKcMDR1-KO cells, since both cell lines were pre-treated
with equal concentrations of sodium butyrate and for the same
duration. Setting aside the changes in the CYP1B1 protein levels,
the increase in hBCRP levels and the lack of effect on other proteins
verified the applicability of sodium butyrate pretreatment for
subsequent transporter studies.

Transwell experiments with known BCRP substrates validated
the applicability of the MDCK-hBCRPcMDR1-KO model and verified
the activity of the induced hBCRP transporter (Fig. 4a). For eight of
the nine test compounds, the MDCK-hBCRPcMDR1-KO cell line had
significantly higher ERs than the MDCKcMDR1-KO cells treated with
sodium butyrate. These results confirm hBCRP mediated transport
and provide the same compound classification as the one reported
in the literature. In line with the initial functional experiments
using untreated MDCK-hBCRPcMDR1-KO cells (shown in Fig. 2c),
rifampicin was not classified as a BCRP substrate. We based our
selection of rifampicin as a test compound on the BCRP substrates
reported by Poirier et al.36 However, a closer look showed that the
published ER of 7.3 for rifampicin was possibly a misprint. A
recalculation, based on the reported apparent permeability values,
gave a value closer to 2.2, which was also the same as the reported
ER in their MDCKII control cell line for rifampicin. Hence, rifampicin
is possibly a false positive BCRP substrate in their study. Interest-
ingly, topotecan, which is also reported as a substrate for ABCC42

(i.e., one of the drug transporters endogenously expressed in the
MDCK knockout cell lines) did have an ER of 2.0 in the MDCKcMDR1-

KO control cells (Fig. 4a). As ER � 2 is often recommended as a
threshold for active transport involvement, ABCC4 may have some
residual activity in these cells. However, this transport is most likely
not enough to interfere with results that would lead to mis-
classifications of compounds.

To further test and compare the performance of our three
established knockout models, we examined 14 compounds previ-
ously described as shared BCRP/MDR1 substrates or as substrates
selective for one of the two efflux transporters. Our hypothesis was
that we would be able to easily identify these compounds as BCRP
and/or MDR1 substrates by using our standard screening setup.
Indeed, we correctly identified all nine compounds reported to be
shared BCRP/MDR1 substrates (Fig. 5a) as substrates for each of the
two transporters. We could also distinguish the transporter selec-
tive substrates for our five selected compounds (Figs. 5b and c).
Interestingly, the ER for fluvastatin in MDCK-hBCRPcMDR1-KO was
6.8, i.e., much higher than the threshold of 2 that indicates
involvement of active transport processes. In contrast, the ER in
MDCK-hMDR1cMDR1-KO, at 1.8, was below the cut-off value. Reports
about the selectivity of fluvastatin are conflictingdit has been
shown to be a shared substrate of BCRP and MDR1, but it also has a
higher affinity to BCRP than MDR1.18,41 Our results support that
fluvastatin is a BCRP selective substrate. We conclude that the
combination of our three MDCK knockout cell models can identify
specific transport processes involved and conveniently discrimi-
nate between transport mediated by BCRP and MDR1.
With regard to gene editing of the ABCB1 gene, earlier attempts
using ZFN to establish a stable BCRP model lacking cMDR1
expression could not conclusively show that the cells were devoid
of cMDR1 background.24 Further, no comprehensive functional
evaluation was performed for the resulting BCRP cell line. Hence,
the applicability of the BCRP-ZFN model in identifying BCRP sub-
strates and drug-drug interactions is not completely clear. Our
previously established MDCKcMDR1-KO and MDCK-hMDR1cMDR1-KO

cell modelsdfor which no background corrections are nee-
deddare routinely used by us and others for determining hMDR1
transport and inhibition during pharmaceutical profiling of new
drug entities. With our MDCK-hBCRPcMDR1-KO model, we can easily
determine BCRP mediated transport and inhibition. Hence, MDCK-
hBCRPcMDR1-KO adds a new, improved tool to the pharmaceutical
profiling toolbox for studying efflux during drug development.

In conclusion, we have described here the development of a new
MDCK-hBCRPcMDR1-KO cell line that complements our two previously
established knockout cell lines, MDCKcMDR1-KO and MDCK-
hMDR1cMDR1-KO. All threemodels lackendogenous cMDR1expression,
while MDCK-hBCRPcMDR1-KO and MDCK-hMDR1cMDR1-KO overexpress
hBCRP and hMDR1, respectively. Analysis of the global proteome
verified the concordance of the cell lines and the insignificant back-
ground expression of other transporters that could potentially
complicate drug transport and drug-drug interaction studies. Func-
tional studies further verified BCRP activity in theMDCK-hBCRPcMDR1-

KO cell line and the applicability of these cell lines for straightforward
discrimination between BCRP- and MDR1-mediated transport.
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