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Humanization of the Blood–Brain Barrier Transporter ABCB1 in Mice Disrupts
Genomic Locus — Lessons from Three Unsuccessful Approaches
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ATP-binding cassette (ABC) transporters are of major importance for the restricted access of toxins and drugs to
the human body. At the body's barrier tissues like the blood–brain barrier, these transporters are highly represented.
Especially, ABCB1 (P-glycoprotein) has been a priority target of pharmaceutical research, for instance, to aid chemo-
therapy of cancers, therapy resistant epilepsy, and lately even neurodegenerative diseases. To improve translational
research, the humanization of mouse genes has become a popular tool although, like recently seen for Abcb1, not all
approaches were successful. Here, we report the characterization of another unsuccessful commercially available
ABCB1 humanized mouse strain. In vivo assessment of transporter activity using positron emission tomography
imaging revealed a severe reduction of ABCB1 function in the brain of these mice. Analyses of brain mRNA and
protein expression showed that the murine Abcb1a gene is still expressed in homozygous humanized animals
while expression of the human gene is minimal. Promoter region analyses underpinned that the introduced human
gene might dysregulate normal expression and provided insights into the regulation of both transcription and
translation of Abcb1a. We conclude that insertion of the human coding DNA sequence (CDS) into exon 3 instead
of exon 2 most probably represents a more promising strategy for Abcb1a humanization.

Keywords: ABCB1, P-gp, ABC transporter, PET imaging, mouse models, humanization
Introduction

Although most of the ATP-binding cassette (ABC) trans-
porter family members are not linked to multidrug resistance,
the probably most prominent one, ABCB1 (P-gp), is mainly
known for its role in therapy resistant cancer. However, during
the past 30 years, it became evident that it is not only of major
importance for controlling access of cancer therapies to tu-
mors, but that ABCB1 (1) has a pronounced impact on drug
distribution, excretion, and drug–drug interactions [1–3]; (2) is
a stem cell marker [4–6]; (3) is linked to therapy resistant epi-
lepsy and depression [7]; (4) is involved in the pathogenesis
of neurodegenerative diseases [8–11]; and (5) is essential in a
number of signaling pathways [5, 12–14]. In mice, the Abcb1
gene underwent a duplication resulting in the two isoforms
Abcb1a and Abcb1b. The proteins share 87.3% and 80.5%
identical amino acids, respectively, to human ABCB1, and
several substrate specific differences were identified regarding
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affinity and specificity [15–17]. Although in vitro assays exist
to assess the interaction of drugs with ABCB1 and predict cer-
tain in vivo characteristics of a substance, most drug develop-
ment pipelines include mouse in vivo studies to assess
pharmacokinetics, metabolism, toxicity, and side effects of
new drugs [18]. To eliminate uncertainties of inter-species dif-
ferences, humanized mouse models are being deployed re-
cently [19]. Dallas et al. [20] reported the successful
humanization of the Abcg2 gene in mice by exchanging the
107 kbp mouse gene for the 141 kbp human gene. The ap-
proach may suffer from the unpredictability of disrupting
long-range transcriptional elements or possible incompatibili-
ties between mouse and human binding sites. This, most prob-
ably, is the reason for the reported reduced protein expression
in major organs. However, the model seems clearly useful for
drug development and drug–drug interaction studies [20].
Sadiq et al. [21] published data on a humanized ABCB1
mouse model from Taconic using a fusion of the human
ABCB1 coding DNA sequence (CDS) directly behind the start
codon of both the Abcb1a and Abcb1b genes, instead of full
humanization of the respective gene loci. Exhaustive protein
expression analyses revealed that the human protein was
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Humanized ABCB1 mice
expressed at negligible levels at the blood–brain barrier (BBB)
while other proteins were not influenced. Interestingly, the
murine ABCB1A protein was detected at only 10% of the
wild-type level, but still about 7-fold higher than the human
protein. Accordingly, the humanized ABCB1 mice rather re-
sembled Abcb1a/b knockout mice than wild-type animals
when assessing the brain distribution of several ABCB1 sub-
strates [21]. Due to the increasing importance of ABCB1 in
Alzheimer's disease (AD) and the increasing number of failed
AD treatment trials, we set out to find another ABCB1 hu-
manized mouse model that could serve as a basis for new AD
mouse models. Here, we report the characterization of a sec-
ond commercially available ABCB1 humanized mouse model
that has been developed by genOway (Lyon, France) almost
in parallel to the one reported by Sadiq et al. [21].

Materials and Methods

Mouse Models. Humanized ABCB1 mice in C57BL/6
background (hABCB1) have been purchased from genOway
S.A. (Lyon, France) and from TaconicArtemis GmbH
(Cologne, Germany) [21]. C57BL/6J wild-type and B6.C-
Tg(CMV-cre)1Cgn/J (Cre-deleter) mice have been purchased
from The Jackson Laboratory (Bar Harbor, USA). DNA
sequencing data acquired during this study revealed that the
human ABCB1 coding sequence in hABCB1 mice had been
flanked by loxP sites. To induce hABCB1 knockout, we
crossbred hABCB1 to Cre-deleter mice. The resulting
homozygous knockout mice are referred to as human
ABCB1−/− mice. All strains have been bred and housed under
SOPF (specific and opportunistic pathogen-free) conditions at
21 ± 1 °C, 12 h/12 h light/dark cycle with food (PM3, Special
Diet Services) and acidified water ad libitum. Genotyping of
mice was done on ear biopsies employing a three-primer PCR
that differentiated wild-type, knock-in, and knock-out mice
(primers: humB1fw: 5′-GGCGTAGATTGAGCATGCTA-3′,
humB1rc: 5′-AAAACACCGTCCTGAAAGCT-3′, humB1ko:
5′-AACAGCATATGGCTCAGGTG-3′). All protocols involving
the breeding and use of animals were approved by the
Landesverwaltungsamt Sachsen-Anhalt, Halle, Germany; the
Norwegian Food Safety Authority (Mattilsynet); and the Austrian
authority (Amt der Niederösterreichischen Landesregierung). All
study procedures were performed in accordance with the
European Communities Council Directive of September 22, 2010
(2010/63/EU).

Positron Emission Tomography (PET) Imaging
General. Tariquidar dimesylate was obtained from Xenova

Ltd. (Slough, UK). For PET experiments, tariquidar was
freshly dissolved prior to each administration in 2.5% (w/v)
aqueous (aq.) dextrose solution and injected i.v. at a volume
of 4 mL/kg body weight. (R)-[11C]verapamil was synthesized
as described before [22] and formulated for i.v. injection in
physiological saline solution (0.9%, w/v) containing 1% (v/v)
Tween 80 at an approximate concentration of 370 MBq/mL.
Specific activity at end of synthesis was 137 ± 34 GBq/μmol,
and radiochemical purity was >98%.

Imaging Procedures. Groups of female C57BL/6N mice
(age, 14–16 weeks), hABCB1 mice (genOway), and hABCB1
mice (TaconicArtemis GmbH) were either i.v. injected with vehi-
cle solution (2.5% [w/v] aq. dextrose solution) or 15 mg/kg body
weight tariquidar at 2 h before start of PET imaging (n = 3–6 per
group). For injection, mice were pre-anesthetized in an induction
chamber using isoflurane (2.5–3.5% in oxygen) and placed on a
heated animal bed (38 °C), and the lateral tail vein was cannu-
lated. Animal respiratory rate and body temperature were con-
stantly monitored (SA Instruments Inc., Stony Brook, NY, USA),
and the isoflurane level was adjusted (1.5–2% in oxygen) to
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achieve a constant and sufficient depth of anesthesia. Anesthe-
sia was maintained for the whole pre-treatment and imaging pe-
riod. Following administration, the animal bed was transferred
into the gantry of a microPET scanner (Focus 220, Siemens
Medical Solutions, Knoxville, TN, USA) and a 10-min trans-
mission scan using a 57Co point source was recorded. Subse-
quently, at 2 h after tariquidar or vehicle injection, (R)-[11C]
verapamil (32 ± 9 MBq, <0.5 nmol, 0.1 mL) was administered
as an i.v. bolus over 1 min, and a 60 min dynamic PET scan
(energy window, 250–750 keV; timing window, 6 ns) was initi-
ated at the start of radiotracer injection. After completion of the
imaging procedure, a terminal blood sample was withdrawn
under isoflurane anesthesia from the retro-orbital sinus vein
and the animals were sacrificed by cervical dislocation. Blood
was measured for radioactivity in a gamma counter (Wizard
1470, Perkin-Elmer, Wellesley, MA, USA).

PET Data Analysis. The 60 min dynamic emission PET
data were sorted into 23 frames, which incrementally increased
in time length from 5 s to 10 min. Images were reconstructed
using Fourier rebinning of the 3D sonograms followed by two-
dimensional filtered back projection with a ramp filter, resulting
in an image voxel size of 0.4 × 0.4 × 0.796 mm. A standard
data correction protocol (normalization, attenuation and decay
correction) was applied to the PET data. The PET units were
converted into units of radioactivity concentration by applying
a calibration factor derived from imaging of a cylindrical phan-
tom with a known 11C-radioactivity concentration. Using the
image analysis software Amide [23], whole brain was manually
outlined on the PET images, and time-activity curves, expressed
in standardized uptake value ((radioactivity per g/injected radio-
activity) × body weight), were derived. Individual brain-to-
blood concentration ratios (Kb,brain) were calculated by dividing
the brain radioactivity concentration in the last PET frame (50 to
60 min after radiotracer injection) by the corresponding blood
radioactivity concentration as determined by the gamma counter
measurements.

Quantitative PCR. Mice were sacrificed by cervical
dislocation. After quick intracardial perfusion with 10 mL ice-
cold PBS, one hemisphere of each brain was snap-frozen in
liquid nitrogen within 3 min after death. Brains of 100-day- and
200-day-old wild-type male mice (3 and 4, respectively) and
hABCB1 male mice (5 each) were preserved using AllprotectW

Tissue Reagent (Qiagen, Germany). Total RNA was isolated
using the RNeasyW Mini Kit (Qiagen, Germany). RNA
concentrations were assessed photometrically. cDNA was
synthesized using the High Capacity RNA-to-cDNA Kit
(Applied Biosystems, USA). Gene expression was analyzed with
qRT-PCR using TaqMan Hybridization Probes. Primer sets with
according TaqMan probes for Abcb1a (Mm00440761_m1),
human ABCB1 (Hs00184500_m1), and mouse Actb
(Mm02619580_g1) genes were purchased from Thermo Fisher
Scientific Inc. (USA). Gene expression was normalized to the
housekeeping gene actin. All 17 cDNA samples were tested with
each primer (Abcb1a, human ABCB1, and Actb), including a
non-template control. Reactions were composed according to
manufacturer's instructions with a final volume of 20 μL and
30 ng of template. PCR amplification conditions were 50 °C for
2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C
for 1 min. For comparison of expression values between strains,
the unpaired Student's t test has been used. For analyses of
transcript variants, RNA of a new set of brains was prepared
from female wild-type, hABCB1, and human ABCB1−/− mice
(5 each) and assayed using the mentioned assay and conditions
plus assays Mm00440745_m1 and Mm00440751_m1.

Protein Quantification (QTAP)
Reagents. HBSS, HEPES, Tris-HCl, and sodium phosphate

(Na2HPO4 and NaH2PO4) were provided by Sigma-Aldrich
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(Saint Quentin Fallavier, France). The reagents used for plasma
membrane isolation and protein digestion, NaCl, MgCl2, KCl,
sucrose, EDTA, guanidine–HCl, DTT, iodoacetamide, and urea
also came from Sigma-Aldrich (Saint Quentin Fallavier, France).
The complete Mini (EDTA-free) Protease Inhibitor Cocktail tab-
lets were provided by Roche (Bâle, Switzerland). Chloroform
(HiPerSolv, Chromanorm for high-performance liquid chroma-
tography [HPLC]) was supplied by VWR (Strasbourg, France).
HPLC-grade acetonitrile and methanol were purchased at Merck
(Nogent-sur-Marne, France). Formic acid (99% w/w), HPLC
grade, was supplied by Fischer Scientific (Illkirch, France). All
the water was prepared with a Milli-Q water purification system
(Millipore, Molsheim, France). Sequencing grade modified tryp-
sin, mass spectrometry grade rLys-C, and ProteaseMAX surfac-
tant were from Promega (Charbonnières-les-Bains, France). The
measurement of protein concentration was carried out by using
the Micro BCA Protein Assay Kit (Thermo Scientific, Illkirch,
France). The standard solutions of peptides were provided by
UMR 8638, Chimie Organique Médicinale et Extractive —
Toxicologie Expérimentale or by Pepscan (Lelystad, The
Netherlands).

Plasma Membrane Protein (PMP) Fractionation. PMP
fractions of mouse brains were obtained as previously de-
scribed with minor modifications [20, 24]. The frozen brains
were thawed at 4 °C, and all the following steps were per-
formed on ice. The samples were washed at least twice by
using an isotonic buffer solution (10 mM phosphate buffer pH
7.4, 0.1 M KCl) supplemented with Protein Inhibitor Cocktail,
minced with scalpels until obtaining 1 mm pieces and homog-
enized with an UltraturraxW (IKAW-Werke GmbH & Co. KG,
Staufen, Germany) for 2 min. The homogenates were centri-
fuged (15 min at 10,000g); the supernatants were transferred
to ultracentrifuge tubes and centrifuged (60 min at 100,000g).
The pellet, corresponding to the total membrane fraction, was
suspended in 250 mM sucrose buffer (with 20 mM Tris pH
7.4 and 5.4 mM EDTA) and deposited on top of a 38% (w/v)
sucrose solution. After ultracentrifugation (30 min at
100,000), the turbid layer at the interface was collected, sus-
pended in 250 mM sucrose buffer and ultracentrifuged
(30 min at 100,000). The pellet corresponding to the plasma
membrane fraction was recovered in 250 mM sucrose buffer
containing protease inhibitor cocktail.

Protein Digestion. The plasma membrane fractions were
digested as described previously without modifications [25–27].
Briefly, 50 μg of proteins was solubilized in denaturing buffer
(7 M guanidine hydrochloride, 10 mM EDTA, 500 mM Tris
pH 8.5), reduced by DTT and alkylated by iodoacetamide. The
alkylated proteins were precipitated with methanol–chloroform–
water and resolubilized in 1.2 M urea and 0.1 M Tris, pH 8.5.
Samples were first digested by using rLysC endoprotease
Table 1. Protein quantitation

Protein Mouse ABCB1A/B Mouse ABCB1A Human ABCB1 M

Peptide IATEAIENFR LANDAAQVK FYDPLAGK I
Strain Concentration [fmo
LoD/LoQ 0.05/0.16 0.08/0.23 0.23/0.70
hABCB1 <LoD <LoD <LoQ
hABCB1−/− 0.44 (30.6) 0.36 (14.4) <LoD
WT 0.72 (13.7) 0.64 (12.1) <LoD

Reference proteins according to Zhang et al. [41]:
– Neurons, astrocytes, endothelial cells express ATP1A1.
– Both astrocytes and endothelial cells express ATP1A2, but endothelial cells i
– Neurons express ATP1A3.
– Astrocytes express GFAP.
The concentrations of different markers are not different between the samples a
concentrations of ABCB1 proteins in the samples can be compared with each
limit of detection and limit of quantitation.
CV (%) – biological and experimental variability, LoQ – lower limit of quantit
(enzyme:protein ratio = 1:50) for 3 h at room temperature. Then
trypsin (enzyme–protein ratio = 1:100) and 0.05% (w/v)
ProteaseMAX were added, and samples were incubated at
37 °C overnight. The reaction was stopped by adding formic acid
(3 μL at 99%, v/v). The stable isotope-labeled peptide mixture
(750 fmol of each labeled peptide) was added in tryptic digest
before ultrahigh-performance liquid chromatography–tandem
mass spectrometry (UHPLC–MS/MS) analysis.

Protein Quantification by UHPLC–MS/MS. The proteins
were quantified by the determination of the peptide concentration
by using UHPLC–MS/MS with multiplexed selected reaction
monitoring (SRM) method. Each peptide analyzed was specific to
each protein and released after protein digestion by trypsin. The
selected peptides for Abcb1a (LANDAAQVK), Abcb1a/b
(IATEAIENFR), ABCB1 (FYDPLAGK), and GFAP
(LDQLTANSAR); common peptide for Na+/K+ATPase α1/α2/α3
(AAVPDAVGK); and specific peptides for Na+/K+ATPase a1
(IVEIPFNSTNK), Na+/K+ATPase a2 (GIVIATGDR), and Na+/
K+ATPase a3 (GVVVATGDR) were already reported by Hoshi
et al. [25], Kamiie et al. [28], and Chaves et al. [29]. The sam-
ples were injected into an Acquity UPLCW system (Waters,
Manchester, UK), equipped with an Acquity UPLC BEHW

C18 column (Peptide BEHW C18 Column, 300Å, 1.7 μm,
2.1 mm × 100 mm) supplied by Waters (Guyancourt, France).
The mobile phase consisted of a mixture of water (formic acid
0.1%, v/v) and ACN. It was operated with a flow rate of
0.5 mL/min in gradient mode, at a temperature of 30 °C. The
total duration of analysis was 30 min.

Data were recorded with a Waters XevoW TQ-S mass spec-
trometer (Waters, Manchester, UK). Measurements were per-
formed by using positive electrospray ionization (ESI) with ion
spray capillary voltage at 2.80 kV. Drying gas temperature was
set to 650 °C at a flow rate of 800 L/h. Detection was performed
in multiplexed SRM mode by using three transitions per native
or labeled peptide. Skyline software [30, 31] was used for the op-
timization of the specific transition parameters (i.e., collision en-
ergy [CE] and peak integration). The area ratios light to labeled
peptide were exported from Skyline, and the quantification was
performed from calibration curves. Each sample contained two
hemi cortices from different mice. It was digested in triplicate,
and each triplicate was injected once. Therefore, the calculated
concentrations (Table 1) take into account the experimental and
biological variability.

Western Blot. Mice were sacrificed by cervical dislocation.
After quick intracardial perfusion with 10 mL ice-cold PBS, one
hemisphere of each brain was snap-frozen in liquid nitrogen
within 3 min after death. Hemispheres of three 100-day-old male
mice of each genotype were preserved using AllprotectW Tissue
Reagent (Qiagen, Germany). After removal of AllprotectW

reagent, brains were homogenized using a bead homogenizer
ouse ATP1A1 Mouse ATP1A2 Mouse ATP1A3 Mouse GFAP

VEIPFNSTNK GIVIATGDR GVVVATGDR LDQLTANSAR
l/μg total protein] (CV [%])
0.58/1.73 0.04/0.12 0.07/0.25 0.19/0.28

131.5 (34.9) 86.0 (19.2) 435.2 (26.9) 1.0 (14.0)
106.8 (17.0) 78.8 (13.8) 371.6 (11.0) 1.0 (32.0)
119.9 (16.6) 80.9 (12.6) 392.2 (15.6) 0.8 (25.1)

n very low amounts.

nd thus show the homogeneity of their cell composition. Therefore, the
other. The QuaSAR plugin (Mani et al. [42]) was used to calculate the

ation, LoD – lower limit of detection
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Figure 1. ABCB1 transport activity at the BBB measured with (R)-
[11C]verapamil PET imaging. Brain uptake of (R)-[11C]verapamil
expressed as brain-to-blood radioactivity concentration ratio (Kb,brain)
at 60 min after radiotracer injection in female C57BL/6 mice (veh:
n = 6, tariquidar: n = 5), hABCB1 mice (genOway; veh: n = 3, tariquidar:
n = 3), and hABCB1 mice (Taconic; veh: n = 4, tariquidar: n = 3) treated
with vehicle solution (2.5% [w/v] aq. dextrose solution) or tariquidar
(15 mg/kg body weight) at 2 h before radiotracer injection. For compar-
ison, Kb,brain in vehicle-treated Abcb1a/b(−/−) mice (n = 4) is also shown
[36]. Data are mean ± standard deviation. Statistical significance was de-
termined by 2-way ANOVA with Bonferroni post-hoc test. **p < 0.01;
***p < 0.001

Humanized ABCB1 mice
(SpeedMill, AnalytikJena, Germany). Twenty millgrams of
homogenate was mixed with homogenization buffer (20 mM
EDTA, 140 mM NaCl, 5% SDS, cOmpleteW mini protease
inhibitor [Roche]) and incubated at 50 °C for 1 h [32]. After
centrifugation at 13,000 rpm (30 min, 20 °C), protein
concentration was determined using a BCA protein assay kit
(ThermoFisher Scientific, USA). Samples were diluted to a
protein concentration of 3 μg/μL in Laemmli buffer and
denaturated at 42 °C for 30 min. Sixty milligrams of protein was
loaded onto 12.5% TGX gels (Biorad, Germany) for
electrophoresis and transferred onto 0.22 μm PVDF membranes
using a TransBlot Turbo (Biorad, Germany). Membranes were
blocked with 1.5% non-fat dry milk powder solubilized in PBS
(0.01% Tween20) for 1 h at room temperature. Primary antibody
was incubated over night at 4 °C, and secondary antibody
incubation was 1 h at room temperature. Antibodies used were
anti-ABCB1 (1:100, D-11, SantaCruz Biotechnologies), anti-β-
Tubulin (1:10.000, SDL.3D10, Novus Biologicals), and anti-
mouse HRP (1:10.000, NordicBiosite). Bands were detected
using ClarityW Western ECL substrate (Biorad, Germany) and
the Octoplus QPLEX imager (NHDyeAgnostics, Germany). Data
analyzes were performed using Image Studio Lite (LI-COR
Biosciences, Germany) and Microsoft Excel.

Sequencing. Genomic DNA of a hABCB1 mouse was
purified using an innuPREP DNA Mini Kit (AnalytikJena AG,
Germany). The humanized genomic locus was amplified in
25 μL reactions using TaKaRa LA TaqDNA Polymerase
(TaKaRa Bio USA Inc.) according to manufacturer
recommendations using 0.4 μM of each primer and an annealing
temperature of 60 °C, resulting to single-banded PCR products.
After amplification, the remaining primers and dNTPs were
digested. The amplified fragments were sequenced using the
Sanger process utilizing a primer walking strategy. For the
sequencing of exons 3 and 4, PCR reactions were run with
12.5 ng template DNA in a total volume of 12.5 μL. PCR
reactions including 0.3 μM of each PCR primer, 200 μM
dNTPs, 1.5 mM MgCl2 and 0.02 U/μL KAPA2G Robust
polymerase. 35 cycles were run for each PCR with an initial
denaturation step of 180 s at 95 °C followed by 35 cycles with a
denaturation step for 20 s at 95 °C, an annealing step at 61 °C
for 20 s, an elongation step for 100 s at 72 °C and a final
elongation step at 72 ° for 45 s. Excess dNTPs and primers were
removed from PCR reactions and Sanger sequencing was
performed. All primers used are listed in Supplementary Table 1.
Amplification, primer design, and sequencing were realized by
Microsynth AG (Switzerland).

DNA Accessibility. Hotspots for DNA accessibility have
been extracted from the ENCORE database. DNAse-seq data
sets used were as follows: ENCSR337EDG, ENCSR179PIH,
ENCSR358ESL, ENCSR469VGZ, ENCSR292QBA, and
ENCSR767AJS. ATAC-seq data from ENCFF386CJN.
Chromatin immunoprecipitation sequencing (ChIP-seq) data
were extracted from ENCBS139ENC.

Data Availability. The data sets generated during and
analyzed during the current study are available on reasonable
request. Correspondence and requests for materials should be
addressed to M.K. (markus.krohn@medisin.uio.no), J.P. (jens.
pahnke@medisin.uio.no), W.L. (wolfgang.loescher@tiho-
hannover.de), or O.L. (oliver.langer@ait.ac.at). All ENCODE
data sets are publicly available at www.encodeproject.org.

Results

The humanized ABCB1 (hABCB1) strain under investigation
was an unsolicited development by genOway (Lyon, France).
The company used a strategy it claimed to have successfully
employed earlier to introduce a canine ABCB1 gene into the
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murine Abcb1a locus [33, 34]. To generate the hABCB1 strain,
the mouse Abcb1a gene was humanized by introduction of the
human ABCB1 CDS into the gene's ATG start codon in exon 2.
The mouse Abcb1b gene was partially deleted by insertion of a
hygromycin cassette replacing exons 3 and 4 to ensure that only
the human gene would be expressed. At purchase from genO-
way, the promising information available was that the human
ABCB1 mRNA is expressed at similar levels as is Abcb1a in
wild-type animals in the tissues tested (brain, liver, intestine, kid-
ney). Correct integration of the transgene had been checked using
Southern blot. However, the knockout capability genOway aimed
to introduce by gene floxing was reported to be non-functional
and no protein expression data had been ascertained either. Thus,
we agreed to verify the usefulness of this model in more detail
and analyze ABCB1 transport activity/functionality and expres-
sion in the brain.

Positron Emission Tomography (PET) Imaging. The
most important measure of validity for humanized ABC
transporter mouse models is the functionality of the transporters
in vivo. As transporter functionality is not assessable through
mRNA or protein expression levels, we assessed ABCB1
transport activity at the BBB by PET imaging using the
validated ABCB1 substrate radiotracer (R)-[11C]verapamil in
combination with administration of the ABCB1 inhibitor
Tariquidar as described before [35, 36]. The hABCB1 strain
from Taconic was included here, because it was extensively
investigated before and shown to be insufficient for studies
regarding ABCB1 function [21]. In vehicle-treated animals,
brain uptake of (R)-[11C]verapamil expressed as the brain-to-
blood radioactivity concentration ratio at 60 min after
radiotracer injection (Kb,brain) was significantly higher in
hABCB1 mice from genOway (Kb,brain = 3.26 ± 0.13) and
Taconic (Kb,brain = 2.76 ± 0.56) as compared with C57BL/6
mice (Kb,brain = 1.22 ± 0.06, p < 0.001, 2-way ANOVA with
Bonferroni post-hoc test, Figure 1). Tariquidar treatment
significantly increased (p < 0.05, Student's t test) Kb,brain in
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C57BL/6 mice by 3.6-fold (Kb,brain = 4.35 ± 0.45), whereas
increases were only 1.4-fold in hABCB1 mice from both
genOway (Kb,brain = 4.40 ± 0.35) and Taconic (Kb,brain = 3.90 ±
0.21), respectively. For comparison, previously published Kb,brain

in vehicle-treated Abcb1a/b knockout mice (Abcb1a/b(−/−) mice)
in C57BL/6 background was 4.81 ± 0.51 [36]. Although both
humanized strains show some remaining transport capacity, as
seen by the increase in Kb,brain after tariquidar treatment, we
concluded that the hABCB1 mice from genOway display the
same lack of functionality as does the Taconic strain.

mRNA Expression Analyses. To reveal the cause for this
lack of functionality, we rechecked human ABCB1 and Abcb1a
brain expression in the mice developed by genOway. The cycle
threshold (ct) values of the amplification plots did not show a
difference between mice of different age and were combined into
one group for each strain. Target amplification could be verified
for Actb (as endogenous reference) and Abcb1a mRNA in each
sample, whereas ABCB1 mRNA expression was only detected in
humanized mice. Unexpectedly, mRNA expression of Abcb1a
was still apparent at wild-type levels (5.0 × 10−3 ± 2.4 × 10−3) in
hABCB1 mice (4.0 × 10−3 ± 9.9 × 10−4) (Figure 2). At the same
time, Abcb1a mRNA levels in ABCB1 humanized mouse brains
were 35.9 times higher than human ABCB1 expression (4.0 ×
10−3 ± 9.9 × 10−4 vs. 1.1 × 10−4 ± 7.7 × 10−5, one-way
ANOVA, Tukey's honest significant difference post-hoc test, p <
0.0001, Figure 2).

mRNA expression analysis is sensitive to the position of
primers and probes chosen. In this case, the primer set chosen
for the Abcb1a mRNA was located over exon boundary 20–21,
far distal to the introduced gene, because it covers all known
splice variants of the gene. Thus, the qPCR outcome could result
from the amplification of a greatly truncated Abcb1a mRNA that
does not give rise to a functional protein. We performed an in
silico translation starting from the first base of exon 3 to find
possible open reading frames and see whether any truncated ver-
sions of ABCB1A proteins could be expressed in the humanized
mice. As shown in Supplementary Figure 1, in frame 2 of exon 3,
the last codon is an ATG which could initiate an open reading
frame for a protein of 1239 amino acids length which would
be fully identical to ABCB1A except for an N-terminal trun-
cation of 37 amino acids. While this protein might still be
functional, probably none of other 24 possible variants would
Figure 2. Relative mRNA expression of Abcb1a and ABCB1. Human
ABCB1 mRNA is expressed at very low levels in hABCB1 mice only.
No decrease of Abcb1a mRNA expression was detected in hABCB1
mice compared to wild-type animals. Shown are the relative expression
of mouse Abcb1a (green) and human ABCB1 (blue) mRNA in male
wild-type (n = 7) and hABCB1 (n = 10) mice based on the comparison
of ct values. Ct values were normalized to mouse Actb mRNA expres-
sion using 2(−Δct) calculation. Data are mean ± standard deviation. Statis-
tical significance was determined by 1-way ANOVAwith Tukey's honest
significant difference post-hoc test. ****p < 0.0001
(Supplementary Figure 1). Thus, we analyzed Abcb1a mRNA
expression using two other assays located at exon boundaries
3–4 and 9–10, respectively, to verify the abundance of longer
Abcb1a transcript variants. Figure 3 shows that the level of
expression for all analyzed positions is similar between wild-type
and hABCB1 mice. Resequencing of the engineered Abcb1a
locus (see following section) confirmed the presence of valid
loxP sites flanking the human ABCB1 CDS. We sought to
assess if these are not functional as has been stated by genO-
way. To do so, we crossed hABCB1 mice to a Cre-deleter
mouse strain (CMV-driven Cre recombinase, see Section 0 for
details) to check Cre recombination. Genotyping PCR con-
firmed that this crossing resulted in recombination of the locus
and generation of genomic ABCB1 knockout mice (referred to as
human ABCB1−/− mice). However, as can be seen in Figure 3,
Cre recombination had no effect on the Abcb1a mRNA expres-
sion level as assessed by any of the assays when compared to
hABCB1 and wild-type mice. mRNA of the hABCB1 transgene
was undetectable in these ABCB1−/− mice (not shown). Upon
further communication, genOway revealed that only human
ABCB1 mRNA expression had been analyzed in-house, but not
mouse gene expression. This fact might explain why the lack of
functionality has not been detected earlier.

Protein Expression Analyses. Due to the unavailability of
species-specific antibodies that allow differentiation between
human and mouse ABCB1 proteins, we investigated protein
expression of mouse ABCB1A/B and human ABCB1 using
quantitative targeted absolute proteomics (QTAP) [26]. By
detection of tryptic peptides specific for either the mouse or
human protein variant, this method allows quantification of the
transporters in whole brain homogenates. Table 1 shows that in
wild-type mice both the peptide specific for mouse ABCB1A
and the mouse ABCB1A/B-co-specific peptide are readily
detectable. Although no ABCB1B-specific peptide has been
analyzed, it can be assumed that most peptides found originate
from ABCB1A proteins only, since both mouse specific peptides
were found at similar quantities. In contrast, in hABCB1 mouse
brains, no ABCB1A/B could be detected. Moreover, the human
ABCB1 protein amount was below the lower limit of
quantification (LoQ). These data are well in line with functional
PET imaging data but seem to contradict qPCR results.
Figure 3. Exon junction-specific mRNA expression of Abcb1a.
Abundance of Abcb1a mRNAs with different lengths was assessed
using assays covering the indicated exon junctions in female wild-
type mice (n = 5), hABCB1 mice (n = 5), as well as in hABCB1 mice
(n = 5) crossed to a Cre-deleter mouse strain (human ABCB1−/−). No
differential expression between strains was found within each assay
location. Data are mean ± standard deviation. Statistical significance
was determined by 1-way ANOVA with Tukey's honest significant
difference post-hoc test, significance level p < 0.05
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However, it is known that mRNA expression data do often not
correlate well with protein expression data. Most interestingly,
human ABCB1−/− mice displayed partly rescued ABCB1A
protein expression. However, also with this method, we were not
able to determine the extent of the N-terminal truncation that was
inflicted by Cre recombination of the Abcb1a locus. Western blot
analyses using a C-terminal targeting antibody additionally
supported our PET imaging data; however, no obvious protein
truncation could be detected (Supplementary Figure 2).

Genomic DNA Sequencing. We sought to find possible
explanations for the revealed shortcomings and to gather
knowledge for a more successful knock-in strategy by
sequencing of the humanized genomic locus. The sequenced
region comprised 6089 bp including segments of mouse genomic
DNA at both the 5′- and 3′-ends, suggesting that the engineered
locus has been covered in full. As indicated in Figure 4, the
human CDS including its 3′-untranslated region (UTR), but
without the 5′-UTR, was successfully fused to the start codon of
the Abcb1a gene located in exon 2. Exon 2 of Abcb1a was
deleted except for its untranslated base pairs -1 to -6 from
transcription start site (TSS). At TSS +4598 bp, the unaltered
mouse genomic DNA sequence starts again with the first base
pair aligning to intronic base pair TSS +267 of the mouse
Abcb1a gene in wild-type mice (Supplementary Figure 3). Thus,
exon 2 (TSS 0 to +65) and the first 202 bp of intron 2 have
been deleted by the human CDS construct, in total 268 bp.
Additional sequencing of exons 3 and 4 revealed that neither
exon 3 nor exon 4 has been deleted nor altered during gene
targeting, a fact later confirmed by genOway (Supplementary
Figure 4). These data corroborate the mRNA expression analyses
and again imply the possibility of expression of a truncated
ABCB1A protein that is, however, most probably dysfunctional.
Figure 4. Depiction of the humanized Abcb1a gene locus. Shown are the seq
quence not included in the sequencing (light grey). The human ABCB1 CDS w
of exon 2 behind (green). ABCB1 CDS has been introduced with its 3′UTR and
sition towards the mouse genomic sequence, a loxP site has been introduced w
for the 5′ situated loxP site, which is flanked by additional 37 bp, respectively, a
to the genomic arrangement.

Figure 5. Abcb1a promoter region analysis. Shown are the Abcb1a loci
searches revealed the indicated hotspots of open/accessible chromatin found
The area of highest density of overlapping hotspots (orange/light orange) c
Abcb1a gene expression.
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Unexpectedly, in addition to the loxP sites flanking the
hABCB1 gene, we found DNA of unknown origin flanking
both sites. In case of the 5′-loxP site, there are 20 bp upstream
and 17 bp downstream of the actual Cre recombinase recogni-
tion motif. The 3′-loxP site is flanked by 76 bp and 23 bp, re-
spectively. BLAST results strongly suggest remnants of
cloning vectors containing loxP sites. The alien DNA contain-
ing the 5′-loxP site is situated −413 bp to −492 bp from TSS,
thereby disrupting intron 1 of Abcb1a and possibly interfering
with promoter elements.

Thus, we searched the ENCODE database for information
about DNA accessibility of this region [37, 38]. Several DN-
Ase-seq (DNase I hypersensitive sites sequencing) data sets (de-
posited after generation of this mouse model) derived from
adult mouse brains revealed hotspots in the region of interest.
The combined hotspot region (covered by at least 5 data sets)
reaches from about 200 bp upstream of exon 1 until about 160
bp downstream of exon 2 (Figure 5). ATAC-seq (Assay for
Transposase-Accessible Chromatin sequencing) data generated
from postnatal mouse forebrains revealed a hotspot of about
690 bp reaching until exon 2 (Figure 5). Furthermore, ChIP-seq
experiments targeting tri-methylated histone H3 (H3K4me3)
found a similar hotspot in cortical plate samples of adult mice
(Figure 5). Due to the repeated occurrence of high DNA acces-
sibility using different methods, we conclude that a region of
high regulatory importance includes at least intron 1 of Abcb1a
but most likely exon 2 as well.

Discussion

With the study presented here, we set out to assess the func-
tionality and expression of human ABCB1 protein in the brain of
uenced region (6089 bp, black) and the downstream adjacent mouse se-
as fused into the TSS, which left the untranslated base pairs TSS -1 to -6
additional 45 bp of human genomic downstream sequence. At the 3′ tran-
hich is flanked by altogether 99 bp of unknown origin. The same is true
nd inserted into intron 1 of mouse Abcb1a. The picture is not proportional

of wild-type and hABCB1 mice in comparison. ENCODE database
in mouse brains using DNAse-seq, ATAC-seq, and ChIP-seq methods.
overs more than 200 bp indicating the importance of this region for
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an Abcb1a humanized, Abcb1b knockout mouse model [21] de-
veloped by genOway. Sequence analyses of the humanized locus
confirmed proper insertion and targeting of the mouse Abcb1a
gene including the deletion of mouse exon 2. Nevertheless,
mRNA expression data revealed a very low expression of
ABCB1 mRNA at a level less than 3% of that of Abcb1a in
wild-type mice (Figure 2). Accordingly, human ABCB1 protein
did not reach the lower limit of quantitation and functional PET
analyses revealed a knockout phenotype of hABCB1 mice.
Whereas (R)-[11C]verapamil PET imaging without tariquidar
treatment led to significantly higher radioactivity uptake in the
brains of hABCB1 mice as compared to wild-type mice, ABCB1
inhibition with tariquidar induced only a minor increase in radio-
activity uptake in hABCB1 animals. Hence, the genOway
hABCB1 mice display a functional phenotype very similar to
that of hABCB1 mice introduced by Taconic (see also Sadiq
et al. [21]).

Intriguingly, murine Abcb1a mRNA is still present at wild-
type levels in the humanized mice's brain (Figure 2) indicating
the expression of a truncated Abcb1a gene product starting
downstream of exon 2. In silico translation analysis of the
Abcb1a coding sequence and qPCR revealed the possibility of a
protein being expressed that lacks at least the first 37 amino acids
and thus the cytoplasmic N-terminus up to transmembrane helix 1
(Figure 3). However, mouse ABCB1A/B proteins were not de-
tectable at all in hABCB1 mice (Table 1).

Since the human CDS has been inserted correctly and this
strategy was employed successfully to introduce a canine
ABCB1 earlier [33, 34], the main question is: what caused the
lack of expression in both (Taconic and genOway) humanized
mouse models? A review of the canine ABCB1 mouse data
points to an answer. The major difference to both humanized
strains is the insertion of a mutated ABCB1 CDS in the canine
model. Especially, dogs of the Collie lineage often suffer from
severe adverse responses to ivermectin, which is a commonly
used anthelmintic [39]. It is also that substrate of ABCB1 and
genetic analyses of ivermectin-sensitive Collies revealed an ex-
onic deletion of 4 bps leading to a frameshift and premature ter-
mination of translation [40]. The canine ABCB1 mouse strain
was developed as an alternative model to Collies in the search
for anthelmintic drugs that do not pose a life danger to such
dogs. The canine ABCB1 mouse strain, therefore, is functionally
an ABCB1-knockout model in which a lack of expression of
the canine ABCB1 protein cannot be detected using drug-in-
duced phenotypes or PET measurements. Thus, it is very likely
that the canine ABCB1 mice exhibit a similar lack of protein ex-
pression as observed in the human ABCB1 strains developed by
Taconic and genOway (see Table 2 for comparison).

Notably, all strains have been designed using insertion of
ABCB1 CDS into the ATG start codon of Abcb1a. Sadiq et al.
[21] found the human ABCB1 protein expression in brain capil-
laries of hABCB1 mice from Taconic to be about 1.5% of that
of ABCB1A in wild-type mice. Interestingly, the Taconic
hABCB1 mice still expressed mouse ABCB1A protein, though
at a level of only about 10% of that of wild-type mice [21]. In
the genOway strain, ABCB1A/B protein levels in hABCB1 mice
did not reach the lower limit of detection. This difference is most
Table 2. ABCB1 knock-in mouse model comparison

Model Producer Insertion site

Canine ABCB1 genOway Abcb1a ATP-start codon C

Humanized ABCB1 Taconic Abcb1a ATP-start codon Hu
Humanized ABCB1 genOway Abcb1a ATP-start codon H

Overview of ABCB1 knock-in mouse models published to date with insertions
express functional ABCB1 proteins.
probably due to the different modes of tissue preparation used in
both studies. While Sadiq et al. analyzed capillary-enriched brain
preparations only, we used whole brain homogenates. Although
detection of any ABCB1 protein in whole brain homogenates is
hampered by a low enrichment of microvessels, ABCB1A was
readily detectable in wild-type mice (Table 1). Unfortunately, the
LoQ of human ABCB1 was rather high compared to the murine
variants (0.7 vs. 0.23 fmol/μg protein). Nevertheless, human
ABCB1 protein was at least detectable in hABCB1 mice whereas
ABCB1A was not despite its much lower LoD (0.23 vs.
0.08 fmol/μg protein). We therefore conclude that the residual in-
crease of Kb,brain in hABCB1 mice seen after tariquidar treatment
is the result of a very low expression of human ABCB1 only.

More importantly, the combined data from our study and from
Sadiq et al. show that especially the disruption of exon 2 of
Abcb1a diminishes expression of the inserted gene/protein. Only
the ABCB1 humanized mice developed by genOway possess a
known alteration of intron 1, but neither the hABCB1 mice from
Taconic nor the canine ABCB1 mice, suggesting that the struc-
tural integrity of exon 2 is of paramount importance since all
models lack protein expression. The overlap of several hotspots
of DNA accessibility extracted from ENCODE data sets within
the region of CDS insertion reinforces its importance in gene reg-
ulation. Interestingly, the lack of two-thirds of intron 1 and all of
exon 2 in human ABCB1−/− mice restored mouse ABCB1A pro-
tein expression to about 50% of wild-type levels according to
QTAP results. However, Western blot results corroborate PET
imaging data and QTAP results but, confusingly, do not reveal
truncated protein variants. The lack of a visible shift in protein
size might be due to the extremely weak signals though and a
lack of resolution of the chosen gel matrix.

One could speculate that recombination of the locus restores
some regulatory features partly located in intron 2 that have been
disrupted by insertion of the CDS. More likely, however, it
seems that alternative splicing and/or alternative polyadenylation
occurs, which leads to truncated/unstable mRNAs and low trans-
lation yields. Nevertheless, the somewhat sloppy integration of
the loxP sites might have had an additional effect on gene
expression.

In conclusion, we think a humanization of the Abcb1a gene
would have a higher likelihood of success when the human
CDS is being inserted into exon 3 while intron 1/exon 2 is left
untouched or introduced changes kept to a minimum. Exon 2
encodes for the first 21 aa of ABCB1A which share only
52.2% identity to human ABCB1. Hence, insertion of the hu-
man CDS into exon 3 without adapting exon 2 would generate
a chimeric hABCB1 model. The same strategy was recently
successfully employed to develop humanized ABCC1 and hu-
manized ABCA7 mice (Krohn et al., unpublished). On the other
hand, humanization of the first 21 aa could be achieved by ex-
changing 13 of the 68 bp of exon 2 plus an additional insertion
of one codon. Thus, this decision might become a trade-off be-
tween protein expression and protein function. Although the
functional relevance of this very N-terminus remains to be de-
termined, it seems unlikely to have much impact on substrate
affinities which is the most important issue. To our knowledge,
in this region, no single nucleotide polymorphisms (SNPs) or
Insertion Special features Ref

anine cDNA (~4300 bp) Intended 4 bp deletion with
frame shift at pos. TSS +294

[33]

man cDNA (~4300 bp) Abcb1b knockout [21]
uman cDNA (5106 bp) loxP insertion TSS −492 and

TSS +4628
This
work

site of the alien DNA and distinctive features. None of the models
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mutations of clinical relevance are known for any ABC trans-
porter. In addition, the use of a codon usage optimized CDS
should aid expression levels. We therefore suggest that the ap-
proach of choice should be a chimeric hABCB1 mouse strain
that will most likely retain the original level and pattern of pro-
tein expression.
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Supporting information 
 

Supplementary Figure 1. Full exonic sequence of Abcb1a. 

acagtggaacagcggtttccaggagctgctggtcccatcttccaaggctctgctcaactcagagccgc
ttcttccaaagtctacatcttggtggactttgcagaggaaaccgggaggtagagacacgtgag│gtcg
tgATGGAACTTGAAGAGGACCTTAAGGGAAGAGCAGACAAGAACTTCTCAAAGATGGGCAAAAAGAG│
TAAAAAGGAGAAGAAAGAAAAGAAACCAGCAGTCAGTGTGCTTACAATG│TTTCGTTATGCAGGTTGG
CTGGACAGGTTGTACATGCTGGTGGGAACTCTGGCTGCTATTATCCATGGAGTGGCGCTCCCACTTAT
GATGCTGATCTTTGGTGACATGACAGATAGCTTTGCAAGTGTAGGAAACGTCTCTAAAAACAGTACTA
ATATGA│GTGAGGCCGATAAAAGAGCCATGTTTGCCAAACTGGAGGAAGAAATGACCAC│GTACGCCT
ACTATTACACCGGGATTGGTGCTGGTGTGCTCATAGTTGCCTACATCCAGGTTTCATTTTGGTGCCTG
GCAGCTGGAAGACAGATACACAAGATCAGGCAGAAGTTTTTTCATGCTATAATGAATCAGGAGATAGG
CTGGTTTGATGTGCATGACGTTGGGGAGCTCAACACCCGGCTCACAGA│TGATGTTTCCAAAATTAAT
GAAGGAATTGGTGACAAAATCGGAATGTTCTTCCAGGCAATGGCAACATTTTTTGGTGGTTTTATAAT
AGGATTTACCCGTGGCTGGAAGCTAACCCTTGTGATTTTGGCCATCAGCCCTGTTCTTGGACTGTCAG
CTGGTATTTGGGCAAAG│ATATTGTCTTCATTTACTGATAAGGAACTCCATGCTTATGCAAAAGCTGG
AGCAGTTGCTGAAGAAGTCTTAGCAGCCATCAGAACTGTGATTGCGTTTGGAGGACAAAAGAAGGAAC
TTGAAAG│GTACAATAACAACTTGGAAGAAGCTAAAAGGCTGGGGATAAAGAAAGCTATCACGGCCAA
CATCTCCATGGGTGCAGCTTTTCTCCTTATCTATGCATCATATGCTCTGGCATTCTGGTATGGGACTT
CCTTGGTCATCTCCAAAGAATACTCTATTGGACAAGTGCTCACT│GTCTTCTTTTCCGTGTTAATTGG
AGCATTCAGTGTTGGACAGGCATCTCCAAATATTGAAGCCTTCGCCAATGCACGAGGAGCAGCTTATG
AAGTCTTCAAAATAATTGATAAT│AAGCCCAGTATAGACAGCTTCTCAAAGAGTGGGCACAAACCAGA
CAACATACAAGGAAATCTGGAATTTAAGAATATTCACTTCAGTTACCCATCTCGAAAAGAAGTTCAG│
ATCTTGAAGGGCCTCAATCTGAAGGTGAAGAGCGGACAGACGGTGGCCCTGGTTGGCAACAGTGGCTG
TGGAAAAAGCACAACTGTCCAGCTGATGCAAAGGCTCTACGACCCCCTAGATGGCATG│GTCAGTATC
GACGGACAGGACATCAGAACCATCAATGTGAGGTATCTGAGGGAGATCATTGGTGTGGTGAGTCAGGA
ACCTGTGCTGTTTGCCACCACGATCGCCGAGAACATTCGCTATGGCCGAGAAGATGTCACCATGGATG
AGATTGAGAAAGCTGTCAAGGAAGCCAATGCCTATGACTTCATCATGAAACTGCCCCAC│CAATTTGA
CACCCTGGTTGGTGAGAGAGGGGCGCAGCTGAGTGGGGGACAGAAACAGAGAATCGCCATTGCCCGGG
CCCTGGTCCGCAATCCCAAGATCCTTTTGTTGGACGAGGCCACCTCAGCCCTGGATACAGAAAGTGAA
GCTGTGGTTCAGGCCGCACTGGATAAG│GCTAGAGAAGGCCGGACCACCATTGTGATAGCTCATCGCT
TGTCTACCGTTCGTAATGCTGACGTCATTGCTGGTTTTGATGGTGGTGTCATTGTGGAGCAAGGAAAT
CATGATGAGCTCATGAGAGAAAAGGGCATTTACTTCAAACTTGTCATGACACAG│ACAGCAGGAAATG
AAATTGAATTAGGAAATGAAGCTTGTAAATCTAAGGATGAAATTGATAATTTAGACATGTCTTCAAAA
GATTCAGGATCCAGTCTAATAAGAAGAAGATCAACTCGCAAAAGCATCTGTGGACCACATGACCAAGA
CAGGAAGCTTAGTACCAAAGAGGCCCTG│GATGAAGATGTACCTCCAGCTTCCTTTTGGCGGATCCTG
AAGTTGAATTCAACTGAATGGCCTTATTTTGTGGTTGGTATATTCTGTGCCATAATAAATGGAGGCTT
ACAGCCAGCATTCTCCGTAATATTTTCAAAAGTTGTAGGG│GTTTTTACAAATGGTGGCCCCCCTGAA
ACCCAGCGGCAGAACAGCAACTTGTTTTCCTTGTTGTTTCTGATCCTTGGGATCATTTCTTTCATTAC
ATTTTTTCTTCAG│GGCTTCACATTTGGCAAAGCTGGAGAGATCCTCACCAAGCGACTCCGATACATG
GTTTTCAAATCCATGCTGAGACAG│GATGTGAGCTGGTTTGATGACCCTAAAAACACCACCGGAGCAC
TGACCACCAGGCTCGCCAACGATGCTGCTCAAGTGAAAGGG│GCTACAGGGTCTAGGCTTGCTGTGAT
TTTCCAGAACATAGCAAATCTTGGGACAGGAATCATCATATCCCTAATCTATGGCTGGCAACTAACAC
TTTTACTCTTAGCAATTGTACCCATCATTGCGATAGCAGGAGTGGTTGAAATGAAAATGTTGTCTGGA
CAAGCACTGAAAGATAAGAAGGAACTAGAAGGTTCTGGAAAG│ATTGCTACGGAAGCAATTGAAAACT
TCCGCACTGTTGTCTCTTTGACTCGGGAGCAGAAGTTTGAAACCATGTATGCCCAGAGCTTGCAGATA
CCATACAG│AAATGCGATGAAGAAAGCACACGTGTTTGGGATCACGTTCTCCTTCACCCAGGCCATGA
TGTATTTTTCTTATGCTGCTTGTTTCCGGTTCGGTGCCTACTTGGTGACACAACAACTCATGACTTTT
GAAAATGTTCTGTT│AGTATTCTCAGCTATTGTCTTTGGTGCCATGGCAGTGGGGCAGGTCAGTTCAT
TCGCTCCTGACTATGCGAAAGCCACAGTGTCAGCATCCCACATCATCAGGATCATTGAGAAAACCCCC
GAGATTGACAGCTACAGCACGCAAGGCCTAAAGCCG│AATATGTTGGAAGGAAATGTGCAATTTAGTG
GAGTCGTGTTCAACTATCCCACCCGACCCAGCATCCCAGTGCTTCAGGGGCTGAGCCTTGAGGTGAAG
AAGGGCCAGACGCTGGCCCTGGTGGGCAGCAGTGGCTGCGGGAAGAGCACAGTGGTCCAGCTGCTCGA
GCGCTTCTACGACCCCATGGCTGGATCAGTG│TTTCTAGATGGCAAAGAAATAAAGCAACTGAATGTC
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CAGTGGCTCCGAGCACAGCTGGGCATTGTGTCCCAAGAGCCCATTCTCTTTGACTGCAGCATCGCAGA
GAACATTGCCTACGGAGACAACAGCCGGGTCGTGTCTTATGAGGAGATTGTGAGGGCAGCCAAGGAGG
CCAACATCCACCAGTTCATCGACTCGCTACCTGAT│AAATACAACACCAGAGTAGGAGACAAAGGCAC
TCAGCTGTCGGGTGGGCAGAAGCAGCGCATCGCCATCGCACGCGCCCTCGTCAGACAGCCTCACATTT
TACTTCTGGACGAAGCAACATCAGCTCTGGATACAGAAAGTGAAAAG│GTTGTCCAGGAAGCGCTGGA
CAAAGCCAGGGAAGGCCGCACCTGCATTGTGATCGCTCACCGCCTGTCCACCATCCAGAACGCGGACT
TGATCGTGGTGATTCAGAACGGCAAGGTCAAGGAGCACGGCACCCACCAGCAGCTGCTGGCGCAGAAG
GGCATCTACTTCTCAATGGTCAGTGTGCAGGCTGGAGCAAAGCGCTCATGAactgtgaccatgtaaga
tgttaagtatttttattgtttgtattcatatatggtgtttaatccaagtcaaaaggaaaacacttact
aaaatagccagttatctattttctgccacagtggaaagcatttagtttggtttagagtcttcagaggc
tttgtaattaaaaaaacaaaaatagatacagcatcaaatggagattaatgctttaaaatgcactataa
aatttataaaagggttaaaagtgaatgtttgataatatatacttttatttatactttctcatttgtaa
ctataactgatttctgcttaacaaattatgtatgtatcaaaaattactgaaatgtttgtataaagtat
atatagtgaaactgagcattcatatttttgagttattttgctcaaaatgcatgcgaaattatatattg
tcccaactggaatattgtacataattttagcctttaaaaaacagtccattactggggggagggggcat
cactctatgggcaaagtgttactcagacatgggcacctgagttcagatccctaccacctaagtaagca
gcaaggtgtggtgtttttgtaatgccagtgctagaggcagaaacagacagatcctgcaggctcagtgg
ctggccaaacagcctagccaacatagcgcgttccaggttcagtgagaaaacttgtctcaaaaatcaga
gggaaaagcaaatgagggtgtcagccatgtgcactcatgcaaatgccatacatgcagaagtatgtgca
cacacacgcacacattaaccaacgactagcaaggaaaatgaaggtggataagaggggtgggactggga
caaaggagggtacctggatgaatatgactgaaggacgttatgtacacatatgaaaacgtcgtactgaa
actcactacaatgtatacttaatatatgctaataaaatatttttaaaagaaaaaaatatccataattg
taaataagaggatcttataattaaaagaccctaaggattc 
 

Capital letters indicate the coding sequence, lower case indicate untranslated bases. ATG start codons 

that could establish an open reading frame are indicated green. Exon junctions are indicated by an │. 

Pink letters indicate the central base of the probes of the TaqMan assays used (according manufactures 

information). 
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Supplementary Figure 2. Western blot analysis of ABCB1 expression 
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Western blot against ABCB1 confirmed PET imaging findings in hABCB1 animals and shows 

drastically reduced protein expression of any ABCB1 variant in hABCB1 as well as hABCB1-/- mice. 

Data are mean ± standard deviation. Statistical significance was determined by 1-way ANOVA with 

Tukey's Honest Significant Difference post-hoc test, significance level p<0.05, *** p<0.001. 
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Supplementary Figure 3. In hABCB1 mice 266 bp of Abcb1a are deleted. 

 
hABCB1    1 --------------------------------------------------      0 
Abcb1a    1 atggaacttgaagaggaccttaagggaagagcagacaagaacttctcaaa     50 
 

hABCB1    1 --------------------------------------------------      0 
Abcb1a   51 gatgggcaaaaagaggtagccagattgtttcactttcgtactttacttgt    100 
 

hABCB1    1 --------------------------------------------------      0 
Abcb1a  101 cttgtacattcgggcaattagtttgtagcctccagcactgtacttgatta    150 
 

hABCB1    1 --------------------------------------------------      0 
Abcb1a  151 gtgggtgttatttcagacttcagaaatgtaaaccagcccttggaaggaac    200 
 

hABCB1    1 --------------------------------------------------      0 
Abcb1a  201 tcctcgcttggagcagtccttcaaatgtgtgtgacagatcaatcaatgat    250 
 

hABCB1    1 ----------------ctagagcagcgttgctcacatctttttattttat     34 
Abcb1a  251 tctgtgaattcagcctctagagcagcgttgctcacatctttttattttat    300 
 

hABCB1   35 gacctcggctttatgagcgctgttgatcgctcacgcacctgagccatatg     84 
Abcb1a  301 gacctcggctttatgagcgctgttgatcgctcacgcacctgagccatatg    350 
 

hABCB1   85 ctgtttgggcgctcactgtggcccattatcttgcttctaataaagccacc    134 
Abcb1a  351 ctgtttgggcgctcactgtggcccattatcttgcttctaataaagccacc    400 
 

hABCB1  135 atagatatcacgtttgtggtagaaggaaaagagatccaaataacattttg    184 
Abcb1a  401 atagatatcacgtttgtggtagaaggaaaagagatccaaataacattttg    450 
 

hABCB1  185 tttagctctcaatgactatttctatataaaaaggttgtattaccaccgaa    234 
Abcb1a  451 tttagctctcaatgactatttctatataaaaaggttgtattaccaccgaa    500 
 

hABCB1  235 agaagccacatcttatattcaaatctctacaaaggctaagtaagtgatta    284 
Abcb1a  501 agaagccacatcttatattcaaatctctacaaaggctaagtaagtgatta    550 
 

hABCB1  285 gaactttaatg    295 
Abcb1a  551 gaactttaatg    561 
 

Alignment of hABCB1 sequence starting at the first base pair downstream of the loxP insertion site with 

Abcb1a starting at TSS. 
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Supplementary Figure 4. Abcb1a exons 3 and 4 are unaltered. 

 
a) 
hABCB1-ex3         1 TCCTGGCTCTCATCGGTAACCACATAAGTAGATTTCTAAGATATATTTAC     50 
Abcb1a-ex3         1 TCCTGGCTCTCATCGGTAACCACATAAGTAGATTTCTAAGATATATTTAC     50 
 

hABCB1-ex3        51 ATTTAAACTGCATAAATGCCATACCATTATGCTTTTATTGACTAAAACAA    100 
Abcb1a-ex3        51 ATTTAAACTGCATAAATGCCATACCATTATGCTTTTATTGACTAAAACAA    100 
 
hABCB1-ex3       101 TAGTCAATTTTGGATTTTGTCTTGTCATTTAACAAAATCTCTGTAAGTTG    150 
Abcb1a-ex3       101 TAGTCAATTTTGGATTTTGTCTTGTCATTTAACAAAATCTCTGTAAGTTG    150 
 

hABCB1-ex3       151 ATTTAGTAATTGCAAGGTTTTGTATAAGGTTTTTAAAGTTTCATCTAATT    200 
Abcb1a-ex3       151 ATTTAGTAATTGCAAGGTTTTGTATAAGGTTTTTAAAGTTTCATCTAATT    200 
 

hABCB1-ex3       201 ATTCTGCTCTATTTTCAGTAAAAAGGAGAAGAAAGAAAAGAAACCAGCAG    250 
Abcb1a-ex3       201 ATTCTGCTCTATTTTCAGTAAAAAGGAGAAGAAAGAAAAGAAACCAGCAG    250 
 

hABCB1-ex3       251 TCAGTGTGCTTACAATGGTGAGTTTTTACTATACTGCCCGCCAATGTCAC    300 
Abcb1a-ex3       251 TCAGTGTGCTTACAATGGTGAGTTTTTACTATACTGCCCGCCAATGTCAC    300 
 

hABCB1-ex3       301 TCCTTCTGCTCCTAGAAAAGAGGTAATTCGCCTGGAACAATATGCTA    347 
Abcb1a-ex3       301 TCCTTCTGCTCCTAGAAAAGAGGTAATTCGCCTGGAACAATATGCTA    347 
 

b) 
hABCB1-ex4         1 GGGCAGCTTAGACTAGTAGCTAGCAGTCTGGCAAAAATATTTGTGTTTTG     50 
Abcb1a-ex4         1 GGGCAGCTTAGACTAGTAGCTAGCAGTCTGGCAAAAATATTTGTGTTTTG     50 
 

hABCB1-ex4        51 GGTGTAGAGGAAAACATCCATGAAACTATCTGATGTCCATGGTTTATTTT    100 
Abcb1a-ex4        51 GGTGTAGAGGAAAACATCCATGAAACTATCTGATGTCCATGGTTTATTTT    100 
 

hABCB1-ex4       101 CTTCTCTTTGCAGTTTCGTTATGCAGGTTGGCTGGACAGGTTGTACATGC    150 
Abcb1a-ex4       101 CTTCTCTTTGCAGTTTCGTTATGCAGGTTGGCTGGACAGGTTGTACATGC    150 
 

hABCB1-ex4       151 TGGTGGGAACTCTGGCTGCTATTATCCATGGAGTGGCGCTCCCACTTATG    200 
Abcb1a-ex4       151 TGGTGGGAACTCTGGCTGCTATTATCCATGGAGTGGCGCTCCCACTTATG    200 
 

hABCB1-ex4       201 ATGCTGATCTTTGGTGACATGACAGATAGCTTTGCAAGTGTAGGAAACGT    250 
Abcb1a-ex4       201 ATGCTGATCTTTGGTGACATGACAGATAGCTTTGCAAGTGTAGGAAACGT    250 
 

hABCB1-ex4       251 CTCTAAAAACAGTACTAATATGAGTAAGTATTGTTTGTGGTACAAATTGT    300 
Abcb1a-ex4       251 CTCTAAAAACAGTACTAATATGAGTAAGTATTGTTTGTGGTACAAATTGT    300 
 

hABCB1-ex4       301 ACTGGAAATGTGCAAAAAAATCACTCATCTAGAGTAATTATTTGTGGGGC    350 
Abcb1a-ex4       301 ACTGGAAATGTGCAAAAAAATCACTCATCTAGAGTAATTATTTGTGGGGC    350 
 

hABCB1-ex4       351 CTTAAAAGGATACACTTCAGTGTTTAGTGGTCTATGTGGTGGGTG    395 
Abcb1a-ex4       351 CTTAAAAGGATACACTTCAGTGTTTAGTGGTCTATGTGGTGGGTG    395 
 

Alignment of exon 3 (a) and exon 4 (b) as sequenced from hABCB1 mice with Abcb1a reference 

sequence (Gene ID: 18671). Bold letters indicate exons. 
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Supplementary Table S1: Primers used for amplification and primer walking 

 

 

 

Primer Sequence Purpose 
ABCB1_Fw ACTGGGGACTGTCCTCTTTC Amplification 
ABCB1_Rev CCTCCCCACCATTAAAGTTC Amplification 

forward1 ACT GTC CTC TTT CTG GTT TG Primer walking 
forward2 ACT CAG AGC CGC TTC TTC Primer walking 
forward4 GGA ACT TTG GCT GCC ATC Primer walking 
forward5 GTA GCT GAA GAG GTC TTG Primer walking 
forward6 TGG ACA GGA TAT TAG GAC Primer walking 
forward7 AAG ATC CAG TCT AAT AAG Primer walking 
forward8 TAC TCT TAG CAA TTG TAC Primer walking 
forward9 AGA CGC TGG CTC TGG TG Primer walking 
forward10 TCA ATG GTC AGT GTC CAG Primer walking 
1_reverse1 AGC TGA TAA CTT CGT ATA G Primer walking 
1_reverse2 GTG GGA ATG GTT AAG CAG Primer walking 
forward3.1 AGA AAC CAA CTG TCA GTG Primer walking 

reverse2 TAA TAG GCA TAC CTG GTC Primer walking 
1_reverse3 AGT GGA GAG AAA TCA TAG Primer walking 

Abcb1a_Ex02_Fw TCCTGGCTCTCATCGGTAAC Amplification 
Abcb1a_Ex02_Rev AGCATATTGTTCCAGGCGAA Amplification 
Abcb1a_Ex03_Fw GGGCAGCTTAGACTAGTAGCT Amplification 
Abcb1a_Ex03_Rev CACCCACCACATAGACCACT Amplification 
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