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ABSTRACT

Clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein-9 nuclease (Cas9) technology is widely
usedasa tool for gene editing in rat genome site-specific engineering.
Multidrug resistance 1 [MDR1 (also known as P-glycoprotein)] is a
key efflux transporter that plays an important role not only in the
transport of endogenous and exogenous substances, but also in
tumor MDR. In this report, a novel MDR1 (Mdr1a/b) double-
knockout (KO) rat model was generated by the CRISPR/Cas9
system without any off-target effect detected. Western blot results
showed that MDR1 was completely absent in the liver, small

intestine, brain, and kidney of KO rats. Further pharmacokinetic
studies of digoxin, a typical substrate of MDR1, confirmed the
deficiency of MDR1 in vivo. To determine the possible compensa-
tory mechanism of Mdr1a/b (2/2) rats, the mRNA levels of the
CYP3A subfamily and transporter-related genes were compared in
the brain, liver, kidney, and small intestine of KO andwild-type rats.
In general, a new Mdr1a/b (2/2) rat model has been successfully
generated and characterized. This rat model is a useful tool for
studying the function of MDR1 in drug absorption, tumor MDR, and
drug target validation.

Introduction

The ATP-binding cassette (ABC) transporter family is one of the
largest membrane transporter families and plays an important role in
exporting endogenous and exogenous substrates from cells (Doerks
et al., 2002). According to the homology of sequences and structures,
the ABC transporter family is divided into seven subfamilies, which
are sequentially numbered from A to G (Dean et al., 2001). To date,
49 members of ABC family have been found in the human genome
(Neumann et al., 2017).
Multidrug resistance (MDR) was first reported in 1970 (Biedler and

Riehm, 1970). It means that once cancer cells become resistant to a
certain anticancer drug, they also become resistant to other anticancer
drugs. The failure of chemotherapy for most cancers is due to MDR
(Li et al., 2016). Many factors can lead to MDR, especially the efflux
of anticancer drugs by transporters (Gottesman et al., 2002; Leslie
et al., 2005; Li et al., 2016). In ABC transporters, MDR1, also known
as ABCB1 or P-glycoprotein, is most associated with MDR (Wong
et al., 2015; Huang et al., 2016). MDR1 is the first discovered ABC

transporter (Juliano and Ling, 1976). MDR1, a membrane protein
with a molecular weight of 170 kDa, is not only expressed in many
tissues, such as the small intestine, liver, kidney, and blood-brain
barrier (Kimura et al., 2007; Miller et al., 2008; Zhou, 2008), but
also is overexpressed in MDR cancer cell lines (Gottesman et al.,
2002; Li et al., 2016).
MDR1 protein is encoded by the only gene,MDR1, in humans (Dean

et al., 2001) and by two different genotypes, Mdr1a and Mdr1b, in
rodents (Devault and Gros, 1990). The amino acid sequences of Mdr1a
and Mdr1b are highly overlapped, but their distribution in tissues is
different. In rats,Mdr1a is expressed mainly in the gastrointestinal tract,
whereasMdr1b is expressed mainly in the lung and gastrointestinal tract
(Brady et al., 2002). Meanwhile, they are all expressed in the liver,
kidney, and brain (Brady et al., 2002).
Gene knockout (KO) technology appeared in the 1980s and referred

to the use of a certain method to delete or make inactive specific genes.
Researchers can use gene KO technology to study and analyze the
functions of specific genes. As early as 1994,Mdr1awas knocked out in
mice based on the principle of homologous recombination (Schinkel
et al., 1994). In 1997,Mdr1a/b (2/2) micewere successfully constructed
by a previous method (Schinkel et al., 1997). Because of technical
limitations, gene KO in rats was once restricted. According to the
National Center for Biotechnology Information database, the se-
quence similarity of rat-human MDR1 in the gene, RNA, and protein
is 81%, 92%, and 87%, respectively. In contrast, the sequence similarity
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of mouse-human MDR1 in the gene, RNA, and protein is 78%, 85%,
and 78%, respectively. Therefore, in the MDR1 study, the rat model is
significantly better than the mouse model. In 2012, one study (Chu et al.,
2012) using ratMdr1a-specific zinc finger nuclease (ZFN) established a
rat model lacking the Mdr1a gene. However, the function of human
MDR1 protein is the sum of Mdr1a and Mdr1b protein in rodents.
Therefore, it is the best to use Mdr1a/b (2/2) rat model to study the
human MDR1 protein.
In 2013, a new gene-editing technology called clustered regu-

larly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein-9 nuclease (Cas9) emerged (Cong et al., 2013;
Mali et al., 2013). CRISPR/Cas9 system was found in bacteria and
archaea as RNA-mediated adaptive immune system, which protect
them from viruses and plasmids. The CRISPR/Cas9 complex
consists of CRISPR RNA array, trans-activating CRISPR RNA,
and Cas9 nuclease (Wang et al., 2013; Shao et al., 2014). Compared
with ZFN and transcription activator–like effector nuclease (TALEN),

the CRISPR/Cas9 system can edit multiple genes simultaneously and
has few species limitations (Wu et al., 2013; Ceasar et al., 2016). At
present, CRISPR/Cas9 technology has been widely used in animal
modeling (Wang et al., 2016; Lu et al., 2017), disease research
(Maresch et al., 2016), gene therapy (Guan et al., 2016; Wei et al.,
2016), and other fields.
In this study, we attempted to manipulate the rat Mdr1a and Mdr1b

genes using CRISPR/Cas9 technology. At last, the Mdr1a/b (2/2) rat
model was successfully generated and then characterized for viability
and physiologic status. TheMdr1a/b (2/2) rat can be used as a valuable
tool to study the function of MDR1 in vivo.

Materials and Methods

Animals. Male and female Sprague-Dawley (SD) rats were purchased from
National Rodent Laboratory Animal Resources (Shanghai, People’s Republic of
China). The animals were kept in a specific pathogen-free facility with access to
rodent chow cubes and sterile water, with 12-hour light/dark cycles. All the

TABLE 1

Details for potential off-target sites examined

Match Name Location Coordinate Spacer + PAM Number of Mismatches Off-Target Score

Mdr1a_sgRNA Chr4 22411028-22411008 AGATAGCTTTGCAAATGTAGG 1.000
Mdr1a_off_1 Chr1 112379519-12379501 ATAGCTaTGCAAATGTAGG 1 0.504
Mdr1a_off_2 Chr3 99770595-99770575 AGATAtaTTTGCAAATGTtGG 2 0.490
Mdr1a_off_3 ChrX 24810132-24810152 AGATAGaTcTGCAAATGTAGG 2 0.490
Mdr1a_off_4 Chr13 2551589-2551609 AGAatGCTTTGCAAATGTtGG 2 0.490
Mdr1b_sgRNA Chr4 22303697-22303677 CCTCCTGATGCTGGTGTTCGG 1.000
Mdr1b_off_1 Chr2 28796708-28796688 CCTCCTGAcGCTGGTGTTaGG 1 0.700
Mdr1b_off_2 Chr7 116936453-116936472 CTCCTGcTGCTGGTGTTgGG 1 0.630
Mdr1b_off_3 Chr18 32294598-32294618 CCcCCTGAaGCTGGTGTTgGG 2 0.560
Mdr1b_off_4 Chr4 78995539-78995557 TCCTGtTGCTGGTGTTtGG 1 0.504
Mdr1b_off_5 Chr9 72153223-72153241 TCCTGgTGCTGGTGTTtGG 1 0.504
Mdr1b_off_6 Chr12 31163904-31163886 TCCTGAaGCTGGTGTTgGG 1 0.504
Mdr1b_off_7 Chr7 25894904-25894886 TCCTGAgGCTGGTGTTaGG 1 0.504

PAM, protospacer adjacent motif.

TABLE 2

Primer pairs used in this research

NO Primer Name Primer Sequence (59-39) NO Primer Name Primer Sequence (59-39)

1 Mdr1a-genotyping-S GGGAAATACTCACCATCCAA 15 Cyp3a2-qPCR-S AGCCTGACTTTCCCTCAA
Mdr1a-genotyping-A AGCCTCCACTACATAGACCACT Cyp3a2-qPCR-A TCACAGACCTTGCCAACT

2 Mdr1b-genotyping-S GCACATCAGACGCACTTCAC 16 Cyp3a9-qPCR-S CTGTGGGTTGTTAAGGGAA
Mdr1b-genotyping-A CACCGCCTTTCACAGCACAA Cyp3a9-qPCR-A TGAGGCAGGGATCGGAGGA

3 Mdr1a-off-1-S GGTCAAGGCTTTACTCATAT 17 Cyp3a18-qPCR-S ACCCAAACCTGTGCCTTTA
Mdr1a-off-1-A TGTAGGACTATAAGTGGTGC Cyp3a18-qPCR-A CACATGCCATCACCGTAG

4 Mdr1a-off-2-S AAACAAGAACTTAGCCACAG 18 Cyp3a62-qPCR-S AGGCAATCCTATCACCAT
Mdr1a-off-2-A GTATCCCTTACAAAGCAACA Cyp3a62-qPCR-A GGGAATCCACGTTTACTC

5 Mdr1a-off-3-S CTTGGGAAGCATAGCAGACA 19 Slc10a1-qPCR-S AATCAAGCCTCCAAAGGACCA
Mdr1a-off-3-A CCATATTCTAAGGCCCATCT Slc10a1-qPCR-A GGTTTGCCCGAAGTGCTAGA

6 Mdr1a-off-4-S GGCGTACAAAGTGACAAGAT 20 Slc15a1-qPCR-S GACCAGATGCAGACGGTGAA
Mdr1a-off-4-A TCAAAGGAATGAAGACTGAAAT Slc15a1-qPCR-A ATTTCCGCTGGGGAAGACTG

7 Mdr1b-off-1-S TCAAATCCACAGTGATCTGCCTAC 21 Slc22a1-qPCR-S TTGTTTGGGGTTTTGGGCCT
Mdr1b-off-1-A AAACGCTTCCGACTGGTGCT Slc22a1-qPCR-A CCAAGTGGCAAGTCCTCCTT

8 Mdr1b-off-2-S TTCTGCCTGGTCAAAGAGTGG 22 Slc28a1-qPCR-S TGCCCATCATCATCTTCTTC
Mdr1b-off-2-A AACTGCCTTCTTGTGCTTGCTT Slc28a1-qPCR-A CCGCCACACTCAGTGTCTC

9 Mdr1b-off-3-S AAGGGAAGATACCGTTCTGG 23 Slc1b2-qPCR-S TGCACCTAGGTACTCTGCAT
Mdr1b-off-3-A CTGAGCCATTGATCCCCACT Slc1b2-qPCR-A ACCAACCCAACGAGCATCAT

10 Mdr1b-off-4-S GGGGCTGTCCCTGTTTATCC 24 Abcb11-qPCR-S TTCTTGCAAATTCCGCTGCC
Mdr1b-off-4-A CCCTCCTGTGAGTGCCTTTAC Abcb11-qPCR-A AGACCACCCTGAAAACGTGG

11 Mdr1b-off-5-S TTTGCCCATTGCAGCAACTT 25 Abcc1-qPCR-S TGTGCAGAGGTTCTATGTGGC
Mdr1b-off-5-A CCCCAGGAAGGAACGTAATAAGAG Abcc1-qPCR-A TCCTCAAAGGCACGGATGAC

12 Mdr1b-off-6-S AGTGGTCTTTGGCTAGAGTGG 26 Abcc2-qPCR-S GCACATGGCTCCTGGTTTTG
Mdr1b-off-6-A TGTGGTCCTGGCTATGATGC Abcc2-qPCR-A ATACGCCGCATAAGACCGAG

13 Mdr1b-off-7-S GGGAGCATGTGCCCACTATCC 27 Abcc3-qPCR-S CACCATCATCCCTCAGGACCC
Mdr1b-off-7-A AGAACCACCGAAGGCAGACA Abcc3-qPCR-A ATCAGTCTCCAGGTCAATGGC

14 Cyp3a1-qPCR-S CCAGCTAGAGGGACAACA 28 Abcg2-qPCR-S GGGACTGATTATTGGTGCCCT
Cyp3a1-qPCR-A TTATGGCACTCCACATCG Abcg2-qPCR-A CACCGTCCTCTTCAGTCCTAAC
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protocols of animal experiments in this study were approved by the Ethics
Committee on Animal Experimentation of East China Normal University (Shanghai,
People’s Republic of China).

Chemicals and Reagents. Oligos [60 base pairs (bp), containing Mdr1a or
Mdr1bKO target sites] and all primers for polymerase chain reaction (PCR) were
synthesized by Biosune Biotechnology Co. LTD (Shanghai, People’s Republic of
China). SYBR Premix Ex Taq and Prime Script RTReagent Kit were bought from
TaKaRa (Dalian, Shanghai, People’s Republic of China). Primary antibodies for
MDR1 and b-actin were purchased from Abcam (Cambridge, UK). The
fluorescence-conjugated secondary antibody to rabbit IgG and mouse IgG were
bought from Cell Signaling Technology (Danvers, MA). Digoxin and digitoxin
were obtained from Sigma-Aldrich (St. Louis, MO).

Target Site Selection. Selecting a right mutation target ofMdr1a andMdr1b
gene is very important. In general, the first coding exon of the gene is chosen to be
edited. Since the first two exon sequences of Mdr1a and Mdr1b are less than
70 bp, the target is selected on the third exon. The selected sequences of Mdr1a
and Mdr1b genes were submitted to an online optimized CRISPR design tool
(http://tools.genome-engineering.org, created by F. Zhang’s laboratory at the
Broad Institute of Harvard and Massachusetts Institute of Technology, Cam-
bridge, MA) to generate some information about potential targets. The length of
both theMdr1a andMdr1b target sequences was 18 bp followed by a protospacer
adjacent motif site (59-NGG-39) in the 39 end.

In Vitro Construction of Templates for Transcription of Single Guide
RNA and Cas9 mRNA. The first step was to synthesize a 60 bp oligodeox-
ynucleotides sequence, including the T7 promoter and single guide RNA
(sgRNA) targets. The second step was to construct sgRNA templates by PCR
with universal primers. The resulting templates can be used in vitro transcription
with T7 transcription kit. The Cas9 plasmid was linearized by NotI, purified by
phenol-chloroform extraction methods, and used as a template for in vitro
transcription.

Cas9/sgRNA Injection into Zygote. Robust 8-week-old SD male rats were
generally selected for vasectomy, and then 10-week-old SD female rats were
selected for mating with the above-mentioned male rats for pseudopregnancy.
To collect fertilized eggs, 8-week-old SD superovulated female rats were
crossed with healthy fertile male rats. Embryos are obtained from super-
ovulated female rats in the morning after mating. Before microinjection, the
embryos were incubated in culture medium for 3–4 hours at 37�C and 5% CO2.
Then the mixture of Mdr1a/b sgRNA (25 ng/ml each target) and Cas9 mRNA
(50 ng/ml) was microinjected into the cytoplasm of one-cell embryos. The
injected embryos were placed in an incubator and cultured overnight. After
that, the embryos were then transplanted into the oviducts of the pseudopreg-
nant female rats.

Genomic DNA Preparation and Genotyping. Genomic DNAwas extracted
from the rat toes. Purified DNAwas amplified byMdr1a/b primers (Table 2) with
EasyTaq DNA Polymerase (TransGen Biotech Co., LTD, Beijing, People’s
Republic of China). To identify the genotypes of the F0 chimeras, T7 endonuclease
I (T7E I) assay was used to determine whether the genes of the F0 generation have
insertion or deletion mutations and according to the TA Cloning Kit (Thermo
Fisher Scientific, Waltham, MA) instructions, PCR products amplified from each
F0 genome were cloned into pMD 18-T vectors followed by the sequencing of
these clones. The genome types of F1 and F2 generation were identified through
direct sequencing of the PCR products. The gene sequence data were analyzed by
DNAMAN (Lynnon Biosoft, San Ramon, CA).

Off-Target Site Detection. The off-target information was output from
the prediction website (http://cas9.wicp.net/), after the input of the target
sequence of the two genes. Several sites (Table 1), with a relative high
probability of being off-target (score . 0.45) were selected to detect off-
target effects using the T7E I assay. Primer pairs for off-target effect
detection are listed in Table 2.

Western Blot Analysis.MaleMdr1a/b (2/2) rats andwild-type (WT) rats (8-
week-old) were sacrificed, and tissues (liver, small intestine, kidney, and brain)
were collected and frozen at 280�C for further processing. Tissues were
ground with liquid nitrogen and then the total protein (TP) was extracted by
adding radioimmunoprecipitation assay buffer to the ground tissues. Each
protein sample (100 mg/lane) was loaded onto a 10% SDS-PAGE gel and
then transferred onto the nitrocellulose membranes. Membranes were in-
cubated with a rabbit anti-MDR1 monoclonal antibody (diluted 1:2000) at
4�C overnight, followed by incubation with anti-rabbit secondary antibody

(diluted 1:10,000) at room temperature for 1 hour. The b-actin was used as a
loading control.

Analysis of Serum Physiologic Indexes. Male Mdr1a/b (2/2) rats and WT
rats (8 weeks old) were used in this study to confirm whether there were some
abnormal physiologic changes afterMdr1a/bKO. Rats were fasted overnight with
free access to water before serum collection. Blood samples were taken from the tail
vein, and the serum samples obtained were used for clinical chemistry analysis. Serum
biochemistry parameters were determined by ADICON Clinical Laboratories (Shang-
hai, People’sRepublic ofChina). The levels of globulin (GLB), albumin (ALB), alanine
aminotransferase (ALT), aspartate amino transferase (AST), alkaline phosphatase
(ALP), direct bilirubin (D-BIL), indirect bilirubin (I-BIL), total bilirubin (T-BIL), low-
density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C),
total cholesterol (T-CH), total bile acid (TBA), TP, and triglycerides (TGs) were
detected and compared between WT andMdr1a/b (2/2) rats.

Quantitative Reverse-Transcription PCR for mRNA Analysis. The 8-week-
old WT and Mdr1a/b (2/2) rats were executed by carbon dioxide asphyxiation
and tissues (liver, small intestine, kidney, and brain) were excised.All tissueswere
groundwith liquid nitrogen and processed using TRIzol reagent to extract the total
RNA. The total RNA was reverse transcribed into cDNA using the TaKaRa
RR036A RT Kit. Real-time quantitative PCR was performed using the Quant

Fig. 1. Genotyping of Mdr1a/b KO rats generated by the CRISPR-Cas9 system. (a)
Screening offspring of gene mutations in F0 generation for Mdr1a by T7E I
digestion. T7E I2, before T7E I digestion; T7E I+, after T7E I digestion. The
positive result indicated that there were 10 rats that may carry mutations near the
Mdr1a target site. (b) Sequencing peaks of Mdr1a gene in WT, heterozygote, and
KO rats in F2 generation. (c) Sequencing peaks of Mdr1b gene in WT, heterozygote,
and KO rats in F2 generation. HZ, heterozygote.
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Studio 3 Real-Time PCR System (Thermo Fisher Scientific). The relative mRNA
expression of Abcb11, Abcc1, Abcc2, Abcc3, Abcg2, Slc10a1, Slc15a1, Slc1b2,
Slc22a1, Slc28a1, Cyp3a1, Cyp3a2, Cyp3a9, Cyp3a18, andCyp3a62 genes were
detected, and primers designed for quantification are listed in Table 2. The mRNA
expression for each gene was normalized to the average of Actb in each sample.

Digoxin Pharmacokinetic Studies in WT and Mdr1a/B (2/2) Rats. Male
WT and Mdr1a/b (2/2) rats were used in these studies. Digoxin, evenly
distributed in 0.5% CMC-Na (carboxymethyl cellulose-sodium salt), was
administered orally to WT and KO rats by gavage at a single dose of 0.5 mg/kg.
Blood samples were collected at 5, 15, 30, 60, 120, 240, and 480minutes from the
caudal vein after digoxin administration. Blood samples were centrifuged at
5500g for 15minutes at 4�C, and the supernatant plasma samples were transferred
into new tubes and frozen at 220�C until analysis.

Quantification of Digoxin in Plasma Samples by Liquid Chromatography-
Tandem Mass Spectroscopy. Digoxin and digitoxin (internal standard) were
quantified by liquid chromatography-tandem mass spectroscopy. The system
consisted of an Agilent 1290 high-performance liquid chromatography system
and a 6460 Triple Quadrupole Mass Spectrometer coupled with an Agilent Jet
Stream electrospray ionization ion source (Agilent Technologies, Santa Clara,
CA). Chromatography separation was performed on an Agilent Zorbax Eclipse
Plus C18 column (2.1 � 50 mm, 1.8 mm), using a gradient of water (A) and
acetonitrile (B) with a flow rate of 0.2 ml/min. Digoxin and digitoxin were both
monitored in negative electrospray ionization mode, with the ion transition of
779.3 → 110.7 and 763.5 → 633.1, respectively.

Statistical Data Analysis. The pharmacokinetic parameters of digoxin were
calculated by noncompartmental modeling with WinNonlin professional

Fig. 2. Off-target detection of CRISPR/Cas9–induced mutation in
three Mdr1a/b KO rats. (a) Four off-target sites for Mdr1a sgRNA
were selected and analyzed by T7E I assay. (b) Seven off-target
sites for Mdr1b sgRNA were selected and analyzed by T7E I assay.
No off-target cleavage was detected in Mdr1a/b KO rats. T7E I2,
before T7E I digestion; T7E I+, after T7E I digestion.
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version 5.2.1 (Pharsight Corporation, St. Louis, MO). Mean plasma
concentration-time curves were plotted by GraphPad Prism 6.0 (GraphPad
Software Inc., San Diego, CA). All data were shown as the mean 6 S.D.
Statistical analysis between different groups was performed using a two-tailed
t test, and the difference was considered to be statistically significant if the P
value was less than 0.05.

Results

Generation of Mdr1a and Mdr1b Double-KO Rats Using
CRISPR/Cas9. To generate Mdr1a and Mdr1b double-KO rats, we
coinjected the sgRNA and cas9 mRNA of Mdr1a and Mdr1b into
fertilized eggs under one-cell stage. A total of 15 newborn rats was

Fig. 3. Physiologic indexes of Mdr1a/b double-KO rats and WT rats. Serum samples were collected from 8-week-old KO and WT male rats. The levels of GLB, ALB,
ALB/AST, ALT, AST, AST/ALT, ALP, D-BIL, I-BIL, T-BIL, LDL-C, HDL-C, T-CH, TBA, TP, TGs, and body weight were calculated and compared between WT and
Mdr1a/b (2/2) rats (n = 6). Values are shown as the mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 compared with WT rats.
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obtained. We randomly numbered these 15 rats of F0 generation as 1# to
15#. T7E I can cleave mismatched hybrid duplexes. The amplified
products of F0 generation were treated with T7E I and then subjected to
agarose gel electrophoresis. As shown in Fig. 1a, multiple mutant alleles
were identified in these founders numbered 1#, 2#, 3#, 5#, 6#, 7#, 9#,
10#, 11#, 13#. Meanwhile, the electrophoresis stripes of 7#, 10#, and
11# were much shorter than the expected length (795 bp) without T7E I
digestion. It suggested that a relative longer gene fragment may be
deleted around the target site (Fig. 1a). The 10 rats with gene mutation
simultaneously amplified the sequence-targeted loci of Mdr1a and
Mdr1b, and then the PCR products were purified and linked to the
pMD18-T vectors for sequencing. The results indicated that the F0
generations carrying bothMdr1a andMdr1bmutations were 2#, 5#, 6#,
7#, 9#, and 10# (data not shown). Thus, these six rats were crossed with
WT rats. In summary, a total of 15 young rats were born. Among them,
six rats carrying bothMdr1a andMdr1b mutations were identified, and
four rats carrying onlyMdr1a mutations were identified. Therefore, the
success rate to get F0 founders with both Mdr1a and Mdr1b mutations
was 40%, the success rate to get F0 founders with onlyMdr1amutation
was 26.7%, and the success rate to get F0 founders with a mutation,
including Mdr1a and Mdr1b single mutation and double mutation, was
66.7%. When the F1 offspring were born, the genomes were extracted
and the sequence around the target site was amplified by PCR, followed
by sequencing. Only heterozygotes containing a mutation of these two
genes were selected for further breeding to get homozygotes lacking
both Mdr1a and Mdr1b (Fig. 1, b and c).
Off-Target Analysis. In this experiment, the sgRNA and cas9

mRNA of Mdr1a and Mdr1b were coinjected into one-cell fertilized
eggs. Thus, the possible off-target sites of two sgRNAs should be
simultaneously detected in Mdr1a/b (2/2) rats. Three Mdr1a/b (2/2)
rats were randomly selected to amplify the potential off-target fragments
using 11 pairs designed primers (Table 2). The products were digested
with T7E I and then performed by agarose gel electrophoresis. The
electrophoretic bands of all products were simple and uniform in size,
illustrating that analyses of rat genomic regions did not detect any off-
target cleavage (Fig. 2).
Biochemistry Analysis of WT and Mdr1a and Mdr1b Dou-

ble-KO Rats. The normality of various physiologic indicators of
experimental animals is a guarantee for successful experiments and
reliable results. The biochemistry indexes play an important role in the
establishment of experimental animal models and pharmacological and
toxicological studies of drugs. Therefore, whether the gene deletion has
adverse effects on rat physiology conditions, reproductive status, and
liver function is a crucial step in the validation of theMdr1a/b (2/2) rat
model. Serum biochemistry data indicated that in Mdr1a/b (2/2) rats,
the levels of ALB, GLB, ALB/GLB, AST/ALT, LDL-C, and TGs had
no significant difference compared with those of WT rats, but the
concentrations of D-BIL, I-BIL, T-BIL, HDL-C, T-CH, and TBA in KO
rats were significantly increased (Fig. 3). Moreover, the levels of ALT,
AST, ALP, and TP in the serum ofMdr1a/b KO rats were significantly
decreased, compared with those of WT rats (Fig. 3). In addition,
Mdr1a/bKO rats showed no significant and apparent differences in body
weight (Fig. 3), litter size, natality, and growth/development comparedwith
WT rats, and no sex differences were found among these characteristics.
Detection of MDR1 by Western Blot. To confirm that the CRISPR-

generated mutations resulted in an absence of MDR1 protein, we used
Western blotting to detect the MDR1 expression in several tissues
(liver, small intestine, kidney, and brain), in which the protein was
mainly expressed. As shown in Fig. 4, the MDR1 protein was
completely absent in the liver, small intestine, kidney, and brain of the
three KO rats analyzed. These results proved that MDR1 was knocked
out in the above-mentioned tissues.

Compensatory Changes in Gene Expression Profiling in Liver,
Small Intestine, Kidney, and Brain. To investigate whether the
absence ofMdr1a andMdr1b could alter the expression profile of other
ABC transporters, solute carrier transporters and CYP3A metabolic
enzymes, we used quantitative reverse-transcription PCR to determine
the changes of mRNA expression in liver, small intestine, kidney, and
brain ofWT andMdr1a/b (2/2) male rats. In small intestine, themRNA
expression of Abcg2, Abcc2, and Cyp3a2 was upregulated in KO rats
compared with WT rats (Fig. 5a). The mRNA expression of Cyp3a62
was downregulated in the small intestine of KO rats, whereas the
expressions of Abcc1, Abcc3, Slc15a1, Slc22a1, Slc28a1, Cyp3a1,
Cyp3a9, and Cyp3a18 in KO rats were not changed compared with WT
rats (Fig. 5a). In the liver of Mdr1a/b (2/2) rats, the expressions of
Abcg5, Abcg8, Slc15a1, Slc22a1, and Cyp3a2 were significantly lower,
but Cyp3a9 expression was higher than that in WT rats (Fig. 5b). Abcc2
mRNA and Slc15a1 mRNA were decreased in the kidney of Mdr1a/b
(2/2) rats compared with WT rats (Fig. 5c). No significant change was
detected in any other analyzed genes. All geneswe examined in the brain
of KO and WT rats showed no significant difference (Fig. 5d).
Pharmacokinetics of Digoxin in Mdr1a and Mdr1b Double-KO

Rats. To further assess the damaged efflux function of MDR1 in
Mdr1a/b (2/2) KO rats, a single dose of digoxin was administrated
by gavage in both KO and WT rats. As shown in Fig. 6 and Table 3,
compared with WT rats, the Cmax and the area under the time-plasma
concentration curve were significantly increased by 287% and 101% in
KO rats, respectively. Moreover, the time to reach peak concentration of
digoxin in KO rats was only 27% of that in WT rats, indicating that the
absorption of digoxin was significantly faster in KO rats.

Discussion

As we all know, chemotherapy is one of the most important and
effective ways to treat cancer. However, chemotherapy often does not
work because of drug resistance. Among various resistancemechanisms,
drug transporters are associated with MDR by extrusion of anticancer
drugs (Holohan et al., 2013). In fact, at least 15 members of ABC
transporter group have shown resistance to the drug (Li et al., 2016). In
particular, MDR1, also known as P-glycoprotein or ABCB1, has been
extensively studied in relation to MDR. MDR1 is not only expressed in
many normal tissues (e.g., intestine, liver, kidney, and brain), but also is
overexpressed in tumors. In addition, the expression of MDR1 can be
induced by chemotherapy (Holohan et al., 2013). Since MDR1 is a key
determinant of MDR, many anti-MDR strategies about MDR1 have

Fig. 4. Detection of MDR1 protein by Western blot. No detectable levels of MDR1
protein in intestine, brain, kidney, and liver of KO rats compared with WT rats (n = 3).
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been reported (Li et al., 2016). Therefore, a novel MDR1 KO animal
model is necessary to study the function of MDR1 in vivo.
The earliest gene KO technology is based on the principle of

homologous recombination, with a low efficiency and long experimental
cycle. With the development of biotechnology, the emergence of ZFN
and TALEN technologies has greatly improved the efficiency of gene
KO. Based on the above techniques, researchers successfully established
Mdr1a, Mdr1b, and Mdr1a/b KO mice (Schinkel et al., 1994, 1997).
However, the complexity of the experimental design and the high cost
are the main constraints for further development of ZFN and TALEN.
Compared with the mouse model, rats are more often used in
pharmacokinetic and toxicological studies because of, for example, their

large size and adequate blood volume. In particular, according to the data
in the National Center for Biotechnology Information database, MDR1
in rats is closer to humans in terms of genome level, RNA level, and
protein level. Therefore, rats are significantly better than mice in the
study ofMDR1. Although theMdr1a gene KOwas reported by the ZFN
technique in rats (Chu et al., 2012), the Mdr1a/b double-KO rat model
did not appear because of the difficulty of gene editing. This study
successfully generated the Mdr1a/b KO rat model based on CRISPR/
Cas9 technology for the first time. Western blot assay confirmed that
there was no MDR1 in the small intestine, brain, kidney, and liver.
Further, the loss of MDR1 function significantly increased digoxin
uptake in Mdr1a/b (2/2) rats.

Fig. 5. Gene expression of various transporters
and Cyp3a subfamily in Mdr1a/b (2/2) rat
intestine (a), liver (b), kidney (c), and brain (d)
compared with WT rats, which were analyzed
using quantitative PCR (n = 5). Values are
shown as the mean 6 S.D. *P , 0.05; **P ,
0.01; ***P , 0.001 compared with WT rats.
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The normal physiologic function of laboratory animals is an impor-
tant prerequisite and is a guarantee for reliable experimental results.
Physiologic indexes of experimental animals are also an important part
of establishing experimental animal models in pharmacology and
toxicology research. Therefore, it is an important step to make sure of
the adverse effects on various physiologic indexes in the validation of
the Mdr1a/b (2/2) rat model. By comparing the serum clinical
chemistry parameters of adult KO and WT rats at the same age, we
found that KO andWT rats had equivalent levels of ALB, GLB, LDL-C,
TG, TP, ALB/GLB, and AST/ALT. However, the serum levels of
D-BIL, I-BIL, T-BIL, HDL-C, T-CH, and TBA were significantly
upregulated in Mdr1a/b (2/2) rats. Some experimental studies have
shown that the presence of cholesterol increases the rate of MDR1 drug
efflux (Sheehy et al., 2015; Subramanian et al., 2016). Cholesterol is
catalyzed by CYP7A1, and through a series of biochemical reactions it
eventually produces cholic acid, which is a primary bile acid (Dawson,
2015). Bile acid and cholesterol are secreted into the bile duct through
ABCB11 and ABCG5/G8 (Yu et al., 2002; Stieger, 2009). Previous
reports (Wang et al., 2009) have claimed that MDR1 and ABCB11 play
a compensatory role in bile salt transport. In this study, the expression of
Abcg5 and Abcg8 in the liver of KO rats was significantly lower than that
of WT rats. Therefore, when MDR1 is null, cholesterol and bile acids
may be deposited in the body. Previous studies (Bellarosa et al., 2009)
have reported that MDR1 may limit the transfer of bilirubin through the
blood-brain barrier, suggesting that bilirubin may be an endogenous
substrate of MDR1. We also found that Mdr1a-deficient rats accumu-
lated higher levels of D-BIL, I-BIL, and T-BIL than WT rats. However,
in Mdr1a/b (2/2) rats, the levels of ALP, AST, and ALT were
significantly downregulated, whereas the AST/ALT level in serum was
not significant different compared withWT rats. These changes may not
cause liver parenchymal damage, but these changes in clinical chemistry
may lead to physiologic differences between Mdr1a/b (2/2) and WT
rats, which should be considered in the further application of this model.
To investigate whether the deletion of Mdr1a and Mdr1b alters the

expression profiles of other drug transporters, we selected some
important solute carrier transporters and other ABC transporters
associated with drug transport, and then detected their mRNA expres-
sion in the major expressed tissues. The important ABC proteins include
MDR 1 (MDR1, gene symbol ABCB1), MDR protein 1 (MRP1, gene
symbol ABCC1), MDR protein 2 (MRP2, gene symbol ABCC2), and
breast cancer resistance protein (BCRP, gene symbol ABCG2). Our data

showed that Abcg2 was upregulated only in the intestinal tract of male
Mdr1a/b (2/2) rats. The expression of Abcc2 in intestinal tissues was
significantly increased, whereas the expression of Abcc2 in renal tissues
of male Mdr1a/b (2/2) rats was significantly decreased. Substantial
evidence suggests that these efflux pumps have overlapping functions in
tissue defense andMDR (Leslie et al., 2005). The intestine represents the
first barrier of the body and is a defense against the invasion of
xenobiotics including toxins and drugs. After KOMDR1, this defensive
ability may beweakened, and other transporters will also be upregulated.
However, it is not clear whether this change at the mRNA level will lead
to changes in protein expression, which needs further study.
Cytochrome P450 (P450), a heme-containing superoxide monoox-

ygenase superfamily, plays an important role in the metabolism of
various endogenous and exogenous substances. P450 is one of the most
important phase I drug-metabolizing enzymes in the human body, and is
expressed mainly in the liver, gastrointestinal tract, and kidney, with a
small amount of expression in the brain, lung, breast, skin, and other
organs and tissues (Estabrook, 2003). P450 enzymes involved in drug
metabolism are mainly in the CYP1/2/3 families. The CYP3A sub-
family, one of the most metabolically active subtypes, plays a key role in
eliminating endogenous substances and more than half of therapeutic
drugs (Takara et al., 2003). In rats, CYP3A subtype has five members:
CYP3A1, CYP3A2, CYP3A9, CYP3A18, and CYP3A62 (Takara et al.,
2003; Matsubara et al., 2004). These isoforms are predominantly
expressed in the liver, but can also be found in other organs such as
the intestine, kidney, and brain. In fact, the distribution of CYP3A and
MDR1 is very similar. More interestingly, there is a wide overlap
between the substrates of CYP3A and MDR1 (van Waterschoot and
Schinkel, 2011). Recent studies (van Waterschoot and Schinkel, 2011;
Yu et al., 2014) have reported that CYP3A and MDR1 have similar
functions in regulating oral drug bioavailability, drug resistance, and
drug-drug interaction. This study found that Cyp3a62 expression was
significantly lower in the intestine and Cyp3a9 expression was much
higher in the liver of maleMdr1a/b (2/2) rats. Cyp3a2 expression was
hiked in the intestine but lower in the liver of maleMdr1a/b (2/2) rats.
There were no significant changes in the expression of other Cyp3a
subtypes at the mRNA level in Mdr1a/b (2/2) rats. The strategic
colocalization of CYP3A and MDR1 in intestinal epithelial cells and
hepatocytes leads to the possible interaction of these proteins in the
treatment of common substrates. The specific mechanism of this change
is still unclear. Further studies are needed to confirm whether these
changes can affect CYP3A activity.
Digoxin, recommended by the Food and Drug Administration, is

often used as a probe substrate for MDR1 in vivo pharmacokinetic
studies (Nader and Foster, 2014), because it has the advantage of
not being metabolized by any CYP3A enzyme (Lacarelle et al.,
1991; Fenner et al., 2009). In this study, the significant difference in
digoxin absorption between WT and KO rats was observed, thus
suggesting that the Mdr1a/b double-KO rat can be used as a
sensitive model to study the activity of MDR1 in vivo. In addition,

Fig. 6. Plasma concentrations of digoxin in KO and WT rats were measured by
liquid chromatography-tandem mass spectroscopy after oral administration
(0.5 mg/kg) of digoxin. Each value represents the mean 6 S.D. of six rats.

TABLE 3

Pharmacokinetic parameters of digoxin after oral administration in WT and KO rats

The dose of digoxin was 0.5 mg/kg. All data are shown as the mean 6 S.D. (n = 6).

Parameters WT KO

Cmax (ng/ml) 49.9 6 20.3 193.4 6 65.5***
tmax (min) 82.5 6 44.2 22.5 6 18.4*
AUC0-t (ng/min per milliliter) 11,033.3 6 2938.1 22,182.8 6 3658.5***
AUC0-‘ (ng/min per milliliter) 11,827.9 6 2967.3 22,831.2 6 3646.2***

AUC0–‘, area under the plasma concentration-time curve during 0–‘ min; AUC0–t, area under
the plasma concentration-time curve during 0–480 min; tmax, time to peak plasma concentration.

*P , 0.05; ***P , 0.001 compared with WT rats.
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theMdr1a/b double-KO rat could be used to evaluate whether compounds
are substrates for MDR1.
In summary, an Mdr1a/b KO rat model was successfully generated

using CRISPR/Cas9 technology. No off-target cleavage was detected at
11 predicted sites of theMdr1a/b KO rat. This new rat model is of great
significance to further investigate the function of MDR1 in drug
transport, toxicity, and drug resistance. Moreover, this model may be
a useful tool for studying the partnership between MDR1 and CYP3A
in vivo.
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