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Abstract: The RNA-guided clustered regularly interspaced short palindromic (CRISPR) in combination with a CRISPR-
associated nuclease 9 (Cas9) nuclease system is a new rapid and precise technology for genome editing. In the
present study, we applied the CRISPR/Cas9 system to target ABCB1 (also named MDR1) gene which encodes a
170 kDa transmembrane glycoprotein (P-glycoprotein/P-gp) transporting multiple types of chemotherapeutic drugs
including taxanes, epipodophyllotoxins, vinca alkaloids and anthracyclines out of cells to contribute multidrug re-
sistance (MDR) in cancer cells. Our data showed that knockout of ABCB1 by CRISPR/Cas9 system was succesfully
archieved with two target sgRNAs in two MDR cancer cells due to the alteration of genome sequences. Knockout of
ABCB1 by CRISPR/Cas9 system significantly enhances the sensitivity of ABCB1 substrate chemotherapeutic agents
and the intracellular accumulation of rhodamine 123 and doxorubicin in MDR cancer cells. Although now there are
lots of limitations to the application of CRISPR/Cas9 for editing cancer genes in human patients, our study provides
valuable clues for the use of the CRISPR/Cas9 technology in the investigation and conquest of cancer MDR.
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Introduction palindromic (CRISPR) in combination with a

CRISPR-associated nuclease 9 (Cas9) nuclease

Genome engineering is a highly desirable tech-
nology in biological research and biomedical
applications, allowing us to change genomic
sequences at will to control the fundamental
genetic information within a cell [1]. It has been
implemented in creating model cell lines or
organisms for the study of gene functions or
genetics of human diseases, and in gene thera-
py to correct deleterious genomic changes or
confer beneficial ones [2]. Genome engineering
using engineered nucleases has been one of
the most designable and scalable paths to
achieve precise editing of genomic sequences.
A number of genome editing technologies have
emerged in recent years, including zinc-finger
nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs) and the RNA-
guided clustered regularly interspaced short

system [3]. The first two technologies use a
strategy of tethering endonuclease catalytic
domains to modular DNA binding proteins for
inducing targeted DNA double-stranded breaks
(DSBs) at specific genomic loci. By contrast,
CRISPR/Cas9 is an adaptive immune system
that exists in a variety of microbes which was
used for eukaryotic genome engineering [4].
CRISPR/Cas was first discovered as a bacterial
defense mechanism against foreign DNA [5].
The CRISPR locus in microbes typically consists
of a set of noncoding RNA elements and
enzymes that harbors the ability to recognize
and cleave foreign nucleic acids based on their
sequence signature [6, 7]. Three known CRISPR
systems, types |, I, and lll, have been described
so far. Among these different CRISPR systems,
type Il CRISPR systems usually only require a
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Table 1. Summary of the sequences of
ABCB1 sgRNAs and primers

Primer Sequence (5’ to 3’)

Sg 1-F CACCGTTGGACTGTCAGCTGCTGTC
Sg 1-R AAACGACAGCAGCTGACAGTCCAAC
Sg 2-F CACCGTGGACTTCCTCTCATGATGC
Sg 2-R AAACGCATCATGAGAGGAAGTCCAC

Detection 1-F  TAGGTTGAATACTTCTTGTGTACAC
Detection 1-R  AAATAATCACATGGCCAAGAACAGC
Detection 2-F  TATATACCATTAAATACTTTTACAG
Detection 2-R  CTAATTAAGTTCCTATATTTCTTCT

single protein Cas9 to perform the target cleav-
age [8]. The main endonucleases Cas9 in the
type Il CRISPR system has been used to obtain
DNA deletion and insertion, gene mutation, as
well as transcriptional activation and repres-
sion, with multiplex targeting ability, just lead-
ing by a 20-nt guide RNA component and cut-
ting at the third nucleotide before protospacer
adjacent motif (PAM) “NGG” [9]. The rapid
development of CRISPR-Cas system results in
an explosion of interest in the use of it in
microbes, plants, animals and humans.

In the present study, we applied the CRISPR/
Cas9 system to target ABCB1 (also named
MDR1) gene which encodes a 170 kDa trans-
membrane glycoprotein (P-glycoprotein/P-gp)
transporting multiple types of chemotherapeu-
tic drugs including taxanes, epipodophyllotox-
ins, vinca alkaloids and anthracyclines out of
cells to contribute multidrug resistance (MDR)
in cancer cells.

Materials and methods
Cell culture and reagents

The two ABCB1-overexpressing MDR cell lines
KB,,,, @and HCT-8/V were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS), penicillin
(100 U/ml) and streptomycin (100 ng/ml) in a
humidified incubator at 37°C with 5% CO,.
Restriction endonuclease BsmBI was from New
England Biolabs. Polyetherimide (PEl) was from
Ploysciences. Vincristine, doxorubicin and cis-
platin were ordered from LC Laboratories. Pu-
romycin was from Selleck Chemicals. Methylth-
iazolyldiphenyl-tetrazolium bromide (MTT) was
from ApexBio Technology. Rhodamine 123 and
other chemicals were from Sigma-Aldrich. Anti-
ABCB1 (SC-13131) and anti-14-3-3 (SC-629)
antibodies were from Santa Cruz Biotechnology.
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Vector generation, lentivirus production and
transduction

LentiCRISPRv2 vector from Addgene (#52961)
was digested with BsmBl and ligated with
annealed oligonucleotides (ABCB1-sg1 and
ABCB1-sg1; Table 1). Human embryonic kidney
(HEK) cell line 293T were transfected using PEI
at 70% confluency with LentiCRISPRv2 and
packaging vectors pMD2G and psPAX2. Viral
supernatant was harvested 48 hours after
transfection and stored at -80°C. After trans-
duction with viral supernatant containing 10
pg/ml polybrene, KB, . and HCT-8/V cells
were selected with 50 yg/ml puromycin to gen-
erate the stable cell lines.

Western blot

Cells were harvested and lysed in RIPA buffer
(1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 uM
sodium orthovanadate) at 4°C for 30 minutes.
After centrifuged for 10 minutes at 14,000xg,
supernatants were collected. Protein concen-
tration was quantified using with Bradford
assay. Proteins were separated on 12% SDS-
PAGE gels and transferred to polyvinylidene
difluoride membranes. Membranes were bl-
ocked with 5% BSA and incubated with the in-
dicated primary antibodies. Corresponding
horseradish peroxidase-conjugated secondary
antibodies were used against each primary
antibody. Proteins were detected using the che-
miluminescent detection reagents and films
[10, 11].

Genomic PCR and sequencing analysis

The genomic DNA of cells was extracted with
the QuickExtract DNA extraction kit following
the manufacturer’s protocol and amplified with
a pair of primers (ABCB1-Detection 1 and
ABCB1-Detection 2; Table 1) designed for the
target region of interest using a Pfu DNA poly-
merase. Followed by agarose gel electrophore-
sis and ethidium bromide staining, the purified
PCR products were sequencing with an ABI
3131xl Genetic analyzer.

Cell viability assay

Cells were harvested with trypsin and resus-
pended in fresh culture medium, then seeded
into a 96-well plate at a density of 5000 cells/
well. After incubation for 72 hours, added 10 pl
of MTT solution (0.5 mg/ml) to each well, and
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Figure 1. Generate CRISPR/Cas9 vector to target ABCB1. The map of Len-
tiCRISPRvV2 vector (A) and the locations and sequences of two sgRNAs for
targeting ABCB1 (B) are shown.
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Figure 2. Stable knockout of ABCB1 by CRISPR/Cas9 system. KB, and HCT-
8/V cells were selected with puromycin after transduction with LentiCRIS-
PRv2 viral supernatant. The protein expression was examined by Western
blot after lysing cells, and 14-3-3 was used as loading control. The genomic
DNA of cells was amplified and sequenced by the designed primers. The rep-
resentative Western blot results (A), sequencing comparison (B) and original
data (C) are shown.
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then incubation for 4 hours in
a 37°C incubator containing
5% CO,, subsequently the
medium was discarded and
50 ul of dimethylsulfoxide
(DMSO) were added into each
well to dissolve the formazan
crystals, and absorbance at
570 nm was measured by
plate reader. The concentra-
tions required to inhibit gr-
owth by 50% (IC,;) were cal-
culated from survival curves
using the Bliss method [12,
13].

Rhodamine 123 and doxoru-
bicin accumulation

The intracellular accumula-
tion of rhodamine 123 and
doxorubicin in cells were per-
formed as previously descr-
ibed. The cell was seeded
into a 6-well plate at a densi-
ty of 2.5x10° cells/well. After
adhered, the cells were then
incubated with 10 uM rhoda-
mine 123 or doxorubicin for 2
hours at 37°C. After washing
three times with ice-cold
PBS, cells were analyzed with
FCM as previously described
[14, 15].

Statistical analysis

A student’s t-test was used to
compare individual data poi-
nts among each group. A
P-value of <0.05 was set as
the criterion for statistical
significance.

Results

Generate CRISPR/Cas9 vec-
tor to target ABCB1

To target ABCB1 with CRIS-
PR/Cas9 system, we used
LentiCRISPRv2 vector which
expresses both hSpCas9 and
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the chimeric guide RNA (Figure 1A) [16]. The
two targeting sequences from exon 5 and 8 of
ABCB1 end with a ¥ NGG* PAM (protospacer-
adjacent motif) sequence were cloned into
LentiCRISPRv2 vector respectively (Figure 1B).
After identified by sequencing, the two vectors
expressed sgRNA1 (sgl) or sgRNA2 (sg2) to
target ABCB1 were successfully generated.

Stable knockout of ABCB1 by CRISPR/Cas9
system

To establish cell lines stably expressed sgRNA
to target ABCB1, the two ABCB1-overexpressing
MDR cell lines KB,,,, and HCT-8/V cells were
selected with puromycin after transduction
with LentiCRISPRv2 viral supernatant. The pro-
teins of stable cell lines were isolated and ana-
lyzed by western blotting. As shown in Figure
2A, the protein levels of ABCB1 were undetect-
able in both KB, ,,, and HCT-8/V cells stably
expressed either sg1 or sg2. To further identify
the genomic change of targeting ABCB1 by
CRISPR/Cas9 system, the genomic DNA of cells
was extracted and amplified using the designed
primers by PCR reaction. The sequencing
results of PCR productions showed that there
were an insert “T” before 4 nuclotides of PAM in
the genomes of both KB, ., and HCT-8/V cells
stably expressed sg1, and an mutant from “CT”
to “GC” before 1 nuclotides of PAM in the target
genomes of both KB, and HCT-8/V cells sta-
bly expressed sg2 (Figure 2B and 2C). These
data suggest that cells with stable knockout of
ABCB1 by CRISPR-Cas9 system were success-
fully established.

Knockout of ABCB1 by CRISPR/Cas9 system
enhances the sensitivity of ABCB1 substrate
chemotherapeutic agents in MDR cancer cells

To investigate the effects of knockout of ABCB1
by CRISPR/Cas9 system on the drug sensitivity
in MDR cancer cells, we tested the cytotoxicity
of two ABCB1 substrates vincristine and doxo-
rubicin and one non-ABCB1 substrate cisplatin
at the various concentrations in KB, , and
HCT-8/V cells with or without knockout of
ABCB1. As shown in Figure 3, both KB,,,, @nd
HCT-8/V cells stably expressed either sgl or
sg2 were more sensitive to vincristine and
doxorubicin but not to cisplatin. These results
suggest that knockout of ABCB1 by CRISPR/
Cas9 system could enhance the sensitivity of
ABCB1 substrate chemotherapeutic agents in

MDR cancer cells.
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Knockout of ABCB1 by CRISPR/Cas9 system
increases the intracellular accumulation of
rhodamine 123 and doxorubicin in MDR can-
cer cells

To examine the effects of knockout of ABCB1
by CRISPR/Cas9 system on the intracellular
drug accumulation in MDR cancer cells, we
detected the intracellular accumulation of two
ABCB1 substrates rhodamine 123 and doxoru-
bicin in KB, and HCT-8/V cells with or without
knockout of ABCB1. As shown in Figure 4A-C,
both KB, and HCT-8/V cells stably expressed
either sg1 or sg2 had more intracellular accu-
mulation of rhodamine 123 and doxorubicin.
These data suggest that knockout of ABCB1 by
CRISPR/Cas9 system could increase the intra-
cellular accumulation of rhodamine 123 and

doxorubicin in MDR cancer cells.
Discussion

MDR is a phenomenon wherein patients do not
respond to chemotherapy from multiple anti-
cancer drugs with diverse structures and mech-
anisms of action, and is one of the main rea-
sons of failure of cancer chemotherapy [17].
Overexpressing the adenine triphosphate (ATP)-
binding cassette (ABC) transporters, especially
ABCB1, is one of common reasons to contrib-
ute MDR in cancer cells [18, 19]. Human ABCB1
gene encodes a 170 kDa transmembrane gly-
coprotein which expresses in a variety of nor-
mal tissues such as the apical membrane of
blood-brain barrier, kidney proximal tubule epi-
thelial cells and small intestine to protect the
body from xenobiotics and regulate drug
absorption and disposition [20]. ABCB1 can
transport multiple types of chemotherapeutic
drugs out of cells, such as the taxanes, epi-
podophyllotoxins, vinca alkaloids and anthracy-
clines, and this process is coupled to the ener-
gy of ATP hydrolysis on the ATPase domain [21,
22]. Therefore, inhibition of ABCB1 expression
and activity may be an effective approach to
overcome MDR in cancer chemotherapy. We
and others have developed a lot of inhibitors to
suppress the expression and activity of ABCB1,
including small molecular compounds wallichi-
nine [23], sipholenol A [24], UMMS-4 [25],
sildenafil [26], trametinib [14], erlotinib [27],
AG1478 [28], and biotechnological strategies
antibodies [29], antisense oligonucleotides
[30], RNA interference [15], etc. However, there
was no inhibitors of ABCB1 succesfully applied
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Figure 3. Knockout of ABCB1 by CRISPR/Cas9 system enhances the sensitivity of ABCB1 substrate chemothera-
peutic agents in MDR cancer cells. Cells were treated with the indicated concentrations of vincristine, doxorubicin

or cisplatin for 72 hours, and cell survival was measured by MTT assay. The representative growth curve of KB
and HCT-8/V treated with vincristine, doxorubicin and cisplatin are shown.

in clinical today. Consequently, it is necessary
to develop new approaches to target ABCB1
and reverse cancer MDR.

In the current study, we used the novel genome
editing technology CRISPR/Cas system to tar-

3990

V200

get ABCB1. Our data showed that knockout of
ABCB1 by CRISPR/Cas9 system was succes-
fully archieved with two target sgRNAs in two
MDR cancer cells due to the alteration of
genome sequences. Knockout of ABCB1 by
CRISPR/Cas9 system significantly enhances
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Figure 4. Knockout of ABCB1 by CRISPR/Cas9 system increases the intracellular accumulation of rhodamine 123
and doxorubicin in MDR cancer cells. Cells were incubated with 10 uM rhodamine 123 or doxorubicin for 2 hours
at 37 °C, measured by FCM and photographed by fluorescent microscope. The representative graphs (A), charts (B)

and quantified data (C) are shown. *P<0.05 vs. corresponding control.
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the sensitivity of ABCB1 substrate chemothera-
peutic agents and the intracellular accumula-
tion of rhodamine 123 and doxorubicin in MDR
cancer cells. Recently, Simoff et al also report-
ed complete knockout of endogenous ABCB1 in
MDCK cells by CRISPR/Cas9 system [31]. Many
groups have used CRISPR/Cas9 system for
precisely and rapidly engineering both loss-of-
function and gain-of-function mutations in
tumor-suppressor genes, oncogenes and other
regulator genes of cellular transformation or
drug response. For example, CRISPR/Cas9 sys-
tem has been applied to model colorectal can-
cer from normal human intestinal epithelium
organoids by introducing mutations in the
tumor suppressor genes APC, SMAD4 and
TP53, and oncogenes KRAS and/or PIK3CA
[32, 33]. Xue et al have generated liver tumors
in mice by using hydrodynamic injection to
deliver a CRISPR/Cas9 plasmid and sgRNAs to
the liver that directly target the tumour sup-
pressor genes PTEN and p53 [34]. The Cre-
dependent CRISPR/Cas9 knockin mouse has
lung adenocarcinoma formation by delivery of a
single AAV vector expressing sgRNAs in the
lung to target KRAS, p53, and LKB1 [35]. A
genome-wide CRISPR screen finds that loss-of-
function mutations of a small set of genes can
drive tumor growth and metastasis after in a
mouse model [36]. Another genome-wide
CRISPR screen identifies CDC25A as a determi-
nant of sensitivity to ATR Inhibitors [37].
CRISPR/Cas9 system can mediate efficient
PD-1 disruption on human primary T cells from
cancer patients [38]. Although now there are
lots of limitations to the application of CRISPR/
Cas9 for editing cancer genes in human
patients, the use of CRISPR/Cas9 system pro-
vides numerous great opportunities for better
understanding and treating cancer.

In summary, our results demonstrated that tar-
geting ABCB1 by CRISPR/Cas9-based genome
editing causes knockout of ABCB1 and revers-
es ABCB1-mediated MDR in cancer cells, result-
ing in the increase of the sensitivity and intra-
cellular accumulation of the anti-cancer drugs.
Our study provides valuable clues for the use of
the CRISPR/Cas9 technology in the investiga-
tion and conquest of cancer MDR.
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