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Precise gene correction using the CRISPR–Cas9 system in human iPS cells holds great promise for various
applications, such as the study of gene functions, disease modeling, and gene therapy. In this review
article, we summarize methods for effective editing of genomic sequences of iPS cells based on our expe-
riences correcting dystrophin gene mutations with the CRISPR–Cas9 system. Designing specific sgRNAs as
well as having efficient transfection methods and proper detection assays to assess genomic cleavage
activities are critical for successful genome editing in iPS cells. In addition, because iPS cells are fragile
by nature when dissociated into single cells, a step-by-step confirmation during the cell recovery process
is recommended to obtain an adequate number of genome-edited iPS cell clones. We hope that the tech-
niques described here will be useful for researchers from diverse backgrounds who would like to perform
genome editing in iPS cells.

� 2015 Published by Elsevier Inc.
1. Introduction

Programmable nucleases are artificial nucleases that bind and
cut a certain DNA sequence of interest, thereby introducing a
double stranded DNA break at a desired genomic locus and activat-
ing the host DNA repair response locally. During the DNA repair
process, the host DNA sequence can be altered by the introduction
of small deletion or insertion mutations via non-homologous end
joining (NHEJ) or by the insertion of extra sequences via homolo-
gous recombination (HR) pathways. Taking advantage of these
DNA repair processes, scientists have established genome editing
technology, with which they can alter a genomic sequence at a
desired locus. This technology has been proven to be a powerful
tool for disrupting, knocking-in and correcting an endogenous gene
in many organisms [1]. Among the several platforms of
programmable nucleases, the clustered regularly interspaced short
palindromic repeat (CRISPR) and CRISPR associated 9 (Cas9)
endonuclease system provides great flexibility and ease of use for
gene modification [2–5].
1.1. The CRISPR–Cas9 system

The CRISPR–Cas9 system is a prokaryotic defense system that
confers resistance against foreign genetic elements such as viral
or plasmid DNA. CRISPR RNA (crRNA) and trans-activating crRNA
(tracrRNA) form a complex with Cas9 protein to recognize and
cut a sequence complementary to the crRNA. By conjugating crRNA
and tracrRNA into a single-guide RNA (sgRNA), DNA cleavage can
be induced at the desired location coded by the sgRNA [6]. Soon
after the discovery of this mechanism, several groups demon-
strated that CRISPR–Cas9 is a versatile genome editing tool in
human cells [7–10]. Now, the CRISPR–Cas9 system has become
an indispensable tool for genome editing applications in a variety
of experimental models.
1.2. Genome editing in iPS cells

A fertilized egg can give rise to essentially all cell types that
make up the human body. Embryonic stem (ES) cells can be iso-
lated from the blastocyst stage of an early developing embryo,
yet retain unlimited self-renewal capacity and pluripotency to give
rise to various cell types. A more recent stem cell type is the
induced pluripotent stem (iPS) cell, which is indistinguishable
from ES cells but can be directly converted from the somatic cells
of a donor by transiently transducing a cocktail of transcriptional
factors [11,12]. The innovation of iPS cells has enabled the isolation
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of patient-derived iPS cells, which serve as a valuable resource to
study disease or test drugs in a dish. iPS cell technology can also
be used for regenerative medicine, and was applied to replace
damaged retinal pigment epithelium cell sheets in a patient with
wet-type aged-related macular degeneration [13] (UMIN Clinical
Trial Registry: UMIN000011929).

The potential of iPS cell technology is enormous, but until
recently researchers have lacked effective genomic alternation
methods except for gene insertions by viral vectors or transposon
vectors. The emergence of new genome editing technologies has
greatly facilitated the ease of genomic alterations in human iPS
cells [14]. Now, genome editing in iPS cells is widely used for
reporter knock-in, gene knockout and gene correction in human
iPS cells [15–18]. In this review, we describe effective genome edit-
ing methods by using the CRISPR–Cas9 system in human iPS cells,
shedding light on genome editing techniques.
2. Genome editing experiments in iPS cells

2.1. Strategies for gene disruption, knock-in, and correction

2.1.1. NHEJ mediated frame-shift
For loss-of-function studies of protein-coding genes, inducing

small deletions or insertions (indels) is required to disrupt the
open reading frame. By targeting an exon by CRISPR–sgRNA, small
(typically less than 20 bp) deletions are induced via the NHEJ or
microhomology-mediated end joining (MMEJ) DNA repair path-
ways [19,20]. If the beginning of the protein-coding region, for
instance right after the ‘‘ATG” start codon, is targeted, then it is
possible to completely disrupt the expression of the protein of
interest. However, the presence of an alternative start codon
should be taken into consideration. In addition, a particular part
of the coding region can be targeted to disrupt a specific function,
such as an enzymatic domain. In this case, disruption of the
protein-coding frame relies on the size of the deletion induced
by CRISPR–Cas9, and theoretically only two-thirds of deletion
events disrupt the open reading frame.

To enhance the rate of knock-out, two sgRNAs might be used to
target the same gene. This is an effective approach not only for cod-
ing genes, but also non-coding genes, as targeting two distal sites
by CRISPR–sgRNAs led to the successful removal of a miRNA clus-
ter [21].
2.1.2. HR mediated knock-in
HR is a more precise DNA repair pathway than NHEJ, and can be

induced by co-introducing Cas9/sgRNA and a donor DNA template.
The targeted site is repaired based on the homology sequences of
the 50 and 30 arms of a donor template, which contains a selection
cassette with an antibiotic resistant gene, allowing for a desired
DNA element to be inserted at a targeted locus. Since the occur-
rence of HR mediated knock-in is rare (typically less than a few
percent) [22–24], antibiotic selection is desired to obtain success-
fully targeted clones. The Cre–loxP system, a well established
method in the mouse genomics field, can be used to remove the
selection cassette after the selection. The use of piggyBac DNA
transposon machinery to remove the cassette is an emerging
new approach that does not leave a footprint after the excision
[25,26]. Alternatively, repeatedly subdividing the transduced cells
within a 96-well plate (i.e. 2–10 cells per well of 96-well plate)
and quantifying the copy number of knock-in cassettes by droplet
digital PCR in each well can be done to enrich the population with
recombination [24].

The knock-in approach can insert a wide variety of DNA
sequences, therefore it has relatively wide application, such as
insertion of an expression cassette into a defined safe-harbor locus
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
[27], replacement of an endogenous sequence with an exogenous
one [28], or the addition of a tag sequence (HA tag, Flag tag, or
EGFP, etc.) into the N0- or C0-terminal of a protein [29].

2.1.3. Correcting dystrophin gene frame-shift mutation
Genome editing techniques can be utilized to correct disease

causing mutations [30]. Duchenne muscular dystrophy (DMD) is
a severe muscle-degenerative disease caused by disruption of the
reading frame by frame shifting or nonsense mutation in the dys-
trophin gene [31]. The dystrophin gene is located on the X chromo-
some and consists of 79 exons, and the loss of exon(s) at the center
region (i.e. exons 40–55) is the most frequent cause of DMD. In our
previous study, we derived iPS cell lines from a DMD patient who
lacks exon 44. To restore the dystrophin reading frame using the
CRISPR–Cas9 system, we tested three different genome editing
approaches, including NHEJ-mediated frame shifting (without
antibiotic selection) and HR-mediated knock-in of the missing
exon 44 (with antibiotic selection) [20]. In the following sections,
we provide our experiences on how to achieve successful genome
modification in iPS cells.

2.2. Design and evaluation of sgRNAs

Once the target region is determined, one should search for
potential target sequences that have a PAM (protospacer adjacent
motif) sequence corresponding with CRISPR–sgRNA. The most
widely used Cas9 is derived from Streptococcus pyogenes (SpCas9)
and recognizes the ‘‘NGG” trinucleotide sequence as a PAM and a
20-nucleotide target sequence (Fig. 1A). Other Cas9s derived from
orthogonal species have different PAM sequence requirements.
For example, Cas9 from Streptococcus thermophilus requires
‘‘NAGAA” as a PAM, and Cas9 from Neisseria meningitidis (Nm) rec-
ognizes ‘‘NNNNGATT” as a PAM sequence [32,33]. Recently, Feng
Zhang’s group reported another orthogonal Cas9 from Staphylococ-
cus aureus (3.1 kb), the cDNA of which is 1 kb shorter than that of
SpCas9 (4.1 kb) [34]. Using the protein 3D structural information of
Cas9, Keith Joung’s group engineered the PAM recognition domain
of SpCas9 to recognize PAM sequences other than ‘‘NGG” [35].
Caution is advised when using orthogonal Cas9s, as they may have
variable DNA cleavage activities [34].

More recently, a novel CRISPR system, called Cpf1, was identi-
fied to have DNA cleavage activity similar to Cas9, but several
distinct features, such as the absence of tracrRNA (single crRNA
is sufficient), the presence of ‘‘T” rich PAM (such as ‘‘TTTN”) located
on the 50 side, and staggered DNA cleavage at the 30 side of crRNA
[36]. Further studies are needed to reveal the activities and appli-
cations of different CRISPR systems for the modification of iPS cells.

Other than the PAM requirement for the target sequence,
extreme bias of ‘‘GC” content (i.e. >80% or <20%) in the target
sequence might affect the DNA cleavage activity [37]. To express
a sgRNA in mammalian cells, most expression vectors use an
RNA polymerase III promoter, such as H1 or U6 promoter. Since
the transcriptional start site of H1 or U6 promoter is typically a
‘‘G” (or ‘‘A”), the initial nucleotide of the sgRNA is recommended
to be converted to ‘‘G” for efficient transcription [38]. The alter-
ation of the initial nucleotide to ‘‘G” has negligible impact on target
specificity, as the distal 50 region of sgRNA is flexible. Additionally,
a poly ‘‘T” stretch of more than 5 bp should be avoided from the
sgRNA target sequence, as ‘‘TTTTT” sequence acts as a termination
signal for polymerase III promoters. The effect of the secondary
structure of sgRNA has not been elucidated. Other than the
sequence restriction of the expression cassette of sgRNA, the epige-
netic status of the target DNA sequence may impact the binding
and cleavage activity of Cas9, although direct comparison has not
been fully addressed. It is reported that CRISPR can cleave methy-
lated DNA without significant loss of its cleavage activity [39].
rg/10.1016/j.ymeth.2015.10.015
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Fig. 1. Construction of CRISPR–sgRNAs. (A) Targeting sequence for Streptococcus pyogenes (Sp) CRISPR–sgRNA. The initial TSS (transcriptional start site) is better as ‘‘G” or ‘‘A”
for transcription from H1 polIII promoter, and the last two nucleotides (position 22 and 23) must be ‘‘GG” for PAM recognition. (B) Oligonucleotide primer sequences for
cloning an Sp-sgRNA into pHL-H1-ccdB-EF1a-RiH vector. Copy the initial 20 bp of the position 1–20 sequence from (A) into the forward (fwd) primer (indicated by blue and
red ‘‘Ns”). Reverse (rev) primer contains the scaffold from tracrRNA and a terminator signal and can be universally used for any target sequence. (C) Conduct PCR amplification
of the sgRNA part using the two oligo primers from (B) and insert into the BamHI–EcoRI site of the pHL-H1-ccdB vector by In-Fusion reaction or standard ligation. Cloned
sgRNA will be driven by H1 promoter, and mRFP expression can be used to monitor transfection efficiency. Hygromycin resistance gene can be used to enrich transfected
cells.
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In terms of sgRNA design, the most critical criterion is speci-
ficity. This is particularly important when targeting the human
genome, as almost half of the human genome consists of repeat
sequences. When designing a sgRNA, such repeat sequences should
be avoided. Furthermore, sequence recognition by the Cas9–sgRNA
complex is imperfect, meaning that some mismatches can be toler-
ated [39–41]. Therefore, it is preferable to identify a unique target
sequence that has minimal or no sequence similarity elsewhere in
the genome.

To aid the design of the sgRNA target sequence, there are sev-
eral web-based design tools available. Each design tool has its
own algorithm to screen the sgRNA with off target sites across
the whole genome. For example, CRISPR Design Tool [39] provides
a list of candidate sgRNA target sequences with the off-target score
based on the sequence’s specificity in the genome of a given spe-
cies. Other similar web tools to search sgRNA targeting sites
include ZiFiT Targeter [42], E-CRISP [43], GT-Scan [44], CRISPRdi-
rect [45], COSMID [46], Cas-OFFinder [47], and so on. These web
tools are highly useful to identify candidate sgRNAs in a given
region of interest. However, to identify the region of interest, i.e.
which exon to be targeted, cannot be easily assessed, the above
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
websites have certain limitations for the size of the query
sequences due to computational limitations. To this end, we devel-
oped a customized tool to pre-calculate and visualize the genome-
wide distribution of unique small sequences (k-mers) in advance.
This tool is available on the iGEATs website [20]. In addition, a
number of potential off-target sites can be roughly assessed by
DNA sequence alignment or mapping software, such as BLAST
[48], Bowtie [49], BWA [50], or GGGenome (https://gggenome.db-
cls.jp/en/). It is worth noting that off-target risk or cleavage activity
cannot be accurately predicted by any method currently available
[51]. We advise analyzing multiple genome-edited clones to con-
firm a robust phenotype of interest. So long as the sgRNA is target-
ing a specific sequence, it is statistically unlikely that the same
off-target mutagenesis will occur in multiple cells.

2.3. Construction and evaluation of sgRNA expression vector

2.3.1. Choice of Cas9-sgRNA expression vector and cloning
Once the target sequence for the sgRNA is determined (Fig. 1A),

expression vectors for Cas9 and sgRNA are required. Several
CRISPR expression vectors are available from Addgene
rg/10.1016/j.ymeth.2015.10.015
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(https://www.addgene.org/) or commercial companies. As of July
2015, there are 81 entries of Cas9/sgRNA mammalian expression
vectors in the Addgene depository. For efficient expression of
Cas9 in human pluripotent stem cells, the EF1a promoter is recom-
mended, as it is stronger than the CAG promoter in iPS cells [52].
On the other hand, neither the CMV nor SV40 promoter are suit-
able for use in iPS cells due to strong transcriptional silencing
[53]. In our experiments, we used the pHL-EF1a-SphcCas9-iP-A
(Addgene ID: 60599) vector to express a human-codon optimized
SpCas9 under the human EF1a promoter and conjugated with IRES
(internal ribosome entry site) and puromycin resistance gene. To
clone a sgRNA into our expression vector, we designed two
oligonucleotide primers, as indicated in Fig. 1B: a forward primer
which contains the sgRNA target sequence and a reverse primer
which contains a scaffold of sgRNA. The two primers are PCR
amplified and cloned into pHL-H1-ccdB-mEF1a-RiH (Addgene ID:
60601) by In-Fusion reaction to express a desired sgRNA under
H1 RNA polymerase III promoter (Fig. 1C). To enhance the cloning
efficiency of sgRNA, the Escherichia coli negative selection marker
ccdB gene is incorporated in the sgRNA cloning (BamHI–EcoRI) site
to abolish self-ligation of the vector or contamination of non-
cleaved vectors. In addition, transfection efficiency can be assessed
by mRFP1 expression and hygromycin resistance gene.

2.3.2. SSA assay using a luciferase reporter assay in HEK293T cells
Since cleavage activity of a sgRNA may vary based on the

sequence composition or unknown properties, it is highly recom-
mended to construct several sgRNAs for one target site and evalu-
ate the cleavage activity of each in advance (Fig. 2A). There are
several assay systems for evaluating the cleavage activity of
CRISPR–sgRNA, as described in Section 3.2 below, but we normally
evaluate the sgRNA activity by either a single strand annealing
(SSA) assay or T7 endonuclease I (T7EI) assay in HEK293 or 293T
cells. HEK293 is a widely used human cell line which has high
transfection efficiency and proliferation ability and is therefore
ideal to evaluate sgRNA activity quickly. For the SSA assay, the
sgRNA target locus (which contains some sgRNA target sites) is
incorporated into the middle of a luciferase gene flanked by homol-
ogy regions. When the target site is successfully cleaved, the luci-
ferase gene will be restored via the SSA DNA repair pathway
(Fig. 2B). CRISPR–Cas9 and sgRNA expression vectors are co-
transfected into 293T cells in a 96-well plate using Lipofectamine
2000 (Life Technologies). The luciferase activity is assessed as the
CRISPR–sgRNA cutting activity towards the targeted region after
24 h using Dual-Glo Luciferase assay system (E2920, Promega).
Instead of luciferase, GFP-based SSA reporter is also available
[54]. In our dystrophin targeted site, all five sgRNAs we con-
structed showed consistently high cleavage activity by the SSA
assay in 293T cells (Fig. 2C). The SSA assay can also be performed
in target iPS cells, however, the CMV promoter needs to be
replaced with CAG or EF1a to avoid transcriptional silencing in
human iPS cells [53].

2.4. Construction of targeting vector

A donor template vector for knock-in experiments is con-
structed by conjugating two homology arms (50 and 30 arm) and
a hygromycin selection cassette using the In-Fusion HD cloning
kit (Clontech). Our targeting vector, pENTR-DMD-Donor, is avail-
able from Addgene (Addgene ID: 60605) to replace both homology
arms. The 50 arm with a loxP site can be replaced by XbaI digestion,
and the 30 arm can be replaced by NdeI and BamHI digestion. The
length of the homology arms should be around 700–1000 bp [25]
and start adjacent to the sgRNA target site. The homology arms
should not include the sgRNA targeting site (i.e. introduction of
silent mutation at PAM) or repetitive regions (i.e. LINE or SINE).
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
3. Transfection of CRISPR–Cas9 into human iPS cells

For successful cleavage of DNA at a target site, the efficient
transfection of Cas9 and sgRNA into the cells of interest is
absolutely essential. There are several transfection approaches,
such as lipofection or electroporation methods available [55], but
we recommend to use electroporation as the transfection effi-
ciency is higher. Among several electroporators, such as Nucleofec-
tor (Lonza), Neon (Life Technologies) and NEPA21 (Nepagene),
Nucleofector is the most widely used for genome editing experi-
ments in human iPS cells [22]. We use the NEPA21 electroporator,
as it can achieve high transfection efficiency under controllable
electric pulse conditions specified by the user and has low cell
toxicity and low running cost.
3.1. Cas9/sgRNA plasmid transfection using NEPA21 electroporator

To achieve the highest plasmid transfection efficiency in our
human iPS cells, we optimized the conditions of eletroporation,
such as the pulse voltage and pulse wide, in advance. We trans-
fected an EGFP expression vector into three different human iPS
cell lines, 201B7 [11], 404C2 [56], and DMD patient-derived iPS cell
line CiRA00111 [20], and assessed the transfection efficiency using
flow cytometry (Fig. 3A). Among the conditions tested, we
observed the highest transfection efficiency at voltage 125 V and
pulse width 5 ms of poring pulse.

Higher transfection efficiency in human iPS cell lines using
NEPA21 can be achieved by manipulating cell growth conditions,
acquiring high purity of the plasmids, and avoiding cell damage
during dissociation. The iPS cells should be cultured under a
healthy undifferentiated state at a logarithmic growth stage and
never allowed to become confluent. Transfected plasmid DNA
should be prepared with high purity using an endotoxin-free col-
umn purification system and dissolved in TE (Tris–EDTA) buffer
at 4–5 lg ll�1 concentration. Contamination of ionic salt greatly
affects the condition of the electric field during electroporation,
hence the carry-over volume of the plasmid DNA solution should
be minimized. Lastly, human ES/iPS cells easily induce apoptosis
by activation of the ROCK (Rho-associated protein kinase) pathway
when dissociated into single cells. Therefore, ROCK inhibitor
Y-27632 (final 10 lM) should be added at least 1 h in advance of
transfection to prevent cell death, and electroporated cells should
be transferred into media containing Y-27632 as soon as possible.
After transfection, the cells can be seeded on feeder layer for better
cell viability or feeder-free culture, such as Matrigel-mTeSR media
or Laminin-511 E8 fragment culture [57], to avoid contamination
of mouse genomic DNA during genotyping. Y-27632 should be
kept in culture media for 2–3 days after seeding. The transfected
iPS cells should recover from the transfection damage after one
to two passages. At the same time, unseeded cells should be col-
lected to extract genomic DNA for checking the cleavage activity
of CRISPR–sgRNA as a bulk population using the methods
described below (Fig. 3B).
3.2. Evaluation of CRISPR-mediated cleavage activity in human iPS
cells

As shown in Table 1, there are several methods for evaluating
the cleavage activities of CRISPR–sgRNA at the target sequence.

Among the described methods above, we recommend the T7EI
assay and/or restriction fragment length polymorphism (RFLP)
assay for initial testing in human iPS cells. The T7EI assay amplifies
the target sequence by a pair of PCR primers and then treatment of
the re-hybridized PCR product by T7 Endonuclease I specifically
cleaves imperfectly matched DNA. This assay is available for
rg/10.1016/j.ymeth.2015.10.015
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Fig. 2. Testing cleavage activity of CRISPR–sgRNAs in 293T cells by SSA assay. (A) Examples of designed Sp-CRISPR–sgRNAs targeting exon 45 of the dystrophin gene on
human X chromosome. sgRNA1-4 target the sense strand, whereas sgRNA5 targets the antisense strand relative to the dystrophin gene. (B) Principle of the SSA assay for
detecting the DNA cleavage activity of CRISPR–sgRNAs. Luciferase cDNA is split by the target sequence of the five sgRNAs. Once DNA cleavage is induced, luciferase cDNA is
restored via the single strand annealing (SSA) DNA repair pathway. (C) The SSA activities of CRISPR–sgRNAs measured in HEK293T cells. All five sgRNAs showed similar
cleavage activities in this case. The values represent mean ± SD among technical replicates (n = 3).

Fig. 3. Evaluation of CRISPR activity in human iPS cells by NEPA21 transfection. (A) Optimization of the transfection condition using NEPA electroporator in human iPS cell
lines. Voltage and pulse width of the poring pulses were investigated. EGFP expressing plasmid was transfected, and the percentage of positive cells was analyzed by
LSRFortessa (BD). (B) Schematic overview of the transfection procedures. (C) After the electroporation of Cas9 and sgRNAs into iPS cells, the cleavage activity of the
endogenous dystrophin gene was assessed by the T7EI assay. Band intensities of the cleaved bands (indicated by red arrowhead) were detected by TapStation (Agilent), and
values are indicated below the gel-electrogram image. (D) The same genomic DNA samples from (C) were also analyzed by the RFLP assay using the restriction enzyme XcmI
(50-CCANNNNN^NNNNTGG-30). Band intensities of the uncleaved band (red arrowhead) are indicated below. Since sgRNA5 cleaves far from the XcmI site, no cleavage activity
was detected by the RFLP assay.
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Table 1
Various assay systems for quantifying CRISPR–Cas9/sgRNA cleavage activity.

Assay Principle Required reagents Required equipment

SSA (single strand
annealing) assay [54,58]

A target sequence is inserted into the middle of a reporter gene
(i.e. luciferase) flanking two homology regions. DSB induces HR
or SSA repair pathways to restore the reporter gene

Reporter plasmid, reporter detection kit
(i.e. luciferase assay kit for luciferase
reporter)

Microplate reader (for
luciferase) or flow
cytometer (for GFP)

Surrogate reporter (frame-
shifted EGFP) [59]

A target sequence is inserted in front of the reporter gene(s) (i.e.
GFP or lacZ). DSB induces NHEJ mediated indels to restore the
reading frame of the reporter gene(s)

Reporter plasmid Flow cytometer (for
GFP) or microplate
reader (for luciferase)

Heteroduplex dsDNA
specific nuclease (such
as CEL-I or T7EI) assay
[60]

Original and mutated sequences form a heteroduplex after re-
annealing. The heteroduplex region is cleaved by a nuclease

Heteroduplex dsDNA specific nuclease,
such as CEL-I, Surveyor nuclease (CEL-II), or
T7EI (T7 endonuclease I)

PCR, Gel
electrophoresis and gel
imager

RFLP (Restriction Fragment
Length Polymorphism)
assay [61]

A restriction enzyme site overlapping the nuclease targeting site. PCR primers and reagents to amplify the
target sequence and appropriate restriction
enzyme

PCR, Gel
electrophoresis and gel
imager

E. coli subcloning and
sanger sequencing

PCR amplification of the target region and subcloning by E. coli.
Sanger sequence dozens of clones to identify the indel rate

PCR primers and reagents to amplify the
target sequence, ligase, competent E. coli,
and Sanger sequencing reagents

PCR, E. coli incubator,
Sanger sequencer

Deep sequencing [62] PCR amplify the target region and massive parallel sequencer is
used to identify indel rate

PCR primers and reagents to amplify the
target sequence and deep sequencer library
preparation kit

PCR, Deep sequencer
such as MiSeq (Illumia)

High-resolution melt
analysis [63,64]

PCR amplify the target region and measure the melting
temperature. Original and mutated PCR products form a
heteroduplex, which shows lower melting temperature

PCR primers and reagents to amplify the
target sequence, and HRMA specific DNA
dye (i.e. LCGreen Plus)

HRMA compatible Real
time PCR machine (i.e.
LigtScanner)
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basically any endogenous target locus, but PCR primers must
amplify the target locus specifically and should avoid heterozygous
mutation or SNP sites and contamination of mouse genomic DNA
from mouse feeder layer. Assay conditions of T7EI enzyme incuba-
tion or the re-hybridization process might need optimization in
advance to obtain cleaner results.

Another assay method is the RFLP assay, which can be used to
quantify the amount of non-cleaved PCR product and becomes
resistant to restriction enzyme treatment. To perform this assay,
a restriction enzyme site must exist in or around the CRISPR–
Cas9 cleavage site. Although the incubation time with the restric-
tion enzyme requires longer than the T7EI assay and results
depend on the type of restriction enzyme used, the RFLP assay
tends to give more sensitive results than the T7EI assay, since
the sequence recognition ability (1 bp difference) of restriction
enzymes is typically better than the recognition of heteroduplexes
(or single-strand DNA) by the T7EI enzyme.
3.2.1. T7EI assay
To assess cleavage activity, Cas9- and sgRNA-transfected human

iPS cells are better to be cultured without feeders to avoid contam-
ination of mouse genomic DNA and to be seeded in a small well (i.e.
12-well plate) for better and quicker recovery of the cells. Then,
design a pair of PCR primers to amplify the target region (500–
1200 bp in size) while keeping the CRISPR–sgRNA target site off-
set from the center of the amplicon so that the cleaved PCR products
can be separated by electrophoresis. A high-fidelity polymerase (i.e.
PrimeSTAR HS DNA Polymerase, TaKaRa) should be used for ampli-
fication and PCR product should be purified by Wizard SV Gel and
the PCR Clean-Up System (Promega). If non-specific amplification
is observed, we recommend optimizing the PCR condition (i.e. rais-
ing Tm) or re-designing the primers. In our experiments, purified
PCR products (400 ng) were denatured (95 �C for 5 min) and re-
annealed (gradually cooled from 95 �C to 85 �C at �2 �C sec�1 and
85 �C to 25 �C at �0.1 �C sec�1) in NEBuffer 2 (NEB) using a thermo-
cycler. Then, digest the re-annealed PCR product with 10 units of
T7EI (NEB) for 15 min at 37 �C. Stop the reaction by adding
0.25 M EDTA solution, and place the sample on ice. Finally, analyze
the treated PCR products by agarose gel or High Sensitivity D1000
ScreenTape (5067–5584, Agilent Technologies) using Agilent 2200
TapeStation system (Agilent Technologies) (Fig. 3C). Make sure to
treat the non-transfected control sample as a negative control, as
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
sometimes minor background bands may be present even in the
negative control sample due to the background cleavage of T7EI
nuclease or in the rare case due to the presence of heterozygous
SNP or genomic mutations in the cell line.
3.2.2. RFLP assay
For the RFLP assay of NHEJ products, the sgRNA cleavage site

must contain a restriction enzyme site. The RFLP assay can also
be used to assess HR mediated knock-in efficiency by inserting
an additional restriction enzyme site in the donor template. The
same PCR primers designed for the T7EI assay can be utilized for
the RFLP assay. Digest purified PCR products (generated the same
way as in the T7EI assay) by a restriction enzyme with the appro-
priate buffer. Analyze the amount of digested and undigested PCR
products by 2% agarose gel electrophoresis. We tested the activity
of our sgRNAs by the RFLP assay with the XcmI restriction enzyme
located in the DMD-CRISPR cleavage site (Fig. 3D). Importantly, the
RFLP assay is highly dependent on the distance between the cleav-
age site and the restriction enzyme site used. In our case, sgRNA5
cleaved 20 bp away from the XcmI site and its cleavage activity
could not be detected by RFLP assay.

Once the cleavage or mutation efficiency is determined as a
bulk, you can estimate how many clones should be analyzed to
obtain the desired mutant clones. For example, if your indel rate
is 10%, you need to screen at least 10 clones to obtain one clone
with some kind of indel. If the indel rate is 1%, you must screen
at least 100 clones. Since the clonal isolation of human iPS cells
and the culture of multiple iPS cell clones is laborious and demand-
ing, we highly recommend optimizing the efficiency of the trans-
fection conditions and CRISPR–sgRNA cleavage activity before the
subcloning experiments.
4. Clonal isolation of human iPS cells and genotyping

Once a bulk cell population is successfully obtained with a rea-
sonable indel rate or HR-mediated knock-in, proceed to subcloning
and genotyping to obtain the clones of interest. For NHEJ mediated
induction of indels or ssODN mediated knock-in experiments, drug
selection is not applicable, so simply perform subcloning without
selection. For ssODNmediated knock-in experiments, a small pool-
ing approach or sub-selection method might be preferred, as the
knock-in efficiency is typically very low (less than 1%) [24].
rg/10.1016/j.ymeth.2015.10.015
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Fig. 4. Flowchart for isolating genome-edited iPS cell clones. (A) Isolation of genome-edited iPS cell clones without drug selection. Once successful genome editing is
confirmed in the bulk cell population by the T7EI or RFLP assay, spread the cells into two dishes; one dish for clump passaging and making frozen stocks and the other dish for
dissociating into single cells and seeding onto feeder dishes at a density of 200–400 cells per 100 mm dish for clonal colony formation. After the formation of iPS cell colonies,
scratch a part of the colony as a template for the PCR reaction and subsequent Sanger sequencing. The leftover cells in the same colony can be transferred into a well of a 24-
well plate for further expansion. (B) Isolation of genome-edited iPS cell clones with drug selection. We recommend starting the drug selection after passaging the transfected
cells rather than right after the transfection to avoid extra stress on the damaged cells. It is important to apply the same drug selection to non-transfected cells as a control for
the drug selection. Ideally, the concentration of antibiotic drug should be determined in advance. Once drug-resistant cells reach a sub-confluent state, split the cells into two
dishes and one microcentrifuge tube. Then, extract genomic DNA for bulk PCR analysis (by using primers flanking the knock-in cassette) to roughly estimate the rate of knock-
in events. Colony isolation is the same as described in (A).
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4.1. Single cell isolation without drug selection

To subclone iPS cell clones without drug selection, we perform
the procedures listed in the flowchart in Fig. 4A. For genotyping,
we recommend performing Sanger sequencing to sequence the tar-
get site. Assessing a single copy gene, such as the dystrophin gene
on X chromosome in male iPS cells, is straightforward, but autoso-
mal genes are more challenging, as there are two copies and
CRISPR mediated mutation is sometimes heterozygous. Still, San-
ger sequencing results can be a mixture of two electrograms from
the point of the cleavage site. It is advised to decide and optimize
the assay methods in advance to screen the isolated clones.
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
(a) Dissociate the bulk population of edited iPS cells into single
cell suspension by Accutase or TrypLE under Y-27632 treat-
ment. Count the cells and seed 200–400 cells into a 100-mm
dish with feeder layer. Cultivate for around 10–12 days to
form colonies (2–4 mm in diameter).

(b) Aim for well-isolated and round shape iPS cell colonies.
Scratch a center portion of the colony by a clean 10 ll tip
and put the scratched cells into PCR buffer (5 ll per well)
containing Proteinase K (final concentration, 0.2 lg ll–1) in
a 96-well PCR plate. Only a small portion of the cells
(�100 cells) is normally sufficient to serve as a template
for PCR analysis (Fig. 4A).
rg/10.1016/j.ymeth.2015.10.015
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(c) Scratch off the leftover portion of the colony by another
clean crystal tip and transfer all of the cells into a well of a
24-well culture plate with iPS cell medium (0.5 ml) contain-
ing Y-27632 (final concentration, 10 lM). Repeat the colony
picking procedures to obtain as many clones as possible.

(d) Seal the 96-well plate from (b) by sticking a seal and incu-
bate at 55 �C for 3–6 h to lyse the cells. After adding 10 ll
of milli Q water into each well, use 0.5–1.0 ll (50–200 ng
of genomic DNA) for the template of the PCR reaction. Per-
form PCR amplification and run on gel electrophoresis to
confirm specific and sufficient amplification. Treat 5 ll of
PCR product by exonuclease I (0.1 unit, TaKaRa) and shrimp
alkaline phosphatase (0.25 unit, TaKaRa) at 37 �C for 30 min
to remove free primers and dNTPs. Then, use 1–2 ll of the
treated PCR product as a template and perform Sanger
sequencing to detect the mutation at the target site.

(e) Based on the sequencing results from above, expand the
positive clones of interest further to a larger culture plate
(i.e. 6-well plate). It is always a good idea to keep one or
two non-modified clones as a negative control.

4.2. Single cell isolation with drug selection

For knock-in experiments, the basic procedures are the same as
above except for co-transfection of a donor DNA template (as cir-
cular plasmid DNA) and drug selection (Fig. 4B). Another marked
difference is the genotyping process. Because a donor vector
contains a foreign reporter element, the PCR assay for detecting
successful knock-in is effective at distinguishing heterozygous or
homozygous targeted clones when using a pair of primers flanking
the outside of both homology arms (c.f. short PCR product for wild
type allele and long PCR product for the targeted allele). After
screening by the PCR assay, Southern blot analysis is recommended
to assess the copy number of the selection cassette, as random
integration or concatemerized knock-in is also sometimes
observed.
5. Off-target analysis

Off-target analysis is recommended for genome-edited clones
before phenotypic experiments, as undesired genomic alterations
may confuse experimental results (i.e. disruption of another
important gene). In particular, we encourage confirming normal
karyotyping (i.e. G-banding) of the parental and isolated iPS cell
clones, as abnormal karyotyping is often observed in prolonged
iPS cell culture and the affected gene number could be generally
large. For basic research purposes, it is important to check the
reproducibility of the results in multiple clones or multiple
sgRNAs, as it is less likely that multiple clones generated by multi-
ple sgRNAs result in the same off-target mutagenesis. If desired,
candidate off-target sites can be PCR amplified to check potential
mutations by T7EI assay or deep sequencing. Several other non-
biased genome wide assays for addressing off-target mutagenesis
are discussed elsewhere [51,65].
6. Conclusions

In this review, we summarized fundamental yet essential tech-
niques for achieving efficient genome editing in iPS cells by the
CRISPR–Cas9 system, such as the determination of a target region,
construction of CRISPR–sgRNAs, optimization of transfection, and
evaluation of sgRNA cleavage activities. Moreover, to obtain the
edited clones of interest with confidence, we provide a step-by-
step flowchart to confirm each procedure to deal with the fragile
nature of human iPS cells. Efficient genomic editing in human iPS
Please cite this article in press as: H.L. Li et al., Methods (2015), http://dx.doi.o
cells has tremendous opportunity for disease modeling, functional
genomics, gene therapy and beyond. We hope that our methods
will be helpful for the editing genes of interest and move forward
research fields using iPS cells.
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