
Generating CRISPR-Cas9-Mediated Null
Mutations and Screening Targeting
Efficiency in Human Pluripotent Stem
Cells
Oliver J. Bower,1,4 Afshan McCarthy,1,4 Rebecca A. Lea,1

Gregorio Alanis-Lobato,1 Jasmin Zohren,2 Claudia Gerri,1

James M.A. Turner,2 and Kathy K. Niakan1,3,5

1Human Embryo and Stem Cell Laboratory, The Francis Crick Institute, London, United
Kingdom

2Sex Chromosome Biology Laboratory, The Francis Crick Institute, London, United
Kingdom

3The Centre for Trophoblast Research, Department of Physiology, Development and
Neuroscience, University of Cambridge, Cambridge, United Kingdom

4These authors contributed equally to this work
5Corresponding author: kkn21@cam.ac.uk

CRISPR-Cas9 mutagenesis facilitates the investigation of gene function in a
number of developmental and cellular contexts. Human pluripotent stem cells
(hPSCs), either embryonic or induced, are a tractable cellular model to inves-
tigate molecular mechanisms involved in early human development and cell
fate decisions. hPSCs also have broad potential in regenerative medicine to
model, investigate, and ameliorate diseases. Here, we provide an optimized
protocol for efficient CRISPR-Cas9 genome editing of hPSCs to investigate
the functional role of genes by engineering null mutations. We emphasize the
importance of screening single guide RNAs (sgRNAs) to identify those with
high targeting efficiency for generation of clonally derived null mutant hPSC
lines. We provide important considerations for targeting genes that may have a
role in hPSC maintenance. We also present methods to evaluate the on-target
mutation spectrum and unintended karyotypic changes. © 2021 The Authors.
Current Protocols published by Wiley Periodicals LLC.
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INTRODUCTION

Human pluripotent stem cells (hPSCs) are established either from early embryonic epi-
blast progenitor cells of pre-implantation-stage embryos (Thomson et al., 1998) or fol-
lowing reprogramming of fibroblasts to generate induced pluripotent stem cells (Taka-
hashi et al., 2007). hPSCs have the ability to differentiate into cells of all three germ
layers and exhibit unlimited self-renewal (Nichols & Smith, 2009).

Appropriate spatial and temporal expression of genes is central to the regulation of
pluripotency and early cell fate decisions (Martello & Smith, 2014; Ng & Surani, 2011).
While the function of various distinct pluripotency-associated factors has been well ex-
plored in mouse embryonic stem cells (mESCs) (Niwa, 2007) and mouse embryos, the
precise functional roles of factors in hPSCs and human embryos remain unknown and
necessitate further investigation. The generation of loss-of-function mutations and subse-
quent phenotyping of the resultant null mutant cells is an informative approach to under-
standing the role of genes in these processes. While knockdown methods using siRNAs
can provide some insight into gene function, it has been demonstrated that, due to a range
of cell compensatory mechanisms, gene knockdowns do not necessarily phenocopy full
knockouts (Rossi et al., 2015).

CRISPR-Cas9-mediated genome editing (Cong et al., 2013; Jinek et al., 2013; Mali et al.,
2013) is a relatively precise, efficient, easy-to-adapt and inexpensive method to generate
and assess null mutations. By applying CRISPR-Cas9-mediated mutagenesis, the func-
tional role of a gene in the maintenance of hPSCs can be assessed. Given the potential
of hPSCs to differentiate into a variety of cell types (Cohen & Melton, 2011; Murry &
Keller, 2008), targeting genes in hPSCs also allows for the evaluation of the functional
role of factors in early lineage differentiation. Furthermore, a variety of methods to pro-
duce in vitro models of post-implantation human development generated from hPSCs
have recently been developed (Shahbazi et al., 2017; Warmflash, Sorre, Etoc, Siggia, &
Brivanlou, 2014), including the formation of multicellular mouse and human PSC ag-
gregates called blastoids (Liu et al., 2021; Rivron et al., 2018; Yanagida et al., 2021; Yu
et al., 2021) and human PSC−derived gastruloids (Moris et al., 2020). These more com-
plex systems provide informative in vitro models to investigate putative developmental
regulators. By aggregating hPSCs with null mutations in genes of interest to form these
complex structures, their functional requirements can be assessed in a tractable model of
early human development. hPSCs and their resulting structures are also a cellular context
that is highly informative for refining CRISPR-Cas9 editing techniques before testing the
role of a gene directly in precious human embryos. This approach, therefore, minimizes
the number of embryos used in research and maximizes the knowledge that can be gained
from these studies (Fogarty et al., 2017).

In addition, CRISPR-Cas9 genome editing can be used to generate and correct hu-
man disease models (Avior et al. 2016). CRISPR-Cas9-edited hPSCs can subsequently
be differentiated into a variety of distinct cell types, and the resultant cells subjected
to high-throughput drug screens and phenotypic analyses to inform on the nature ofBower et al.
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genetic diseases and to identify chemical compounds that may ameliorate disease (Elitt,
Barbar, & Tesar, 2018). Moreover, a number of studies have been able to correct disease-
associated mutations in patient-derived induced PSCs using homology-directed repair
(Firth et al., 2015; Huang et al., 2015; Jacków et al., 2019), which relates to the pos-
sible use of this approach for future genetic therapies. Overall, the ability of hPSCs to
differentiate into all somatic cell types allows for the opportunity to explore and modify
a range of disease-causing mutant alleles that result in disorders of development, and to
understand and correct disease phenotypes.

This article will serve to aid researchers in the generation of robust and well charac-
terized null mutants in hPSCs. This document covers: the process of selecting optimal
single guide RNAs (sgRNAs) using in silico prediction tools, followed by the process of
ligation into an expression plasmid (Basic Protocol 1); the use of in vitro transcription
and cleavage assays to screen the cutting efficiency of multiple sgRNAs (Basic Proto-
col 2); nucleofection of the sgRNA/Cas9 expression plasmid into primed hPSCs (Basic
Protocol 3); using MiSeq Next Generation Sequencing to assess the editing efficiency of
each sgRNA (Basic Protocol 4); the process of deriving single cell clones from targeted
cells (Basic Protocol 5); and cytogenetic analysis of targeted cells (Basic Protocol 6).

STRATEGIC PLANNING

While the process of CRISPR-Cas9 targeting is simple and can be done relatively quickly,
engineering a null mutation for a target gene of interest while minimizing off-targets
requires a great deal of planning and consideration.

Although all genes are suitable for CRISPR-Cas9 targeting, a number of factors can en-
able more precise editing and a better chance of generating a null mutation. Well charac-
terized target genes are beneficial, especially when functional domains of the associated
protein are reported. To engineer null mutations to investigate gene function, it can be
especially useful to direct the CRISPR-Cas9 genome editing strategy to target functional
domains.

Some genes have undergone a large number of duplication events, which can lead to the
formation of pseudogenes either on the same or different chromosomes in the genome
relative to the target gene. The presence of multiple pseudogenes for a target gene of
interest can make successful editing of the intended target more challenging if there is
significant sequence homology. This is because off-target editing at the pseudogenes will
result in a decrease in efficiency of the CRISPR-Cas9-mediated genome editing at the
on-target site, and may lead to potential unintended off-target effects. Genes that are
members of large gene families can also bring about similar difficulties in targeting, as
some paralogs retain a high degree of homology. In some cases, however, this may be
desired, as it could enable the simultaneous targeting of a whole gene family in order
to investigate function. Overall, the ideal targeting strategy is to use a gene that is well
understood, with unique sequence regions at or close to a known functional domain,
avoiding the targeting of pseudogenes or any other region of the genome with sequence
homology to minimize off-target effects.

The efficiency of CRISPR-Cas9-mediated genome editing can also be affected by the
genomic variation that exists within the human population. CRISPR-Cas9 depends on a
20-base-pair (bp) guide RNA sequence to direct the Streptococcus pyogenes Cas9 (Sp-
Cas9) endonuclease to the target site to cleave double-stranded DNA. An important con-
sideration in targeting human clinical samples, primary human cells, or human cell lines
is the presence of single nucleotide polymorphisms (SNPs; Fig. 1A), or structural vari-
ants, between individuals at the CRISPR-Cas9 on-target site. Tools including the 1000
Genomes Project (1000 Genomes Project Consortium, 2015; Fig. 1B and 1C), as well as Bower et al.
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Figure 1 Single nucleotide polymorphisms (SNPs) in CRISPR-Cas9 editing. (A) Example of an SNP in the
DNA sequence of two separate individuals. Sample 2 has an A/C SNP, resulting in decreased binding efficiency
of the sgRNA to Sample 2. (B) Image from 1000 Genomes Browser of the BRCA2 gene. The highlighted SNP
is rs1963505, a C/T SNP. (C) Image of 1000 Genomes Browser table for 3 SNPs in a region of the BRCA2.
Frequency in the population is shown in the top row, with rows underneath reflecting the frequency in different
racial populations. rs1963505 SNP has a C in 65.85% of the population and a T in 34.15%. (D) Graph to show the
effect of SNPs on sgRNA editing efficiency. SNPs decrease homology between the target region and sgRNA,
resulting in impaired editing.

a number of statistical frameworks (Li, 2011), can prove useful for SNP calling and need
to be utilized in the sgRNA and PCR primer design.

Similarly, the selection of primers used to amplify the targeted genomic DNA following
CRISPR-Cas9 genome editing needs to be carefully considered and should be verified.
PCR reactions will be crucial in the generation of amplicons for in vitro cleavage and
in MiSeq analysis of insertion-deletion (indel) mutations. While gel electrophoresis in-
forms the size of amplicons generated, it does not guarantee that the expanded region
is necessarily the target region of interest. This is an important consideration especially
when investigating genes within larger gene families or genes with one or more pseudo-
genes, as mentioned above. It is important to validate the sequence of all PCR amplicons
to ensure that they precisely match the target region of interest. This will inform the
identification of a guide RNA that has a higher likelihood of facilitating on-target null
mutations following error-prone repair of DNA double-strand breaks.

Finally, verifying off-targets may be of paramount importance to some applications
of CRISPR-Cas9 targeting, for example, in generation of disease models where theBower et al.
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phenotype should be attributed only to on-target editing. To do this, it is important to
make note of all potential off-target sites with ≤3 base-pair mismatches to the sgRNA.
These sites should then undergo sequencing to assess for off-target editing. Basic Pro-
tocol 4 outlines the application of MiSeq to assess for indels at specific sequences. Al-
ternatively, we also recommend Digenome-seq (Kim et al., 2015; Kim, Kim, Kim, Park,
& Kim, 2016), CIRCLE-seq (Tsai et al., 2017), and GUIDE-seq (Tsai et al., 2015) for
more comprehensive genome-wide assessments of possible off-target mutations.

BASIC
PROTOCOL 1

SELECTING AND LIGATING sgRNAs INTO EXPRESSION PLASMIDS

sgRNA design

CRISPR-Cas9 gene targeting makes use of a 20-nucleotide-long variable CRISPR RNA
spacer sequence (crRNA) complementary to the target sequence of interest, linked to
a trans-activating CRISPR RNA (tracrRNA), which can together comprise an sgRNA.
This sgRNA binds to a complementary 20-nucleotide-long region of interest located im-
mediately upstream of a protospacer adjacent motif (PAM) sequence (NGG for SpCas9;
Fig. 2A). The PAM sequence is not part of, nor complementary to, the sgRNA, but is
necessary for Cas9 endonuclease to recognize the target site (Jinek et al., 2012). Cas9
will cleave DNA between 3 and 4 nucleotides upstream of the PAM sequence (Wu, Kriz,
& Sharp, 2014). sgRNAs can target either the sense or antisense strand, as long as there
is an NGG PAM sequence 3′ of the sgRNA sequence. SpCas9 can occasionally target
NAG PAM sites; however, this requires an excess of Cas9/sgRNA (Wu et al., 2014).

When eukaryotic cells detect double-stranded DNA breaks (DSBs), such as those pro-
duced by Cas9 activity, they initiate programs to repair them. One method comprises
homology directed repair (HDR) via homologous recombination (Hsu et al. 2014). HDR
involves strand invasion by a highly similar DNA followed by replication using this sim-
ilar DNA sequence as a template (Capecchi, 1989). HDR therefore permits highly faith-
ful replication of the original sequence. Another, more common method involves non-
homologous end joining (NHEJ; Hsu et al., 2014). NHEJ involves resectioning and liga-
tion of the two cleaved DNA ends, an error-prone process that leads to insertion and dele-
tion of bases at the cleavage site (indels) (Fig. 2C). Finally, microhomology-mediated end
joining (MMEJ) aligns short, microhomologous sequences from each side of the DSB.
As MMEJ lacks a full-length repair template, it is a highly error-prone process, with the
potential for larger indels surrounding the DSB compared to NHEJ (Sfeir & Symington,
2015; Seol et al., 2018; Zuccaro et al., 2020).

Successful gene targeting with CRISPR-Cas9 requires optimal sgRNA design. Appro-
priate sgRNAs should have high on-target efficiency and low off-target specificity; they
should be well positioned around the target site of a gene in order to maximize rates of
editing at the desired position. Loss-of-function null mutations can be generated when
indel mutations lead to an out-of-frame mutation, disrupting the reading frame of pro-
tein translation, resulting in either a premature termination codon (PTC) or missense
mutations at the target sequence. These mutations then cause abrogation of the resul-
tant protein’s functionality. Some algorithms exist to predict the propensity of sgRNAs
for inducing frameshift mutations, though in silico predictions should always be tested
systematically in the target cell type of interest because chromatin accessibility can vary
between cell types, and this in turn can impact on CRISPR-Cas9 genome editing effi-
ciency (Doench et al., 2016).

There are several approaches for identifying an appropriate target site for generation of
a null mutant. In one approach, sgRNAs are designed to target near the 5′ end of the
coding region. In this way, frameshift mutations can either result in the introduction of
PTCs early in the gene sequence, or alternatively the whole of the coding region can be Bower et al.
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Figure 2 CRISPR-Cas9 gene editing. (A) Illustration of the key features in CRISPR-Cas9 gene editing. The
20-bp sgRNA is homologous to the genomic target site, which is upstream of a NGG PAM sequence and
correspondingly binds to the opposite DNA strand. The sgRNA seed sequence is the ∼10 bp on the 3′ end
of the sgRNA. Mismatches in this sequence are more likely to decrease editing efficiency than those outside.
Cas9 cleaves DNA between the 3rd and 4th bases upstream of the PAM sequence. (B) Example of a cleaved
DNA strand after CRISPR-Cas9 gene editing. The amino acid sequence is shown above the DNA sequence.
(C) Examples of the types of indels that can be generated from NHEJ. Premature termination codons (STOP)
can be generated when indels result in a frameshift, thereby altering the reading frame of the gene (amino acid
sequences in red). Alternatively, indels that are divisible by 3 will not alter the reading frame and will instead
alter 1-2 amino acid sequences and leave the rest of the sequence intact in an in-frame missense mutation (Trp
and Ile in red). Frameshift missense mutations are generated by indels that alter the reading frame, causing
subsequent codons to be misread (Trp, Leu, Arg in red). In addition, due to the redundancy of certain codons,
some indels will result in in-frame sense mutations, wherein the indel causes no alteration to the amino acid
sequence.

subjected to missense mutations. In the former, this should result in a highly truncated
protein, while in the latter this might result in the production of a completely null mutant
protein and degradation.

There are two important caveats to this technique. The first is that targeting too far up-
stream may result in generation and use of an alternative start codon for a known isoform
of the gene, or cryptic splicing, allowing for translation of a protein with only a slightly
truncated N-terminus. This resultant protein might, therefore, maintain some wild-type
biological function or result in unexpected alterations in function (Biasio et al., 2007).
The second is that production of a missense polypeptide might have unintended conse-
quences on the cell; for example, it could trigger the unfolded protein response and result
in cellular stress (Ma, Brewer, Alan Diehl, & Hendershot, 2002; Malhotra & Kaufman,
2007).

Bower et al.
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Alternatively, a key protein structural and/or functional domain can be targeted. An ad-
vantage to this approach is that a broader range of mutations may disrupt protein function
and lead to a null mutant phenotype. As above, a frameshift mutation may lead to a PTC
that could in turn trigger nonsense-mediated decay or lead to a truncated protein. How-
ever, the generation of in-frame missense mutations within a functional domain may also
abolish gene function if they disrupt one or more key amino acids. Another approach is to
target downstream of a functional domain. However, targeting too far downstream in the
coding region may result in a substantially translated protein that may not have any loss
of function, or may have unintended effects, for example leading to a dominant negative
protein.

When aiming to efficiently generate null mutations, it may be beneficial to design sgR-
NAs with these approaches in mind and to determine which targeting approach to use by
empirical testing, using the method outlined below.

Materials

Oligonucleotides with BbsI overhangs for sgRNA specific for your gene of interest
(see step 3, below)

pX459 plasmid (Addgene, cat. no. 62988) or similar plasmid with Cas9 gene
BbsI restriction enzyme and Buffer 2.1 (New England Biolabs, cat. no. R0539)
DEPC-treated nuclease-free (NF) water (Ambion, cat. no. AM9906)
rAPid alkaline phosphatase kit (Roche, cat. no. 04 898 133 011)
QIAquick PCR purification kit (Qiagen, cat. no. 28106) or similar
T4 polynucleotide kinase (New England Biolabs, cat. no. M0201)
10× T4 ligation buffer (New England Biolabs, cat. no. M0202)
T4 DNA ligase (New England Biolabs, cat. no. M0202)
Subcloning Efficiency DH5αTM Competent cells (Invitrogen, cat. no. 18265-017)
SOC broth (Sigma, cat. no. 85469)
LB agar plates with 100 μg/ml ampicillin (see Current Protocols article: Elbing &

Brent, 2019)
LB broth with 100 μg/ml ampicillin (see Current Protocols article: Elbing & Brent,

2018)
QIAprep Spin Miniprep Kit (Qiagen, cat. no. 27106) or similar
U6 promoter primer (the U6 primer used for sequencing is

GACTATCATATGCTTACCGT and can be ordered through any oligonucleotide
provider, e.g., Integrated DNA Technologies, Thermo Fisher Scientific, Merck)

Glycerol
Hispeed Plasmid Midi Kit (Qiagen, cat. no. 12643) or similar
3 M sodium acetate
100% and 70% ethanol

37°C incubator with rotator/shaker
37° and 42°C water baths
PCR thermal cycler
1.5-ml microcentrifuge tube
Nanodrop spectrophotometer
Cryovials
Benchtop microcentrifuge

Additional reagents and equipment for phenol/chloroform extraction of DNA (see
Current Protocols article: Moore & Dowhan, 2007)

1. Select two to three appropriate CRISPR in silico prediction tools from Table 1.

In silico tools use prediction algorithms to estimate on- and off-target efficiencies. On-
target efficiencies vary based on the prediction algorithm, while off-targets are predicted Bower et al.
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Table 1 CRISPR In Silico Prediction Tools

Design tool Provider

Mismatch
number
reported

Predicts
sgRNA
activity

Available
PAM
sequences

Scores/
suggests
guides

Benchling Benchling 0-4 Yes Customizable Yes

CasOFFinder Seoul National
University

0-10 No NGG, NRG,
NNAGAAW,
+24 more

Yes

CHOPCHOP Harvard
University

0-3 Yes Customizable Yes

CRISPick Broad Institute N/A Yes NGG, NNGRR,
TTTV

Yes

CRISPOR University of
California,
Santa Cruz.
Tefor

0-4 Yes NGG, NNG,
NNGT, +30
more

Yes

E-CRISP DKFZ German
Cancer
Research Center

N/A Yes Customizable Yes

Horizon Discovery
CRISPR Design
Tool

Horizon
Discovery

N/A No NGG,
NNGRRT,
YTTV

No

Custom Alt-R®
CRISPR-Cas9
guide RNA

Integrated DNA
Technologies

0-4 Yes NGG Yes

Off-Spotter Thomas
Jefferson
University

0-5 Yes NGG, NAG,
NNNNACA,
NNGRRT

Customizable

Synthego CRISPR
Design Tool

Synthego 0-4 Yes NGG Yes

based on sequence homology. Guides should be selected preferentially based on the least
number of off-target sites, to prevent off-target effects. In silico on-target efficiency should
not be the primary factor for selecting a guide.

2. When selecting sgRNAs, focus on sequences closest to the target site of interest,
and that have the fewest off-target sites. Any sgRNA with a 0 mismatch (i.e., has
an identical off-target sequence) should be discounted. sgRNAs with a 1 mismatch
(i.e., there is 1 base pair difference between the sgRNA and the off-target sequence)
should be discarded if the mismatch is outside of the sgRNA seed sequence (the 10
bp immediately 5′ of the PAM sequence).

Select guides that are consistently well ranked across different prediction tools

The tolerance of spCas9 for mismatches varies within the sgRNA sequence: preference
should be given to sgRNAs whose potential off-target sites have mismatches within the
seed sequence. This is because the seed sequence is of greater importance for Cas9 speci-
ficity than the non-seed sequence (Jiang & Doudna, 2017).

3. For each sgRNA, order a pair of oligonucleotides with BbsI overhangs (Fig. 3A).
For the sense primer, add CACCG to the 5′. For the antisense primer, add AAAC
at the 5′ end and a C at the 3′ end. An additional G is added to the sense primer to
increase the efficiency of in vitro transcription.

Bower et al.
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Figure 3 sgRNA ligation into pX459 plasmids. (A) Illustration of the BbsI overhangs to order for the sgRNA
oligonucleotides (oligo) in order to ligate into pX459: 5′ CACCG- for the forward oligo, 5′ AAAC- -C 3′ for the
reverse oligo. (B) Illustration of the pX459 plasmid, including the relative location of the Cas9 gene, ampicillin
(AmpR), and puromycin (PuroR) resistance genes, U6 promoter, and sgRNA scaffold sequence. (C) Example of
the final sequence that will be inserted into the pX459 plasmid after annealing and phosphorylation of oligonu-
cleotides, ligated with a digested and dephosphorylated pX459 plasmid. Sequencing under the U6 promoter
upstream of the sgRNA insertion site should reveal a sequence 5′ CACCG–sgRNA sequence–GTTT 3′ if the
sgRNA is transformed correctly.

For example:

Fwd: 5′-CACC G NNNNNNNNNNNNNNNNNNNN-3′

Rev: 3′-C NNNNNNNNNNNNNNNNNNNN CAAA-5′

4. Digest the pX459 plasmid with BbsI restriction enzyme.

pX459 1 μg
10× NEBuffer 2.1 5 μl
BbsI enzyme 1 μl
NF water To 50 μl

Incubate at 37°C for 1 hr.

5. In the same tube, dephosphorylate the 5′ ends using the rAPid alkaline phosphatase
kit, to prevent the plasmid from reannealing.

BbsI-digested pX459 50 μl
rAPid enzyme 1 μl
10× rAPid buffer 6 μl
NF water 3 μl

Incubate at 37°C for 1 hr.

6. Purify the digested, dephosphorylated pX459 plasmid using the QIAquick PCR pu-
rification kit

7. Prepare the sgRNA oligonucleotides for annealing using T4 polynucleotide kinase.
Prepare the reaction mixture in PCR tubes suitable for use in a thermocycler.

Bower et al.
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100 μM sgRNA forward primer 1 μl
100 μM sgRNA reverse primer 1 μl
10× T4 ligation buffer (1 mM ATP) 1 μl
T4 PNK enzyme 0.5 μl
NF water 6.5 μl

Incubate at 37°C for 30 min
Incubate at 95°C for 5 min
Decrease by 5°C/min to 25°C.

8. Ligate the prepared sgRNAs by mixing with the BbsI-digested pX459 in fresh 1.5-ml
microcentrifuge tubes.

BbsI-digested, dephosphorylated pX459 (step 6) 50 ng
10× T4 ligation buffer 1 μl
T4 DNA ligase 0.5 μl
Phosphorylated sgRNA (step 7) up to 10 μl

Incubate at 16°C for at least 16 hr.

9. Transform the ligated plasmid into Subcloning Efficiency DH5α Competent cells.
Handle competent cells carefully, as they are sensitive to temperature changes and
mechanical lysis from pipetting.

a. Thaw n + 1 × 50 μl aliquot of DH5α cells on ice, where n = number of sgRNAs.
b. Add 1-5 μl of ligated plasmid to the cells. Mix gently by flicking tubes.
c. Add 1-5 μl of digested, non-ligated plasmid to a separate aliquot of cells to serve

as a negative control.
d. Incubate tubes on ice for 30 min.
e. Heat shock the tubes by immersion in a 42°C water bath for 30 s.
f. Return tubes to ice for 5 min.
g. Add 500 μl of SOC broth to each tube.
h. Incubate tubes at 37°C for 1 hr with shaking.
i. Spread 200-500 μl of each transformation across LB agar/ampicillin plates.
j. Incubate plates at 37°C overnight.

10. Pick 5-10 colonies from each plate into 5 ml of LB broth with 100 μg/ml ampicillin).
Incubate at 37°C overnight with shaking.

11. Remove 0.5-1 ml of bacterial culture and store at 4°C. Extract DNA from the re-
maining culture using the QIAprep Spin Miniprep kit.

a. Follow manufacturer’s instructions and elute the DNA into 30-50 μl nuclease-
free water.

b. Quantify DNA using a Nanodrop spectrophotometer. Expect 200-400 ng/μl
DNA, with 260/280 ratio of approximately 1.8 and a 260/230 ratio of approx-
imately 2.0-2.2.

12. Sequence the DNA using U6 promoter primer.

Correct insertion and ligation is indicated by the presence of the following sequence:

5′ – CACCG - N20(sgRNA sequence) – GTTTT - 3′ (Fig. 3C)

13. If the sequence is correct, take 500 μl of the saved 1 ml of culture to create a glycerol
stock. Mix together 500 μl of the culture with 500 μl of 1:1 glycerol:water solution
in a cryovial, then store at −80°C

14. Add the remaining 500 μl to 50-100 ml of LB broth with 100 μg/ml ampicillin.
Incubate at 37°C overnight with shakingBower et al.
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15. Extract the plasmid from the bacterial broth using the Hispeed Plasmid Midi Kit
following manufacturer’s instructions

16. Assess the concentration and quality of the eluted plasmid DNA using a Nanodrop
spectrophotometer.

If either of these parameters is low, it might inhibit the subsequent stages of RNA
production. In this case, a phenol-chloroform extraction can help to improve the final
yield (see Current Protocols article: Moore & Dowhan, 2007)

i. Add an equal volume of phenol/chloroform to each Midiprep sample and shake
for about 20 s to mix thoroughly.

ii. Spin the tubes at room temperature for 5 min at 16,000 × g, then take off and
retain the upper aqueous fraction, which contains the DNA. Do not carry over
any of the phenol.

17. Concentrate the plasmid DNA to 4 μg/μl:

a. In a fresh 1.5 ml microcentrifuge tube, add 200 μl of plasmid DNA.
b. Add 0.1× volume/20 μl of 3 M sodium acetate.
c. Add 2× volume/440 μl of ice cold 100% ethanol.
d. Incubate at −20°C overnight.
e. On the next day, spin tube at full speed on a benchtop microcentrifuge for 5 min

at 4°C to pellet DNA.
f. Carefully remove the supernatant without disturbing the pellet.
g. Wash with 200 μl of 70% ethanol. Spin at full speed for 2 min.
h. Repeat substeps e and f once more.
i. Remove as much ethanol supernatant as possible, then let air dry for 5 min.
j. Add sufficient water to produce a concentration of ∼4 μg/μl of plasmid DNA.
k. Check the final concentration of the plasmid DNA using a Nanodrop spectropho-

tometer. The concentration should be around 2000-4000 ng/μl.

If concentrations of <2000 ng/μl are obtained, the concentration process should be re-
peated, as the preparation will not be concentrated enough for later nucleofection

BASIC
PROTOCOL 2

VALIDATION OF sgRNA VIA IN VITRO TRANSCRIPTION AND CLEAVAGE
ASSAY

If many sgRNAs have been generated, it is preferable to narrow down potential guides
using a relatively inexpensive and less laborious method such as an in vitro cleavage
assay prior to directly targeting hPSCs.

After introduction into the pX459 plasmid (Fig. 3C), it is necessary to verify that the
sgRNA can cleave genomic DNA in vitro before proceeding into live cells. To do this, in
vitro transcription (IVT) and cleavage (IVC) assays are used. To perform IVT, primers
are used to amplify the full-length sgRNA. One of the primers contains the T7 promoter
sequence, which is used to perform in vitro transcription in the next step (Fig. 4B). Mean-
while, a PCR amplicon covering the sgRNA target locus is generated (Fig. 4C). The tran-
scribed sgRNA and the genomic PCR amplicon are mixed together in the presence of a
recombinant Cas9 protein, and the cleavage reaction is analyzed by agarose gel elec-
trophoresis alongside a PCR amplicon control (Fig. 4D). In comparison to the single,
uncleaved DNA band of the control, the IVC reaction product should reveal two distinct,
shorter bands. To facilitate this, the PCR amplicon should be designed so that the cut site
is asymmetrically located and products are of sufficient size for the cleaved products to
be readily detected on a gel. Where possible, genomic DNA from the hPSC line used for
downstream targeting should be used as a test of efficiency and to empirically determine
if any polymorphisms may need to be considered. Bower et al.
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Figure 4 In vitro transcription and cleavage assays. (A) Examples of the primers that must be ordered for
T7 amplification: 5′ T7 sequence–sgRNA for the forward primer, while the reverse primer is a universal primer
for the pX459 plasmid. The T7 PCR reaction will then amplify out a region of DNA of approximately 100 bp in
length, which can be verified on a gel. (B) Process of in vitro transcription. The T7 amplicon is transcribed using
T7 RNA polymerase to generate large quantities of the sgRNA. (C) Process of the in vitro cleavage assay. A
300-600 bp amplicon is generated that contains the sgRNA target site. The target site is staggered towards
one side of the amplicon to ensure that separate bands can be visualized on a gel. The amplicon is mixed with
recombinant Cas9 protein and the sgRNA. (D) Result of the in vitro cleavage assay. Assuming the sgRNA is
efficacious, the amplicon should be cleaved by Cas9 protein and the resulting fragments can be separated on
by agarose gel electrophoresis.

Materials

Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs, cat. no.
M0493S)

100 mM dNTP mixture (ThermoFisher Scientific, cat. no. 10297118)
T7 oligonucleotides for sgRNA for specific gene of interest (see step 1, below)
Guide-containing plasmid (Basic Protocol 1)
QIAquick PCR purification kit (Qiagen, cat. no. 28106)
DEPC-treated nuclease free (NF) water (Ambion, cat. no. AM9906)
RNaseZAP, or similar RNase cleansing agent
MEGAshortscript T7 kit (Life Technologies, Ambion, cat. no. AM1354)

Alternative in vitro transcription kit: TranscriptAid T7 High Yield Transcription
Kit (Thermo Scientific, cat. no. K0441)

RNeasy MinElute Cleanup Kit (Qiagen, cat. no. 74204)
Alternative RNA Cleanup Kit: RNA Clean and Concentrator (Zymo Research,

cat. no. R1018).
Q5 High Fidelity Master Mix (New England Biolabs, cat. no. M0492S), or other

preferred PCR reaction kit
Genomic DNA: gDNA is generated from H9 hESC’s using the DNeasy blood and

tissue kit (Qiagen, cat. no. 69504) according to the manufacturer.s instructions,
DNA quantification is done using a Nanodrop spectrophotometer, and this is
generally in the region of 50-100 ng/μl

Recombinant Cas9 protein (Toolgen, cat.no TGEN_CP3; other commercial sources
of the Cas9 protein are also available such as Alt-R S.p. HiFi Cas9 Nuclease V3,
IDT, cat. no. 1081060)

10× NEBuffer 3 (New England Biolabs, cat. no. B7003S)
10× bovine serum albumin (BSA; New England Biolabs, cat. no. B9001S)
RNase A (Promega, cat. no. A797C)Bower et al.
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RNase-free 1.5-ml microcentrifuge tubes (Ambion, cat. no. AM12400)
PCR thermal cycler
37° and 65°C water baths
Filter pipette tips
Nanodrop spectrophotometer

Additional reagents and equipment for agarose gel electrophoresis (see Current
Protocols article: Voytas, 2001)

T7 amplification
1. Order T7 primers for each sgRNA.

Fwd: 5′-TTAATACGACTCACTATAG NNNNNNNNNNNNNNN
NNNNN-3′

where N × 20 is the sgRNA.

Rev: 5′ -AAAAGCACCGACTCGGTGCC-3′

The reverse primer is universal to the pX459 plasmid and does not require an attached
sgRNA.

2. Perform a PCR reaction to amplify out the T7+sgRNA sequence:
Reaction mixture:

5× Q5 reaction buffer 20 μl
10 nM dNTPs 2 μl
10 μM forward T7 primer 5 μl
10 μM reverse T7 primer 5 μl
Guide-containing plasmid (Basic Protocol 1) 1 μl
Q5 Hot Start DNA Polymerase 1 μl
5× Q5 Enhancer (from Q5 kit) 20 μl
NF water 46 μl

Thermal cycling program:

1 cycle of: 98°C for 30 s
25 cycles of: 98°C for 7 s

60°C* for 15 s
72°C for 50 s

1 cycle of: 72°C for 2 min
Hold at 4°C indefinitely

* Perform a gradient PCR to optimize annealing temperature and ensure maximal yield
of the PCR product.

3. Purify the PCR product using the QIAquick PCR purification kit, according to the
manufacturer’s instructions, with elution into 20 μl NF water.

4. Take 2 μl of the purified product and run on a 2% TAE agarose gel at 100 V for no
more than 1 hr (see Current Protocols article: Voytas, 2001).

The amplified region should be approximately 100 bp in length.

In vitro transcription

In the following steps, it is important to adhere to RNase-free procedure: wiping down of
surfaces and gloves with a product like RNaseZAP, use of filter pipette tips, use of RNase-
free tubes, and working in a timely and careful manner on ice in order to minimize RNase
contamination and sample degradation. Bower et al.
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5. Thaw the frozen MEGAshortscript T7 kit reagents on ice, except for the 10× T7
reaction buffer, which should be thawed at room temperature.

6. Prepare the following IVT reaction in RNase-free tubes. Do not make a master mix;
pipette each reagent individually into the required number of IVT tubes, as per man-
ufacturer’s instructions.

T7 10× reaction buffer 2 μl
T7 ATP solution 2 μl
T7 CTP solution 2 μl
T7 GTP solution 2 μl
T7 UTP solution 2 μl
Purified T7 guide DNA (step 4) 8 μl
T7 enzyme mix 2 μl

The MEGAshortscript T7 kit also comes with a 18s rRNA sequence positive control that
can be used to ensure that correct RNase-free procedure is followed. To use, make up an
extra tube and in place of the 8 μl of T7 guide DNA, add 2 μl of 18s rRNA sequence with
6 μl NF water.

7. Gently flick tubes to mix, pulse spin to bring liquid to bottoms of tubes, and incubate
at 37°C for 3 hr.

8. Add 1 μl of TURBO DNase (from kit) and incubate at 37°C for a further 15 min.

This step is optional but recommended to eliminate residual DNA

9. Purify the sgRNA using either a QIAGEN RNAeasy MiniElute Cleanup Kit or Zymo
RNA Clean and Concentrator kit.

a. Follow the manufacturer’s instructions, with elution into 20-50 μl of NF water
b. Immediately take a 1-3 μl aliquot for quantification and gel electrophoresis

i. Expected concentrations are variable and can be gene- and gene-region de-
pendent, but generally a concentration of 150-2000 ng/μl can be achieved
with a 260/280 nm ratio of >1.8 and a 260/230 nm ratio of >1.8.

ii. The 18s rRNA positive control concentration should be approximately 2000
ng/μl.

c. Quickly freeze the remaining RNA at −80°C.

10. Mix together 2 μl of the purified RNA with 2 μl of the MEGAshortscript T7 RNA
loading buffer. Incubate at 95°C for 5 min.

11. Run the sgRNA/loading buffer on a 2% TBE agarose gel at 100 V for 40 min (see
Current Protocols article: Voytas, 2001).

The bands should be sharp, with no smearing (indicative of RNA degradation), and run
at around 100 bp of the DNA ladder.

Amplicon production
12. Design PCR primers to amplify a product roughly 200-500 bp in length, with the

expected CRISPR-Cas9 cut sites site located off-center (e.g., 300/sgRNA site/200
for a 500-bp amplicon).

The in vitro cleavage assay will enable the recombinant Cas9 protein to cut the PCR
amplicon within the seed sequence of the sgRNA, resulting in two products of given sizes
that can be separated by agarose gel electrophoresis; therefore, having cleaved products
of different sizes allows for better visualization of the assay

13. Identify the optimal conditions for PCR amplification by performing reactions
across an annealing temperature gradient. It may be necessary to adjust otherBower et al.
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parameters, such as the nature of the DNA polymerase, concentration of MgCl2,
or chemistry of the buffers used. Once a clean amplicon is produced, sequence the
amplicon to ensure that the PCR primers are specific and amplifying the gene of
interest.

While we use the NEB Q5 High-Fidelity PCR kit mentioned below, any optimized PCR
kit can be used.

14. Perform a PCR reaction to generate 50 μl of the amplicon with the identified optimal
conditions from step 13.
Reaction mix:

2× Q5 master mix 25.0 μl
10 μM forward amplicon primer 3.0 μl
10 μM reverse amplicon primer 3.0 μl
Genomic DNA 2.0 μl
NF water Up to 50 μl

Thermal cycling conditions:

1 cycle of: 98°C for 5 min
35 cycles of: 98°C for 30 s

55°-65°C for 30 s*
72°C for 30 s

1 cycle of: 72°C for 2 min
Hold at 4°C indefinitely

* Annealing temperature to be determined by a temperature gradient

15. Purify the amplicon product using the QIAquick PCR purification kit.

Follow manufacturer’s instructions

16. Take 2 μl of the purified amplicon product and run on a 2% TAE agarose gel at
100 V for 1 hr (see Current Protocols article: Voytas, 2001).

17. Quantify the purified amplicon product by Nanodrop spectrophotometry.

In vitro cleavage assay
18. Set up the following incubation reaction mixture in 1.5-ml RNase-free microcen-

trifuge tubes:

Cas9 protein 200 ng
sgRNA (step 9) 100 ng
PCR product (target; step 15) 100 ng
10× NEBuffer 3 1 μl
10× BSA 1 μl
Nuclease-free water To 10 μl

Incubate at 37°C for 1 hr.

19. Add 4 μg of RNaseA and incubate for a further 15 min at 37°C.

20. Heat inactivate the reaction by incubating at 65°C for 5 min.

21. Analyze the results on a 2% TAE agarose gel at 100 V for 60 min (see Current
Protocols article: Voytas, 2001), running a sample of uncut amplicon beside each
IVC reaction mixture, to demonstrate the cutting ability of each sgRNA.

Bower et al.
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BASIC
PROTOCOL 3

NUCLEOFECTION OF PRIMED HUMAN EMBRYONIC STEM CELLS

Following the in vitro test of cleavage efficiency, the next step is to perform nucleofec-
tion of hPSCs with the most promising sgRNA(s) (Fig. 5A). Testing in hPSCs allows for
the analysis of indel efficiency and mutagenic spectrum via subsequent MiSeq analysis.
This step is helpful for further refining sgRNA selection, as the nature of indels generated
and their relative frequency is specific to each sgRNA. Overall, for a null mutant, it is

Figure 5 Generating CRISPR-Cas9 targeted hPSCs. (A) Schematic of the nucleofection plan. hPSCs of
healthy morphology are harvested, counted, and then nucleofected with the concentrated pX459 harboring
the appropriate sgRNA. 2 million cells are plated across 3 wells of a 6-well plate pre-coated with MEFs 24 hr
earlier. Cells are grown in medium supplemented with 10 μM Y-27632 for 30 hr before undergoing puromycin
selection at a concentration determined empirically. After 48 hr of puromycin selection, cells are cultured in
puromycin-free medium. After a set number of days, cells are collected for MiSeq. For genes unlikely to affect
pluripotency or self-renewal, we recommend collection from 5-10 days after puromycin selection finishes. For
genes likely to affect pluripotency or self-renewal, we recommend collection from 2-6 days after puromycin se-
lection finishes. (B) Schematic of the process of single cell cloning targeted hPSCs. Instead of collecting for
MiSeq, cells can undergo cloning. Twelve colonies are collected and immersed in 12 wells of a 96-well plate
loaded with Accutase. Cells are disaggregated to single cells, then transferred to 12 wells of a 12-well plate to
ensure single cells are spatially separated. This process can then be repeated after colonies grow to a sufficient
size, in order to ensure that colonies are produced from single clones. (C) Representative images of hPSC
morphology during the nucleofection. hPSCs before nucleofection should form compact colonies, with large
nuclei and little peripheral differentiation. In the days before and during puromycin selection, a large amount
of cell death is expected. Colonies should begin to become visible around 5 days after puromycin selection is
complete. A 7-day post-puromycin colony is shown (red outline). Scale bars= 100 μm.
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preferable to select a guide that consistently generates a high proportion of indel muta-
tions that lead to frameshift mutations.

Mitotically inactivated mouse embryonic fibroblasts (MEFs) are plated the day before
nucleofection and are used to aid the attachment and growth of the nucleofected hP-
SCs. This protocol uses MEFs at a density of 1 × 106 cells per well of a 6-well plate
(9.5 cm2 growth area per well). This protocol also uses 2 × 106 cells of the H9 line of
human embryonic stem cells per nucleofection of one sgRNA/condition. The 2 × 106

cells are then plated across 3 wells of a 6-well plate. It is likely that the number of cells
required will need to be tested empirically, especially if performing the nucleofection in
a cell line other than H9 hPSCs. This is due to inherent differences between hPSC lines
and lab-specific cell culture techniques. It is good practice to use the GFP plasmid pro-
vided in the Lonza kit as a control for all nucleofection experiments. This will ensure that
all reagents are working and that the procedure was followed accurately. Key parameters
that should be tested empirically include method of disaggregating cells to single-cell
density, number of cells placed per nucleocuvette, nucleofection program, concentration
of plasmid added to the cuvette, and density of hPSC prior to nucleofection.

The culture medium of choice should be antibiotic free on the day of nucleofection, as
antibiotics can decrease transfection efficiency. In the days after nucleofection, antibi-
otics can be used. After allowing cells to attach for 30 hr, the culture medium is then
supplemented with puromycin for 48 hr in order to select for cells that have taken up the
pX459 plasmid. Before nucleofecting cells, it is very important to perform a puromycin
kill curve across a range of concentrations on the cell line that will be used, to ensure
that the puromycin concentration eliminates all cells. This protocol uses mTeSR1 for
culturing hPSCs, though alternative hPSC culture media, for example those that contain
Knockdown Serum Replacement (KSR) together with fibroblast growth factor, or other
media such as Essential 8 (E8), are likely to also be permissive for nucleofection.

Materials

DR4 MEFs, or other MEFs with neomycin and puromycin resistance
MEF medium (see recipe)
mTeSR1 (STEMCELL Technologies, cat. no. 85850), or hPSC culture medium of

choice, without antibiotics
Y-27632 (ROCK inhibitor; Tocris, cat. no. 1254)
P3 Primary Cell 4D-Nucleofector X Kit L (Lonza, cat. no. V4XP-3012), or other

nucleofector system
H9 line of human embryonic stem cells: Wicell, cat. no. WA09 (Thomson et al.,

1998)
Dulbecco’s phosphate-buffered saline (DBPS; ThermoFisher Scientific, cat. no.

14190-094)
pX459 plasmid with sgRNA at 4 μg/ml (see Basic Protocol 1)
Accumax (ThermoFisher Scientific, cat. no. 00-4666-56) or Accutase

(STEMCELL Technologies, cat. no. 07920)
Puromycin (Sigma Aldrich, cat. no. P8833)

6-well plates
15- and 50-ml conical centrifuge tubes (Corning Falcon)
Automated cell counter or hemocytometer
4D-NucleofectorTM Core Unit (Lonza, cat. no. AAF-1002B), or other

nucleofector system
4D-NucleofectorTM X Unit (Lonza, cat. no. AAF-1002X), or other nucleofector

system
Centrifuge

Bower et al.

17 of 37

Current Protocols



5-ml stripette
Microscope

Additional reagents and equipment for basic cell culture techniques including
counting cells (see Current Protocols article: Phelan & May, 2015)

Day before nucleofection
1. Warm MEF medium to 37°C for 15 min before using.

2. Plate MEFs in 3 wells of a 6-well plate per each condition per each sgRNA you
intend to test.

3. Feed 50% confluent hPSCs with mTeSR1 supplemented with 10 μM Y-27632 16-20
hr prior to nucleofection. Return to incubator overnight.

The confluence and growth of hPSCs is an important factor for efficient nucleofection. We
find that nucleofecting highly confluent (80%-90%) cells results in lower nucleofection
efficiencies than moderately confluent (60%-70%) cells. Overall, the optimal confluency
of hPSCs for nucleofection should be determined empirically.

Day of nucleofection

Have prepared a surplus of mTeSR1 without antibiotics and supplemented with 10 μM
Y-27632 for diluting cell suspensions. Have sgRNA pX459 plasmids thawed and on ice.
Have Accumax at room temperature, or Accutase pre-warmed to 37°C.

4. Make up P3 nucleofection reagent.

18 μl of P3 supplement added to 82 μl of P3 buffer is required for each condition.

5. Retrieve plates from incubator. Aspirate mTeSR1/Y-27632. Wash each well with 1
ml DPBS then add 1 ml of Accumax or Accutase per well (of a 6-well plate). Ensure
even coverage then return to incubator for 10-20 min.

While both Accumax and Accutase are effective for single-cell disaggregation, we find
that Accumax allows longer incubation and therefore greater disaggregation, while not
compromising cell viability.

6. Set up 4D nucleofector system using program CB150 (for H9 hESC), then input the
number of cuvettes (i.e., the number of conditions) to nucleofect.

The program used is an important factor for efficient nucleofection. We also recommend
programs CB152, CB156, and CM130 if low efficiencies are detected with CB150.

7. After incubation, quench the Accumax or Accutase with 1 ml mTeSR/Y-27632 per
well, and tap to dissociate cells. Pipette gently 5-10 times with a P-1000 pipette tip
to form a single-cell suspension, then collect into a 15-ml conical tube.

8. Take a 250-μl aliquot of the cell suspension for counting.

9. Count cells using either an automated cell counter or hemocytometer (see Current
Protocols article: Phelan & May, 2015).

10. Calculate the number of cells in the cell suspension. Calculate the volume of the cell
suspension needed for the necessary 2 × 106 cells per condition.

11. Pellet the required volume of cell suspension by centrifugation for 5 min at roughly
300-375 × g (1200 rpm), room temperature.

12. Prepare nucleocuvettes with 4 μg pX459 sgRNA or 4 μg GFP control (supplied in
the Lonza nucleofection kit)

Carefully pipette the volume to the very base of the nucleocuvette.
Bower et al.
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13. Prepare one 15-ml conical tube per condition with 6 ml of mTeSR1/10 μM Y-27632.

14. Resuspend cell pellet in the required amount of P3 nucleofection reagent (100 μl
per condition).

It is important to work quickly in the following steps, as the P3 nucleofection reagent is
cytotoxic.

15. Add 100 μl of cell suspension to each nucleocuvette. Tap the base gently against a
work surface to ensure there are no air bubbles.

16. Initiate the 4D nucleofector system, running two samples at a time.

17. Using the supplied Pasteur pipettes, recover the cell suspension from each cuvette
and add to the prepared 6 ml of mTeSR1/10 μM Y-27632 medium.

18. Label the MEF plates prepared in step 2 appropriately.

19. Aspirate MEF medium from plates. Using a 5-ml stripette, divide the 6 ml
mTeSR1/10 μM Y-27632 cell suspension across 3 wells of a 6-well plate.

20. Check cells under the microscope, then shake side to side very gently and incubate
for 30 hr.

Day after nucleofection
21. After incubation for ∼30 hr, check for GFP expression in GFP control condition.

22. Prepare the required volume of mTeSR1 supplemented with puromycin and feed
cells 2 ml per well.

Optimal puromycin concentration should be determined by performing a puromycin kill
curve on the preferred cell line. We recommend concentrations between 0.2 and 0.7 μg/ml

If preferred, antibiotic-supplemented medium can be used again from this step onwards.

23. Refresh mTeSR1/puromycin medium 24 hr later.

24. After 48 hr of puromycin selection, check GFP control condition to ensure all cells
are dead.

25. Immediately following selection, it is unlikely there will be any visible hPSC
colonies. Continue to feed cells with mTeSR without puromycin each day for 2-10
days, after which colonies should begin to appear

26. Collect cells after a set number of days for downstream applications

For targeting of genes suspected to have a role in hPSC renewal or pluripotency, it is
recommended to collect shortly after nucleofection, (e.g., 2, 4, and 6 days after puromycin
selection), as cells may be competitively disadvantaged in growth.

For targeting of genes not suspected to have a role in hPSC renewal or pluripotency, cells
can be collected up to 10 days after puromycin selection, or whenever an appropriate
amount of high-quality colonies has grown.

BASIC
PROTOCOL 4

MiSeq ANALYSIS OF INDEL MUTATIONS

A number of approaches can be used to assess the frequency and types of indels ob-
served from CRISPR-Cas9 mutagenesis. While Sanger sequencing can be used to assess
mutagenicity in other systems (Dehairs, Talebi, Cherifi, & Swinnen, 2016), it is not rec-
ommended for this protocol. The extraction of bulk populations of hPSCs will result in a
very large array of indels and frequencies, which will make the resulting sequence diffi-
cult to interpret, even with the assistance of decomposition algorithms (Brinkman, Chen,
Amendola, & van Steensel, 2014). Bower et al.
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CRISPR-Cas9 mutagenesis, if performed with minimal off-targets, should result in a
large amount of relatively small indel mutations at a specific site in the genome. The
number of different permutations of mutations generated makes these sequences ideal
for Next Generation Sequencing (NGS) approaches such as MiSeq. MiSeq analysis re-
lies on PCR amplification of a 250-450 bp region flanking the target site using primers
with MiSeq sequencing adapters at their 5′ and 3′ ends. This PCR reaction will, there-
fore, amplify all observed indel mutations in the targeted population. The PCR product
undergoes a purification step with AMPure XP beads to remove contaminants left over
from the PCR reaction, and is then submitted for sequencing. MiSeq analysis provides
an in-depth understanding of the mutations produced, and therefore can be used to deter-
mine if an sgRNA is highly efficient at facilitating mutations, including the evaluation of
the proportion of frameshift mutations produced.

Materials

Harvested nucleofection cell pellets (Basic Protocol 3)
QIAGEN DNeasy Blood and Tissue Kit (QIAGEN, cat. no. 69506)
Q5 High Fidelity Master Mix (New England Biolabs, cat. no. M0492S)
AMPure XP beads (Beckman Coulter, cat. no. A63881)
MiSeq PCR amplicon primers (see steps 1 and 2 below)
80% ethanol, freshly prepared

Reagent reservoir/trough
Multichannel pipettes
96-well PCR plates: the PCR reactions can be prepared in either thin-walled PCR

tubes, 8- or 12-well PCR strips or 96-well PCR plates depending upon the
number of samples and these are available from a number of suppliers such as
Star Labs or ThermoFisher Scientific.

Magnetic stand
Bioinformatics packages:

dada2 (R package)
ggplot2 (R package)
optparse (R package)
RACER
BWA
CrispRVariants (R package)
rtracklayer (R package)
Biostrings (R package)
seqinr (R package)
GenomicFeatures (R package)
glue (R package)

Additional reagents and equipment for agarose gel electrophoresis (see Current
Protocols article: Voytas, 2001)

1. For MiSeq analysis, generate and order a set of PCR primer oligonucleotides sur-
rounding the target site.

The amplicon size should be between 250 and 450 basepairs in length. Note that the
MiSeq adapters are 67 bp in length.

2. Once the optimal conditions and temperature for a set of primers have been identi-
fied, order the primers with the following MiSeq adapter sequences:

Forward primer oligo: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAG-[Forward primer sequence]-3′

Reverse primer oligo: 5′-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAG-[Reverse primer sequence]-3′Bower et al.
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3. Extract DNA from each nucleofection sample from Basic Protocol 3 using the QI-
AGEN DNeasy Blood and Tissue Kit according to the manufacturer’s instructions.

4. Prepare a 50 μl MiSeq primer PCR reaction for each sample and perform thermal
cycling in a 96-well PCR plate or 8- or 12-well PCR strip, depending on the number
of samples:
Reaction mix:

2× Master Mix 25.0 μl
Forward primer 3.0 μl
Reverse primer 3.0 μl
Nuclease-free water 17.0 μl
DNA from nucleofection sample 2.0 μl

Thermal cycling conditions:

1 cycle of: 98°C for 30 s
25 cycles of: 98°C for 7 s

55°-65°C for 30 s
72°C for 30 s

1 cycle of: 72°C for 2 min
Hold at 4°C indefinitely

*Annealing temperature to be determined by a temperature gradient

Alternatively, use a different PCR kit and conditions of preference.

5. Bring the AMPure XP beads to room temperature 1 hr before proceeding.

6. Centrifuge the MiSeq primer PCR reaction plate for 1 min to collect any condensa-
tion from the lid.

7. Vortex the AMPure XP beads for approximately 1 min to ensure beads are evenly
distributed. For each sample, pour an equal volume to the PCR reaction product of
the AMPure XP beads across a trough (i.e., add 50 μl per sample to the reagent
trough).

8. Using a multichannel pipette, add 50 μl of the AMPure XP beads to each sample in
the PCR reaction plate.

9. Gently pipette the mixture up and down 10 times to distribute evenly.

10. Incubate at room temperature without shaking for 5 min.

11. Place the PCR reaction plate on top of a magnetic stand. Position the magnets so
that the AMPure XP beads pellet on one side of the tubes, to allow pipetting without
disturbing the pellet. Allow the beads to pellet for approximately 2 min.

12. Working carefully and with a multichannel pipette, remove and discard the super-
natant from the PCR reaction plate tubes. If beads are drawn up by the pipette, return
the volume and allow the beads to re-pellet on the side of the tube.

13. With the PCR reaction plate still on the stand, add 200 μl of freshly prepared 80%
ethanol to each sample on the plate.

14. Incubate the PCR reaction plate on the magnetic stand for 30 s at room temperature
without shaking.

15. Carefully remove and discard the supernatant.

16. Repeat steps 13 to 15 two further times. Bower et al.
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17. Use a P-20 multichannel pipette to remove as much of the supernatant as possible.

18. With the PCR reaction plate still on the stand, allow the beads to air-dry for 10 min.

19. Remove the PCR reaction plate from the magnetic stand. Add 25 μl of 10 mM Tris,
pH 8.5 (Buffer EB from the QIAGEN DNeasy kit) to each well.

20. Gently mix by pipetting up and down 10 times. Ensure that beads are fully resus-
pended.

21. Incubate at room temperature without shaking for 2 min.

22. Return the PCR reaction plate to the magnetic stand for 2 min to allow the beads to
pellet.

23. Using a multichannel pipette, carefully transfer 20 μl of the supernatant to a set of
labelled tubes to be sent for sequencing.

24. Add gel loading buffer to the remaining 5 μl of the supernatant and run this on a
1.5% TAE agarose gel (see Current Protocols article: Voytas, 2001) to verify that
the PCR amplicon is present and of good quality.

25. Submit the purified 20 μl product for MiSeq.

MiSeq analysis

High-throughput amplicon sequencing, such as that generated with the MiSeq plat-
form, provides a wealth of data regarding the permutations of mutations that exist
within a heterogeneous population of targeted cells, such as a bulk pool of hPSCs fol-
lowing CRISPR-Cas9-mediated genome editing. This data output is in the format of
.fastq files, which can be collapsed using a variety of tools to provide lists of in-
dividual sequences (variants) and the number of reads relating to each variant, that
is, the frequency at which each variant was detected within the population. Tools in-
clude Galaxy (https://usegalaxy.org/ ; “Collapsed sequences” function) and the FASTX-
Toolkit (http://hannonlab.cshl.edu/ fastx_toolkit/ ; “FASTQ/A Collapser” function). The
FASTX-Toolkit can be used both online and via the command line. When dealing with
a bulk population, the number of variants can reach many hundreds or even thousands,
precluding manual analysis of the mutation spectrum.

Instead, bioinformatics tools, both online and command-line, can be used to automate the
process of examining MiSeq sequence data (.fastq files) in order to assess the overall
efficiency of CRISPR-Cas9-mediated mutation and the nature of the individual variants
that arise. Aside from the sheer volume of sequence data generated from high-throughput
sequencing, sequencing errors can also pose a problem for analysis of CRISPR-Cas9-
mediated mutagenesis. For this reason, we utilize a bioinformatics pipeline for analysis
of MiSeq data that incorporates quality control and unbiased correction of reads, prior to
the analysis of mutation efficiency. This pipeline uses dada2 (Callahan et al., 2016) and
RACER (Ilie & Molnar, 2013) to implement trimming and correction of MiSeq reads,
followed by BWA (Li & Durbin, 2010) to map the corrected reads to a reference genome
sequence. The mapped sequences are post-processed with samtools (Li et al., 2009),
and then the analysis of indel formation efficiency is performed using the R package
CrispRVariants (Lindsay et al., 2016). Further details about the purpose of each script
and the variables to edit are found in the Statistical Analysis of the Commentary, below.

26. Perform quality control and clean-up of the MiSeq-generated .fastq files us-
ing the scripts available at https://github.com/galanisl/ loh_scripts, within the folder
ampliconSeq:

a. First, execute the script check_fastq_quality.R to check the quality of a
small number of .fastq files.Bower et al.
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check_fastq_quality.R is intended to check, trim and filter around 12 reads at a
time in an interactive manner.

b. Then, execute the script trim_and_filter.R to correct all .fastq files in a
given directory in a fixed manner.

c. Then, execute the script correct_fastq.sh.

27. With the trimmed and corrected read files (.fastq), perform the analysis of the rate
of CRISPR-Cas9-mediated indel production using scripts from the github reposi-
tory: https://github.com/ jzohren/crispr-miseq:

a. First, create the info_file.csv.
b. Then, execute the script crispr.sh.

The crispr.sh script will subsequently launch the crisprvar.r script.

28. Optimal guides are generally those that consistently produce frameshift mutations
in the gene coding region.

BASIC
PROTOCOL 5

SINGLE-CELL CLONING OF TARGETED hPSCs

After performing MiSeq analysis to identify the sgRNA sequence that facilitates the most
efficient production of frameshift mutations, the next step is to derive a clonal population
of the null mutant hPSCs by single-cell cloning. This step involves setting up a nucle-
ofection as per Basic Protocol 3 (Fig. 5A), then picking the colonies that are generated
to subsequently disaggregate into single cells. The process of picking colonies involves
manual scoring and picking of colonies from the plate, followed by immersion in Accu-
tase and subsequent plating into 12-well plates to expand (Fig. 5B). This process should
normally be repeated to increase the likelihood of generating a clonal population that
comprises cells with identical genotypes. This is because in the original plating some
colonies could have merged, resulting in a heterogeneous colony comprising two sepa-
rate genotypes.

Materials

Matrigel-coated plates (see recipe)
Accutase (STEMCELL Technologies, cat. no. 07920)
mTeSR1 (STEMCELL Technologies, cat. no. 85850), or hPSC culture medium of

choice, without antibiotics
Y-27632 (ROCK inhibitor; STEMCELL Technologies, cat. no. 72302)
Nucleofected hPSCs (Basic Protocol 3; also see step 4, below)
Phosphate-buffered saline (PBS), without Ca2+ or Mg2+ (Dulbecco’s PBS from

ThermoFisher Scientific, cat. no. 14040141)

12-well plate
96-well plate
Inverted/dissecting microscope
Repeat pipettors and P-20 and P-200 tips
37°C biological incubator

1. Prepare 12 wells of a 12-well plate with Matrigel as described in Reagents and So-
lutions. Incubate at room temperature for at least 1 hr before use.

2. Prepare 12 wells of a 96-well plate with 25 μl of pre-warmed Accutase.

3. Supplement 15 ml of mTeSR with 10 μM Y-27632.

4. Remove nucleofected plate from incubator. Aspirate medium and wash with 2 ml
PBS per well.

Bower et al.
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Cells should be at least day 5 post puromycin selection to allow the development of mod-
erately sized, robust hPSC colonies.

5. Aspirate PBS and add 1 ml of PBS.

PBS should only be kept on cells for 5-10 min at a time. Work in batches to harvest the
number of colonies needed. Return cells to mTeSR between batches

6. Identify suitable colonies for passaging. Place the plate on an inverted/dissecting
microscope inside a laminar flow hood.

7. Using a P-20 pipette set at 5 μl, score around the colony to dislodge it.

8. Gently take up the colony and elute into one of the Accutase-prepared wells of the
96-well plate.

9. Repeat steps 7 and 8 until 12 colonies have been taken.

As mentioned, work in batches of 5-10 min at a time then rejuvenate cells
with mTeSR.

10. Place the 96-well plate into a 37°C incubator for 5 min to dissociate the colony to
single-cell density.

11. During the incubation, aspirate Matrigel from the 12-well plate. Rinse with 0.5 ml
of PBS, then add 1 ml of mTesR supplemented with 10 μM Y-27632.

12. After incubation, remove the 96-well plate from the incubator.

13. Pipette each well up and down with a P-200 pipette set at 25 μl to dissociate colonies
to single cells. Check under the microscope to ensure this.

14. Transfer 25 μl from a well of the 96-well plate into one well of the 12-well plate.

15. Repeat step 14 until all 12 colonies have been disaggregated and plated into separate
wells.

16. Gently shake plate side to side to ensure even distribution of cells, then incubate at
37°C overnight.

17. After 16-24 hr from plating, change the medium to mTeSR without Y-27632. Feed
daily with mTeSR.

18. Optionally, after 4-8 days when colonies are of sufficient size, repeat steps 7-16 to
ensure that colonies are derived from single clones and comprise a single homoge-
nous population.

BASIC
PROTOCOL 6

KARYOTYPING OF TARGETED hPSCs

Before embarking on experiments with clonal hPSC lines generated following CRISPR-
Cas9-mediated genome editing, it is important to assess the cells for any gross karyotypic
abnormalities. PSCs have a shortened cell cycle compared to most other cell types due to
a shortened G1 phase, which results in an increased rate of replicative stress (Ahuja et al.,
2016). This replicative stress can then result in DSBs, facilitating chromosomal duplica-
tion and translocation events (Zeman & Cimprich, 2014). hPSCs are therefore prone to
acquiring part- or whole-chromosome abnormalities during routine culture (Draper et al.,
2004). These aneuploidies can provide cells with a growth advantage (International Stem
Cell Initiative, 2011), and therefore drive further genome instability. Additionally, this ge-
nomic instability can be exacerbated during the process of CRISPR-Cas9-mediated DNA
double-strand breakage and repair, and further by the process of single-cell amplification
(Garitaonandia et al., 2015) and the use of Rho kinase (ROCK) inhibitors (Weissbein
et al., 2019). Indeed, there have been reports of large deletions, and even loss of whole
chromosome arms, in response to genome editing in various cellular contexts (Shin et al.,Bower et al.
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2017; Adikusuma et al., 2018; Kosicki, Tomberg, & Bradley, 2018; Cullot et al., 2019;
Owens et al., 2019; Zuccaro et al., 2020; Przewrocka, Rowan, Rosenthal, Kanu, & Swan-
ton, 2020). Therefore, analyzing genome-edited cells for any such genomic aberrations
is important because this may interfere with the interpretation of results generated from
downstream applications.

There are a number of techniques commonly used to assess the karyotype of hPSCs,
including G(Giemsa)-banded karyotyping (McIntire et al., 2021) and array comparative
genomic hybridization (CGH; Wu et al., 2008; Elliott, Elliott, & Kammesheidt, 2010).
However, these conventional methods of karyotyping are often slow, labor-intensive,
and comparatively expensive. Additionally, they generally provide results at only low
genomic resolution, ranging from ∼25 kb for array CGH to 3-10 Mb for G-banding
(Stephenson et al., 2010). When screening a large number of genome-edited hPSCs, these
limitations can present a significant bottleneck and delay experimental progress.

We recommend assessing the karyotype of hPSCs following CRISPR-Cas9-mediated
genome editing through low-pass whole genome sequencing (WGS; Fogarty et al., 2017).
This method has the benefits of providing karyotype analysis with rapid turnaround and
relatively low costs. 0.1× coverage of WGS is sufficient for robust karyotyping analy-
sis, which depends on the assumption that, in a karyotypically normal sample (without
copy number variations (CNVs)), each genomic locus should provide roughly equal read
counts, dependent upon their sequence content. Following low-pass WGS, this analysis
can be performed bioinformatically. In brief, reads from low-pass WGS are aligned to
the latest build of the human reference genome (hg19 build) using BWA version 0.7.17
and copy-number profiles generated using the R package QDNAseq version 1.24.0, us-
ing bins of size 100 kb. Further details about the purpose of each script and the variables
to edit are found in the “Statistical Analysis.”

Materials

DNeasy Blood and Tissue Kit (QIAGEN, cat. no. 69506)
Buffer containing Tris·HCl (pH 8.5) without EDTA
Illumina DNA Prep (Illumina, cat. no. 20018704)
Illumina MiSeq System (Illumina, cat. no. SY-410-1003)

Nanodrop spectrophotometer/fluorometer
Bioinformatics Packages required:

BWA
QDNAseq (R package)

Nanodrop spectrophotometer
1. Extract total genomic DNA from hPSCs using a QIAGEN DNeasy Blood and Tissue

Kit, or other preferred method.

2. Elute purified DNA into buffer containing Tris·HCl (pH 8.5) without EDTA.

Elution buffer (EB) provided with most standard kits should be suitable.

3. Measure the concentration and purity of extracted DNA using a Nanodrop spec-
trophotometer/fluorometer.

4. Genomic DNA should be at a minimum concentration of 5 ng/μl, and a total amount
of at least 100 ng DNA is ideal.

5. Prepare genomic DNA for sequencing using Illumina DNA prep.

6. Sequence the prepared libraries on an Illumina MiSeq System.

7. Perform copy-number analysis of low-pass WGS data using the scripts available at
https://github.com/galanisl/ loh_scripts, within the folder lowpassWGS. Bower et al.
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Table 2 MEF Medium Recipe

Component Supplier Cat. no.
Stock
concentration

Final
concentration Volume used

Advanced
DMEM/F12

Invitrogen 12634010 - 88% 440 ml

Fetal bovine
serum

Bioserum S1818 - - 50 ml

Glutamax ThermoFisher
Scientific

35050038 200 mM 2 mM (1%) 5 ml

β-mercapto-
ethanol

Sigma M6250 14.3 M 0.1 mM 3.5 μl

Optional:
Penicillin/
streptomycin

ThermoFisher
Scientific

15140-122 100% 1% 5 ml

a. First, execute the script align_lowpassWGS.sh.
b. Then, execute the script generate_CNP.R.

REAGENTS AND SOLUTIONS

Matrigel-coated plates

1. Thaw Matrigel bottle (growth factor reduced Matrigel; BD Biosciences, cat. no.
356231) overnight at 4°C.

2. The next day, store microcentrifuge and pipette tips at −20°C for 1 hr to cool.
Matrigel readily polymerizes at room temperature.

3. Prepare 6-well aliquots of Matrigel on ice by adding 2 mg of Matrigel per micro-
centrifuge tubes.

4. Store 6-well aliquots at −20°C until needed.
5. When needed, thaw a 6-well aliquot at 4°C for 20 min.
6. Quickly add the 6-well aliquot to 6 ml of Advanced DMEM/F-12 (ThermoFisher

Scientific, cat. no. 12634-010). Mix gently.
7. Add 1 ml of the Matrigel/DMEM-F12 mix per well of a 6-well plate.
8. Swirl gently to coat entire well. Avoid bubbles
9. Allow to set for 1 hr at room temperature before usage

If not using immediately, cover with parafilm and store at 4°C until needed. Cooled Matrigel
plates last for 1 week at 4°C. Ensure plates are brought to room temperature for at least
1 hr before usage.

MEF medium

See Table 2. Store at 4°C when not using.

COMMENTARY

Background Information
The development of the hPSC field, from

initial derivation as hESCs (Thomson et al.,
1998), through to the production of iPSCs
(Takahashi et al., 2007) as well as the re-
finement of culture conditions (Ludwig &
Thomson, 2007), has led to a rapid advance-
ment in the potential applications of these
cells.

Concurrently, the field of genome editing
has undergone rapid advancement. Two years

before hESCs were first derived, zinc finger
nucleases (ZFNs), restriction enzymes gener-
ated by the fusion of zinc finger DNA binding
domains with DNA cleavage domains, were
generated (Kim, Cha, & Chandrasegaran,
1996). These ZFNs were subsequently used in
Xenopus oocytes, resulting in DNA cleavage
and homologous recombination (Bibikova
et al. 2001). With this, it became possible to
engineer the zinc finger components to target
any region of genomic DNA.Bower et al.
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Next came the development of transcrip-
tion activator−like effector nucleases (TAL-
ENs), working in a similar way to ZFNs, albeit
using a TAL effector DNA binding domain
in place of a zinc finger (Boch et al., 2009).
This means TALENs are able to bind DNA
specifically at individual base pairs, while
zinc fingers usually recognize groups of three
base pairs. Overall, both of these methods rely
on protein/DNA interactions as their target
design, meaning each target region requires a
separate protein to be designed. As well, ZFNs
require linkages between zinc fingers to be
generated, while TALE motifs require Golden
Gate assemblage (Engler, Gruetzner, Kandzia,
& Marillonnet, 2009) to be correctly linked.

In contrast, CRISPR-Cas9-mediated
genome editing relies on a fixed S. pyogenes
Cas9 protein, driven by a variable sgRNA
(Cong et al., 2013; Jinek et al., 2013; Mali
et al., 2013), which makes the design and en-
gineering less complicated for non-specialists.
Moreover, there are a number of expression
vectors with the Cas9 gene, along with re-
sistance genes and a site for sgRNA ligation.
These features make the CRISPR-Cas9 sys-
tem quick to implement for a relatively low
cost.

CRISPR-Cas9 has been widely applied
to target a number of genes in hPSCs. For
example, Lee et al. (2019) used CRISPR-Cas9
to interrogate the role of FOXA2 in pancreatic
differentiation of hPSCs. By generation of
FOXA2-null hPSCs, it was demonstrated
that FOXA2 was necessary for pancreatic
differentiation. In particular, chromatin acces-
sibility and enhancer priming were disrupted
in FOXA2-null mutant hPSCs, impairing their
ability to establish the pancreatic lineage
transcription program.

In addition, Wang et al. (2017) investigated
the functional role of the p53 family in hESC
differentiation. By generating Trp53, Trp63,
and Trp73 triple knockout hESCs, researchers
demonstrated that this gene family drives acti-
vation of Wnt3, while also facilitating TGF-β
signaling, which triggers mesendodermal
differentiation. Overall, this study and others
allow the investigation of gene regulatory
networks that drive specific lineage differen-
tiation in hESCs. Recently, CRISPR-Cas9-
mediated null mutations of POU5F1, SOX2,
and NANOG in naïve hESCs have suggested a
role for these genes in preventing trophoblast
stem cell differentiation (Guo et al., 2021).

In all, this demonstrates the utility of
genetic studies in hPSCs to study gene
function. Generation of null mutations is a

classical method to investigate the functional
requirement of genes in distinct cellular and
developmental contexts. This, in conjunction
with the unique differentiation potential of
hPSCs, allows for the study of early develop-
mental programs in vitro. These insights will
prove crucial in the translation of hPSCs to
regenerative approaches in the coming years
(Eguizabal et al., 2019).

Critical Parameters

Selection of sgRNAs
An understanding of the protein structure

of the gene being targeted is advantageous
for CRISPR-Cas9 genome editing. Knowing
the functional domains and their locations
can help to identify key parts of the protein,
and therefore coding sequence that needs
to be eliminated to disrupt protein activity.
However, CRISPR-Cas9 can still be used to
target genes when protein structure is not
well understood, but guides should be located
relatively close to the 5′ end of the gene so that
the resulting indels cause frameshift, missense
mutations of the entire gene sequence.

A range of in silico prediction tools should
be used for sgRNA design because each tool
makes use of different algorithms and scoring
methods to rank sgRNAs. On-target efficiency
scores vary widely between prediction tools.
If on-target scores are going to be used, it
is important to check the model system that
was used to generate the algorithms for these
scores. For example, Doench et al. (2016) as-
sessed sgRNA efficiencies in a range of human
cancer cell lines; therefore, prediction algo-
rithms that use this data should be taken cau-
tiously when being applied to hPSCs. Overall,
the main criterion of interest for sgRNA design
should always be minimizing the prevalence
of off-targets, not in silico on-target efficiency
scores, which can be inaccurate depending on
the cellular context under investigation.

Minimizing off-target homology is the
most important parameter. While on-target
efficiency scores are derived by algorithms,
the off-target likelihood is simply based on
sequence homology of the sgRNA to other
regions in the genome. The greater the number
of mismatches an sgRNA has to other regions
in the genome, the lower the likelihood it
will bind there and induce CRISPR-Cas9-
mediated cleavage. Because of this, sgRNAs
with mismatches of zero or mismatches of one
base outside of the sgRNA seed sequences
should be disqualified, as there is a very
high likelihood of binding to these off-target
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regions. sgRNAs with mismatches located
within the seed sequence (i.e., the 10-12 bases
immediately 5′ of the PAM sequence) are
more acceptable than mismatches located
outside of the seed sequence. This is because
mismatches in the seed sequence are more
detrimental to the ability of CRISPR-Cas9 to
bind and cleave DNA (Jiang & Doudna, 2017).

As mentioned above, sgRNAs should tar-
get functional domains, or be located towards
the 5′ to cause frameshifts further down-
stream. This is done to ensure generation of
a null mutant phenotype by eliminating all
biological activity of the resultant protein.
Sites that fail to eliminate functional domains
of the protein are likely to generate unex-
pected results, including dominant negative
phenotypes. This is because, while certain
structural elements of the protein may be lost,
it may still be able to compete for binding
sites with other endogenous factors.

hPSC culture: The process of nucleofect-
ing hPSCs places cells under a large amount
of stress. Because of this, hPSC colonies
should be stable and healthy in morphology
(Fig. 5C). Cells should have been stably
passaged at least three times after thawing.
Moreover, cells should be growing in tight,
compacted colonies, with minimal numbers
of differentiating cells on the periphery.

Cell ploidy should be regularly checked,
as hPSC grown for multiple passages can
acquire gain or loss of chromosomal regions
(Draper et al., 2004). These changes can
disrupt targeting efficiency and compromise
the pluripotency and behavior of the cells.

Troubleshooting

Plasmid ligation results in no colonies
returning a successfully ligated plasmid

When transforming the ligated plasmid into
bacteria, always prepare a water control plate,
which will allow you to predict the rate of
plasmid uptake. Poor cloning efficiency could
be due to poor-quality purification of the plas-
mid. Consider using an alternative kit or check
the existing one for contamination of buffers.

T7 guide DNA amplicon has a weak band
when run on a gel

A poor T7 DNA product is likely due to
poor action of the T7 primers. In this case,
run a temperature gradient to optimize the T7
PCR reaction. Ensuring the T7 DNA amplicon
is of good quality is important for generating
a good in vitro transcription product later in
the protocol.

In vitro transcription product does not
produce clear bands on a TBE gel

Ensure that an RNase-free environment
is maintained through the use of fresh and
filtered pipette tips, RNaseZAP, wearing a
face mask, working on ice, and use of fresh
high-grade RNase-free water (aliquoting this
can be helpful). Always perform each round
of IVT reactions with the provided 18s rRNA
control. If the control shows evidence of
degradation, then this will indicate poor RNA
handling. If available, make use of a PCR
workstation to minimize contamination.

Moreover, ensure RNase-free handling in
the extraction of the RNA, storing aliquots in
RNase-free tubes and diluting in RNase-free
loading dyes (such as the ones provided in
the Zymo RNA clean and concentrator kit).
Consider using alternative RNA extraction
kits. While our lab uses the Zymo RNA
Clean and Concentrator, other labs have
used the Qiagen RNA extraction kit, while
others have reported success with the NEB
T7 transcription kit. If all of these kits also
present issues in extracting RNA, consider a
phenol/chloroform RNA extraction instead.
Run the TBE gel for a shorter amount of time.
RNase in the TBE in the open air can cause
the RNA to degrade. The gel can be run for
as little as 20 min, which should allow for
discrimination of a band at 100 bp in length

In vitro cleavage assay does not work
Check the quality of RNA produced

in the in vitro transcription reaction, and
troubleshoot as above. Sequence the PCR am-
plicon target to ensure that it corresponds to
the gene of interest and is devoid of any SNPs
that could disrupt sgRNA binding. While the
protocol above advises using the Q5 PCR
kit, some sequences that are particularly GC
rich could benefit from PCR with the Roche
GC-Rich kit (cat. no. 12140306001). Check
that the cut amplicon lengths are staggered
and that the cut site is not within 20 bp of the
amplicon start. Increasing the concentration
of Cas9 protein can also improve in vitro
cleavage. Consider using a positive control of
a known sgRNA with high in vitro cutting ef-
ficiency to verify that reagents and technique
are not the cause.

Absence of hPSC colonies
post-nucleofection

Allow at least 3-4 days for colonies to
return, hPSCs are not easily visible among
the MEFs in the first few (0-2) days after
puromycin selection. If colonies are still
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absent after allowing for this time, it suggests
that the cells did not survive the nucleofection
process. Ensure that hPSC are being grown
in such a way as to promote their growth and
maintain their pluripotency, as per “Critical
Parameters. Ensure that cells spend as little
time in P3 nucleofection buffer as possible;
the solution is cytotoxic. Therefore, work
quickly and efficiently while the cells are
in P3 nucleofection buffer and ensure that
the Falcon tubes of mTeSR + Y-27632 are
pre-prepared to rapidly quench the buffer.

Perform a puromycin kill curve to ensure
that the puromycin concentration used is no
more than the concentration needed to kill
all wild-type cells. Going above this concen-
tration can cause toxicity to resistant cells.
Typically, puromycin concentrations effective
in hPSCs range between 0.20 and 0.70 μg/ml.

Low hPSC editing efficiency
Plasmid concentrations of <2000 ng/μl

will not yield effective editing. Otherwise,
consider editing parameters involved in the
nucleofection of the cells. Check manufactur-
ers suggestions, but the primary parameters
to consider adjusting and testing empirically
include: confluency, the number of days
hPSCs are cultured prior to nucleofection,
density of the cells that are nucleofected, the
nucleofection program, and the concentration
of plasmid used. We highly advise using the
supplied Lonza GFP plasmid when testing
parameters. For MiSeq analysis, we sug-
gest using an established sgRNA of known
efficiencies in hPSC as a positive control.

Statistical Analysis

Basic Protocol 4–MiSeq analysis
Check_fastq_quality.R This script gener-

ates figures displaying the read quality profiles
of up to 12 .fastq files generated by MiSeq
at a time. This allows one to assess the quality
across the length of individual reads and
determine whether and where reads may need
to be trimmed to ensure that only data of suf-
ficient quality is used in downstream analysis.
To execute the script, one needs to:

1. Define the file path to the directory con-
taining the MiSeq .fastq files in line #10;

2. Define the desired file path for the output
of quality-filtered .fastq files in line #11;

3. From line #35 onwards, define the posi-
tions for read trimming, the acceptable num-
ber of sequencing “errors,” the acceptable
number undefined bases (N) and a minimum

acceptable quality score. In the provided ex-
ample, these parameters are set to:

a. truncate the reads at position 150 –
truncLen=c(150,150);

b. trim the first five 5′ bases of the reads
– trimLeft = 5;

c. accept at most five sequencing errors
– maxEE=c(5,5);

d. filter out all undetermined bases (Ns)
– maxN=0; and,

e. truncate reads when any single base
has a quality score of 2 or less – truncQ=2.

This script will yield a series of .fastq
files that have been adjusted to meet the
parameters above. These trimmed and fil-
tered .fastq files serve as the input for the
correct_fastq.sh script below.

trim_and_filter.R This script will
trim and filter all .fastq files in the
same directory as the script. Unlike
check_fastq_quality.R, this will not
output figures to display read quality profiles.
The trimmed and filtered reads will then be
output into a fastq_flt file directory. These
trimmed and filtered .fastq files serve
as the input for the correct_fastq.sh
script below.

correct_fastq.sh This script uses the pack-
age RACER to correct any likely sequencing
errors within the reads generated by MiSeq.
To execute this script, one needs to:

1. Create a text file calledsamples.txt,
which is a simple list of sample names to be
corrected (i.e., the names of the trimmed and
filtered .fastq files generated above), with
one name per line;

2. Define the location of the .fastq files
to be corrected in line #10;

3. Define the location of an output folder,
in which the corrected .fastq files will be
deposited, in line #11; and,

4. Define a “genome size” in lines #14
and #15, against which to compare the MiSeq
reads: in the provided example, this is set to
25,000.

info_file.csv This table (comma-separated
value format; Fig. 6A, 7) contains vital
information that is fed into the CrispRVari-
ants package. It can list all of the samples
(.fastq files) within a given directory. The
fields are as follows:

• sample – the identifier of each .fastq
file, one per forward and reverse read pair;

• gene – the name of the gene or locus that
has been targeted by CRISPR-Cas9; Bower et al.
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Figure 6 MiSeq analysis of indel mutations. (A) Example of a filled out info_file.csv, using the
gene ARGFX as an example. Pay careful attention that the file is filled out accurately, otherwise the
.R scripts will not be able to find the .fastq files, or will be unable to map to the genome correctly.
(B) Key lines for the MiSeq analysis pipeline. Top: Example execution format to run the crispr.sh
script. This needs to be edited for each sample. Middle: This line should not be edited. This is used
to map the .fastq files to the genome. Bottom: This line should not be edited. This executes the
crisprvar.r script based on the parameters given in the execution format as per (B) Top. (C)
Example of the output from the crispr.sh script. The 20-base sgRNA site is enclosed in the
black box, along with the PAM sequence. A vertical bold black line demarcates the location of the
cleavage site. The boxes on the right denote the number of times each read was detected in the
sequencing. (D) Example of the bar chart output from the crispr.sh script. The total reads from
(C) are organized into those that had no variant, single nucleotide variants (SNVs), and inframe and
frameshift indels. These are then organized as a percentage. The editing efficiency in the example
shown is approximately 65%.
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Figure 7 Karyotypic analysis of hPSC lines: (A) Low-pass whole genome sequencing of a euploid (46 chro-
mosome) male hPSC line. (B) Low-pass whole genome sequencing of an aneuploid (45 chromosome) female
hPSC line. The cell line is lacking one X chromosome.

• seq – the 20 bp DNA sequence corre-
sponding to the sgRNA sequence that was ap-
plied in the given sample;

• chr – the chromosome on which the
CRISPR-Cas9 target sequence lies. The chro-
mosome nomenclature must match that of the
reference genome being used. For example, ‘1’
will not work with a reference genome that
uses ‘chr1’ to denote chromosome 1, ‘chr1’
must be used instead.

• start – the genomic coordinates corre-
sponding to the 5′-most base of the CRISPR-
Cas9 target sequence;

• end – the genomic coordinates corre-
sponding to the 3′-most base of the CRISPR-
Cas9 target sequence;

• strand – the DNA strand (coding (+) or
non-coding (-)) in which the CRISPR-Cas9
target sequence is found;

• plus – the number of base pairs that should
be analyzed upstream of the 20 bp target se-
quence; and,

• minus – the number of base pairs that
should be analyzed downstream of the 20-
bp target sequence. These latter two parame-
ters do not need to be equal, for instance, if
one expects indel mutations to predominantly
stretch downstream of the CRISPR-Cas9 tar-
get site, the “minus” value can be greater than
the “plus.”

crispr.sh This script first optionally ex-
ecutes the mapping of MiSeq reads to the
desired reference genome (Fig. 6B). Fol-
lowing mapping, the script directs to the
following crisprvar.r script to run the
analysis pipeline itself. To execute this script,
one must provide the following parameters:

1. The sample name and info_file.csv.
2. Whether to proceed with mapping the

MiSeq reads (to perform mapping, include the
relevant flag).

3. A file path to the desired reference
genome. This directory must include both an
FAI index and a BWA index of the genome.

4. The input directory, while will con-
tain the appropriate trimmed and corrected
.fastq files that were generated by cor-
rect_fastq.sh.

5. The output directory for the BAM files,
plots, and tables.

These BAM files can be viewed in a
typical genome browser (e.g., IGV) and
manually assessed for correct mapping. Ad-
ditionally, the coverage of reads detected
around the CRISPR-Cas9 target site will
sometimes indicate the prevalence of in-
del mutations, for instance, a large number
of mutations centered on the expected cut
site would lead to reduced coverage at that
position.

crisprvar.r This R script performs the
actual analysis of indel presence within the
trimmed and corrected MiSeq reads. The
script reads all of the necessary variable
parameters from within the crispr.sh
script and so does not require modification
between sample runs. Ultimately, this analysis
provides a number of outputs (Fig. 6C and
6D), including:

• Plots (as PDFs):
◦ "sample_name".pdf – the top 50
variants in the region around the CRISPR-
Cas9 target site; Bower et al.
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◦ "sample_name"_pie.pdf – pie
charts displaying the type and proportion
of the most common indels; and,
◦ "sample_name"_allele_freqs.
pdf – box plots displaying the propor-
tion of different types of variants, e.g.,
frameshift <10 bp, in-frame <10 bp.
• Tables (as text files):
◦ "sample_name"_mutEffic.txt –
the overall mutation efficiency within a
sample, including basic statistics and read
counts for wild-type and edited categories;
and,
◦ "sample_name"_variants.txt –
a list of all of the variants occurring in the
region around the CRISPR-Cas9 target site.

Basic Protocol 6–Karyotype Analysis
Align_lowpassWGS.sh This script en-

ables a straightforward alignment of reads
generated by low-pass WGS to the human
hg19 genome (or your preferred build) via
BWA. To execute the script, one needs to:

1. Define the file path to the directory con-
taining the low-pass WGS .fastq files in
line #8;

2. Define the desired reference genome for
mapping in line #12; and,

3. Define the desired file path for the output
of BAM files in line #15.

Proper execution of this script will yield the
BAM files needed as input for the next step.

Generate_CNP.R This script enables the
generation of visual copy number profiles
(CNPs) from low-pass WGS data from single
samples, within an R environment. To execute
the script, one needs to:

1. Define the name of the first sample to be
analyzed in line #8; and,

2. Define the file path relating to the output
of the previous script, i.e., the directory con-
taining the sorted BAM files from mapping, in
line #10.

Other parameters can be adjusted depend-
ing on the specific requirements of the user,
including:

• The size (x) of the genomic “bins” used
for the analysis in line #12, getBinAnnota-
tions(binSize = x) – example is 100 kb.

• The opportunity to generate separate plots
for individual chromosomes from line #28 on-
wards – the example shows how to generate
separate plots for chromosomes 5, 6, and 7.

Understanding Results

Basic Protocol 1 outlines the process of
designing sgRNAs and cloning them
into a suitable bacterial plasmid

During transformation, a number of
colonies should form, as they should be ampi-
cillin resistant due to uptake of the plasmid.
Sequencing of these colonies should then
return the 5′ - CACCG – Nx20 – GTTT – 3′

sequence. From this, a glycerol stock of the
transformed bacteria can then be generated
and stored indefinitely at −80°C.

Good sgRNAs should be unique gene re-
gions with a minimal likelihood of binding to
off-target sequences. sgRNAs with off-target
sites harboring zero base pair mismatches
(i.e., the sgRNA is completely complemen-
tary to an off-target locus) should always
be discarded. sgRNAs with off-target sites
harboring one mismatch (i.e., the sgRNA and
off-target have one base pair dissimilarity) can
be tolerable if the mismatch is within 10 bp
of the PAM sequence (the ‘seed’ sequence).
Off-target sites with >3 bp mismatches to the
sgRNA are generally of no concern.

Midipreps from a 50 ml suspension of bac-
teria should generate approximately 100 μg
of DNA. This plasmid DNA should then be
concentrated to ∼4000 ng/μl for transfection
into hPSCs. Concentrations lower than this
will not be efficiently transfected into hPSCs.

Basic Protocol 2 is the earliest predictor
of guide efficiency

The T7 DNA gel should result in a clear and
distinct band at roughly 100 bp length. The T7
DNA should be around 100-300 ng/μl in con-
centration with a 260/280 nm ratio of >1.8.
Measurements that are below this, or an issue
with the T7 100 bp band, would suggest the T7
PCR is inefficient. To improve this step, per-
form a temperature gradient of the T7 primers.

The IVT RNA product should result in a
relatively clear and distinct band at roughly
100 bp in length. The RNA product should be
around 100-300 ng/μl in concentration with
a 260/280 nm ratio of >1.8 and a 260/230
nm ratio of >2.0. The lack of a band would
suggest an issue in the T7 PCR or the han-
dling of the RNA, while a highly smeared
band would suggest issues with an RNase-free
environment that need to be resolved as above.

The IVC using an efficient sgRNA should
result in the formation of two distinct bands
of lengths equal to the predicted cleavage
products. The presence of three weak bands
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with one of the same size as the uncleaved
product would be indicative of a poor sgRNA
on target cleavage. Increasing the Cas9 protein
concentration could improve rates of cleavage
or other sgRNAs could be used.

Basic Protocol 3 outlines the process of
nucleofecting cells

After initial plating, it will be difficult to
identify hPSCs among the MEFs. In the 2
days of puromycin selection, there should
be a moderate-to-high amount of cell death,
particularly in the GFP control well as these
lack puromycin resistance. Over the next
2-4 days after selection, visible colonies of
compact hPSCs should begin to emerge in a
handful of locations across the plate.

Basic Protocol 4 will generate a set of
MiSeq data detailing the presence and
nature of indel mutations

The MiSeq data will be presented as the
sequences observed in next-generation se-
quencing data along with the frequency with
which the sequence is observed. The analysis
pipeline will collapse reads according to
sequence similarity and enable the calculation
of frequency of out of frame mutations.

Basic Protocol 5 will produce 12 clonal
targeted hPSC populations and Basic
Protocol 6 will generate a CNP to
identify chromosomal abnormalities

The CNP data will be presented as the
number of times a particular sequence was
observed. In this way, a wild-type 46 chro-
mosome XX sample would have 2 copies
for each sequence. However, a ratio greater
than or less than two at certain loci or entire
chromosomes suggests the presence of chro-
mosome aneuploidies, with gain or loss of
DNA, respectively.

Time Considerations
The in silico prediction of guides can

be done in 1-2 days, but perhaps more if
a thorough review of literature and similar
sequences is needed.

Ligating oligonucleotides into bacteria
takes 3 days, with most of the time needed to
grow bacteria.

In vitro transcription reactions take around
5-6 hr. However, refining the technique and
getting RNA to an acceptable quality for those
inexperienced, along with working with few
samples at a time to minimize RNA contami-
nation, means it can take ∼1 week to generate
an acceptable sgRNA sample.

Amplicon generation takes approximately
1 week to design, test and sequence amplicons
generated. If there are issues and primers must
be redesigned, it could take up to 2 weeks.

In vitro cleavage experiments take 2-3 hr
to perform.

Nucleofection with a Lonza nucleofector
takes approximately 1-2 hr depending on
number of samples. The following selection
and expansion of cells is between 1 and
2 weeks depending on when the time points
of collection are.

Preparing samples for MiSeq analysis
takes about 3 hr, including the time to extract
DNA and run the PCR reaction.

Outsourced MiSeq analysis should take
1-3 weeks to return data. Subsequent analysis
using the provided pipeline takes less than an
hour.

Selecting colonies for single-cell cloning
should take 1-2 hr. Subsequent growing of
colonies to workable populations from single
cells takes approximately 1-2 weeks.
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